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1. Executive summary

This deliverable presents a compendium of the papers done during the project.
Being ConnectinGEO a Coordinated and Support Action (SCA) and not a
Research related project, most of the papers are contributions to symposium and
conferences and only some of them are journal papers. However, the consortium
will still try to publish some papers after the ending of the project as most of the
major results are achieved just now. In addition, the consortium is also pushing a
Special issue in Environment Science and Policy, which is still in negotiation with
the editors.

2. Scientific publication compendium

Publications on 2015

Ménard L, Niist D, Jirka S, Masé J, Ranchin T, Wald L (2015) Open Surface
Solar Irradiance Observations - A Challenge. Geophysical Research
Abstracts Vol. 17, EGU2015-6607, 2015:
http://meetingorganizer.copernicus.org/EGU2015/EGU2015-6607.pdf.
European Geosciences Union General Assembly 2015 - EGU 2015,
Vienna (Austria).

Lionel Menard (1), Daniel Nust (2), Simon Jirka (2), Joan Maso (3), Thierry Ranchin (1), and Lucien
Wald (1) (1) MINES ParisTech, PSL. Research University, Sophia Antipolis, France, (2) 52°North
Initiative for Geospatial Open Source Software GmbH, Miinster, Germany, (3) Center for Ecological
Research and Forestry Applications (CREAF), Universitat Autonoma de Barcelona, Barcelona, Spain

The newly started project ConnectinGEO funded by the European Commission aims at improving
the understanding on which environmental observations are currently available in Europe and
subsequently providing an informational basis to close gaps in diverse observation networks. The
project complements supporting actions and networking activities with practical challenges to test
and improve the procedures and methods for identifying observation data gaps, and to ensure
viability in real world scenarios. We present a challenge on future concepts for building a data sharing
portal for the solar energy industry as well as the state of the art in the domain.

Decision makers and project developers of solar power plants have identified the Surface Solar
Irradiance (SSI) and its components as an important factor for their business development. SSI
observations are crucial in the process of selecting suitable locations for building new plants. Since
in-situ pyranometric stations form a sparse network, the search for locations starts with global
satellite data and is followed by the deployment of in-situ sensors in selected areas for at least one
year. To form a convincing picture, answers must be sought in the conjunction of these EO systems,
and although companies collecting SSI observations are willing to shate this information, the means
to exchange in-situ measurements across companies and between stakeholders in the market are still
missing.
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We present a solution for interoperable exchange of SSI data comprising in-situ time-series
observations as well as sensor descriptions based on practical experiences from other domains. More
concretely, we will apply concepts and implementations of the Sensor Web Enablement (SWE)
framework of the Open Geospatial Consortium (OGC). The work is based on an existing spatial data
infrastructure (SDI), which currently comprises metadata, maps and coverage data, but no in-situ
observations yet. This catalogue is already registered in the GEOSS Common Infrastructure (GCI).

We describe the challenges and approach to introduce a suite of standards and best practices into the
GEO Energy Societal Benefit Area for solar radiation measurements. Challenges range from spatio-
temporal coverage across different scales and data quality to intellectual property rights and existing
terminology. The approach includes means to share observations based on standardized data and
metadata models and a user-friendly data exploration/management tool.

The possibility to access and share data considerably improves the information base for strategic
planning and control of new solar power resources. The platform will be integrated as a new
component into the Webservice-Energy.org GEOSS Community Portal dedicated to Energy and
Environment. The ability to provide users with visualisation and download features for in-situ
measurements is seen as a key aspect to start engaging the energy community to share, release and
integrate more in-situ measurements. This will put to the test the capacity of cooperation in the SSI
community by introducing an unprecedented level of collaboration and eventually help to detect gaps
in Buropean Earth observation networks. The presentation will be an opportunity to seek further
collaboration partners and feedback by the community.

Masé J, Serral |, Menard L, Wald L, Nativi S, Plag H-P, Jules-Plag S, Nust D,
Jirka S, Pearliman J, De Maziere M (2015) Towards the creation of a
European Network of Earth Observation Networks within GEO. The
ConnectinGEO project. Geophysical Research Abstracts Vol. 17,
EGU2015-13792, 2015:
http://meetingorganizer.copernicus.org/EGU2015/EGU2015-
13792.pdf. European Geosciences Union General Assembly 2015 -
EGU 2015, Vienna (Austria).

Joan Masé, Ivette Serral, Lionel Menard, Lucien Wald, Stefano Nativi, Hans-Peter Plag, Shelley Jules-
Plag, Daniel Nist, Simon Jirka, Jay Pearlman, and Martine De Maziere CREAF, Bellaterra
(Barcelona), Spain (joan.maso@uab.cat)

ConnectinGEO (Coordinating an Observation Network of Networks EnCompassing saTellite and
IN-situ to fill the Gaps in European Observations” is a new H2020 Coordination and Support
Action with the primary goal of linking existing Earth Observation networks with science and
technology (S&T) communities, the industry sector, the Group on Earth Observations (GEO), and
Copernicus. ConnectinGEO aims to facilitate a broader and more accessible knowledge base to
support the needs of GEO, its Societal Benefit Areas (SBAs) and the users of the Global Earth
Observing System of Systems (GEOSS). A broad range of subjects from climate, natural resoutces
and raw materials, to the emerging UN Sustainable Development Goals (SDGs) will be addressed.
The project will generate a prioritized list of critical gaps within available observation data and
models to translate observations into practice-relevant knowledge, based on stakeholder consultation
and systematic analysis. Ultimately, it will increase coherency of European observation networks,
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increase the use of Earth observations for assessments and forecasts and inform the planning for
future observation systems.

ConnectinGEO will initiate a European Network of Earth Observation Networks (ENEON) that
will encompass space-based, airborne and in-situ observations networks. ENEON will be composed
by project partners representing thematic observation networks along with the GEOSS Science and
Technology Stakeholder Network, GEO Communities of Practices, Copernicus services, Sentinel
missions and in-situ support data representatives, representatives of the space-based, airborne and in-
situ observations European networks (e.g. EPOS, EMSO and GROOM, etc), representatives of the
industry sector and European and national funding agencies, in particular those participating in the
future ERA-PIaNET. At the beginning, the ENEON will be created and managed by the project.
Then the management will be transferred to the network itself to ensure its future continuity.

ConnectinGEO’s main goal in ENEON is to mature a consultation complemented by a systematic
analysis of available data and metadata, which will draw for the first time a coherent picture of the
variety of used data interfaces, policies and indicators. This way, the project will stimulate a
harmonized and coherent coverage of the European EO networks, reemphasizing the political
strategic targets, create opportunities for SMEs to develop products based on the current networks,
and open avenue for industry to participate in investments addressing the identified high-priority

gaps.

The project starts in February 2015 and will last two years. We will present the five threads of the
project for gap analysis in the Earth observation networks: global requitements and goals,
international research programs, consultation process, systematic analysis of existing data platforsm
and industry challenges. The presentation will provide both an overview of the network concepts and
approaches and discuss participation of the broader scientific community of data providers and users.

Ménard, Lionel, Daniel Niist, Simon Jirka, Joan Masé, Thierry Ranchin, and
Lucien Wald. Open Surface Solar Irradiance Observations - A
Challenge. European Geosciences Union General Assembly 2015,
Vienna, Austria, 12-17 April 2015, EGU2015-6607.

Lionel Menard (1), Daniel Nist (2), Simon Jirka (2), Joan Maso (3), Thierry Ranchin (1), and Lucien
Wald (1) (1) MINES ParisTech, PSL. Research University, Sophia Antipolis, France, (2) 52°North
Initiative for Geospatial Open Source Software GmbH, Miinster, Germany, (3) Center for Ecological
Research and Forestry Applications (CREAF), Universitat Autonoma de Barcelona, Barcelona, Spain

The newly started project ConnectinGEO funded by the European Commission aims at improving
the understanding on which environmental observations are currently available in Europe and
subsequently providing an informational basis to close gaps in diverse observation networks. The
project complements supporting actions and networking activities with practical challenges to test
and improve the procedures and methods for identifying observation data gaps, and to ensure
viability in real world scenatios. We present a challenge on futute concepts for building a data sharing
portal for the solar energy industry as well as the state of the art in the domain.

Decision makers and project developers of solar power plants have identified the Surface Solar
Irradiance (SSI) and its components as an important factor for their business development. SSI
observations atre crucial in the process of selecting suitable locations for building new plants. Since
in-situ pyranometric stations form a sparse network, the search for locations starts with global
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satellite data and is followed by the deployment of in-situ sensors in selected areas for at least one
year. To form a convincing picture, answers must be sought in the conjunction of these EO systems,
and although companies collecting SSI observations are willing to share this information, the means
to exchange in-situ measurements across companies and between stakeholders in the market are still
missing.

We present a solution for interoperable exchange of SSI data comprising in-situ time-series
observations as well as sensor descriptions based on practical experiences from other domains. More
concretely, we will apply concepts and implementations of the Sensor Web Enablement (SWE)
framework of the Open Geospatial Consortium (OGC). The work is based on an existing spatial data
infrastructure (SDI), which currently comprises metadata, maps and coverage data, but no in-situ
observations yet. This catalogue is already registered in the GEOSS Common Infrastructure (GCI).

We describe the challenges and approach to introduce a suite of standards and best practices into the
GEO Energy Societal Benefit Area for solar radiation measurements. Challenges range from spatio-
temporal coverage across different scales and data quality to intellectual property rights and existing
terminology. The approach includes means to share observations based on standardized data and
metadata models and a user-friendly data exploration/management tool.

The possibility to access and share data considerably improves the information base for strategic
planning and control of new solar power resources. The platform will be integrated as a new
component into the Webservice-Energy.org GEOSS Community Portal dedicated to Energy and
Environment. The ability to provide users with visualisation and download features for in-situ
measurements is seen as a key aspect to start engaging the energy community to share, release and
integrate more in-situ measurements. This will put to the test the capacity of cooperation in the SSI
community by introducing an unprecedented level of collaboration and eventually help to detect gaps
in Buropean Earth observation networks. The presentation will be an opportunity to seek further
collaboration partners and feedback by the community.

Ménard, Lionel, Daniel Niist, Khai- Minh Ngo, Philippe Blanc, Simon Jirka,
Joan Masé, Thierry Ranchin, Lucien Wald. Interoperable Exchange of
Surface Solar Irradiance Observations: A Challenge, Energy
Procedia, Volume 76, August 2015, Pages 113-120. ELSEVIER.
doi:10.1016/j.egypro.2015.07.867
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1. Introduction

Solar energy is one of the main ways for producing electricity in many countrnies worldwide. Energy producers
and project developers of solar power plants (photovoltaic, solar concentrating technologies) have identified the
surface solar irradiance (331) and its components as an essential variable for their business development [1,2].
Policy-makers also need information based on SSI data to set up energy policies at local to national levels. Usages of
551 data mn projects address:

* the potential and prospective solar resources with national, regional, and local maps of 85I integrated in decision
support systems;

* the long-term solar resource assessment for a specific site with time series of 551 for technical sizing and yield
report simulations,

*  the momtonng of exasting solar power plants for operation and maintenance purposes;

+ the multi-horizon forecast for energy storage, planning or participation in an electricity spot market.

In addition to its use by companies and policy-makers, the SSI is identified as an Essential Climate Variable by
the Global Climate Observing System [3]. Different operational Earth Observation (EO) components provide
estimations of the SSI:
¢ in situ pyranometric sensors [4,5];
¢ processing of images taken by meteorological satellites, such as the HelioClim project [6,7], the Copernicus

Atmosphere Service [8,9], or the Eumetsat CM-SAF [10];

* numerical weather models (NWM), such as ECMWF-IFS [11] or re-analyses such as ERA-Interim [12].

Currently, all these components are used by companies and policy-makers in the solar energy domain. However,
they are used individually and not in conjunction. Emerging needs clearly show that a great benefit would be
achieved by efficient means of joint exploitation. For example, in-situ pyranometric stations form a sparse network
and do not offer an accurate description of the spatial distributions. Hence, the search for suitable locations for
building new plants starts with satellite data, based on which in-situ observations are carried out at selected sites.
Since im-situ pyranometric sensors are deemed to provide the best possible assessment of the SSI at a given location,
in-sity instruments measuring the SSI must be deployed in selected areas for at least one year. Then, time-series of
SSI derived from satellite imagery are adjusted onto these measurements to obtain long-term time-series of
calibrated SSI data [13].

To form a convincing picture, answers must be sought in the conjunction of these EO systems, and although
companies collecting SSI observations are willing to share this information, the means to exchange im-situ
measurements across companies and between stakeholders in the market are still missing.

A new spatial information infrastructure can close this gap and enable integration and access to SSI observations
by stakeholders. This infrastructure allows on the one hand providers to share their SSI observations and on the
other hand users to access them. As there are many data providers using many different sensor instruments this
infrastructure should tackle sensor integration and dissemination of measurement data through a uniform, platform-
independent and interoperable approach. This could be efficiently achieved by benefiting from GEOSS
recommendations on interoperability and by making extensive use of recognized international geospatial standards
such as the OGC (Open Geospatial Consortium) SWE (Sensor Web Enablement) framework [14]. The present
article addresses this issue.

This work takes place in the newly started project ConnectinGEO funded by the European Commission.
ConnectinGEO aims at improving the understanding on which environmental observations are currently available in
Europe and subsequently providing an informational basis to close gaps in diverse observation networks [15]. The
project utilizes different top-down and bottom-up approaches. It complements consulting, and networking activities
(top-down) with supporting actions and practical challenges to test and improve the procedures and methods for
identifying observation data gaps. As part of the latter approach, we present the challenges and future concepts for
building a data sharing portal for the solar energy industry as well as the state of the art in the domain to ensure
viability of the ConnectinGEO methodology in real world scenarios.

10
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2. Solar industry challenges for in-sifu measurements of SS1

NWM or satellite-based assessments of the 351 are currently easily accessible, vet sometimes against payment, as
they obey GEOSS or WMO standards for dissemination, i.e. common data formats. Within a given database, all data
for all pixels/cells obey the same format. This facilitates their integration into a user's own workflow and partly
explains why they are often exploited by professionals in solar energy. In addition, they offer a high geographical
and temporal coverage that satisfies the general needs in solar energy. In other words, these two EQ components
permit to provide 831 for any place in the world any time.

Taking into account the limitations in spatial and temporal resolutions and also in the underlying empirical or
physical modeling, satellite-denved data are generally judged very useful by industry stakeholders for regional
prospective or technical pre-feasibility studies. This is less the case for NWM that often exhibit drawbacks due to
cloud presence [13]. Both satellite-derived data and NWM are nevertheless considered not accurate enough to
convince investors in the commissioning of large-scale solar power plants, or to monitor and forecast production of
these plants,

In-situ pyranometric sensors are deemed to provide the best possible assessment of the 331 at a given location.
They serve as a reference to assess the quality of the two other components: satellite-derived and numerical weather
models. However, though the purchase of a pyranometer can be seen as inexpensive, such a system induces high cost
of operation and maintenance to be able to provide valuable, i.e. bankable data sets. This prevents the large-scale
deployment of pyranometric stations.

All meteorological networks in Europe are equipped with pyranometric stations but many of them are not fully
suitable to fulfil the needs of the solar energy community. There are several international networks that could be
suitable such as those under the umbrella of the World Meteorological Organization (Global Atmosphere Watch —
GAW, Baseline Surface Radiation Network — BSRN, world radiation data center — WRDC). Most data from these
networks are available, though through different modes ranging from web-services to direct human-to-human phone-
calls, often with limited rights in access and use [16]. The spatial density of these in-situ sensors is quite
heterogeneous across the world. In many locations the distance between stations is too large to capture the spatial
variability of the solar radiation [1, Z]. Moreover only few stations offer data sets spanning several years and many
data sets exhibit temporal gaps of missing data.

Due to these limitations, investors or developers of solar power plant projects have installed or rented their own
in-situ pyranometric stations and have private data sets from past or present time periods. In Europe, there are
currently several hundreds of private ground stations associated with power plants. However, these data sets are
currently not accessible for Intellectual Property Rights (IPR) reasons, even though recent efforts undertaken by
MINES ParisTech in France seem to demonstrate that exchange of data between companies may be possible and that
a network of these private stations may be set up for the common good.

In summary, it can be stated that, for different reasons, networks of meteorological pyranometric sensors, satellite
observations or numeric weather models taken separately are not able to answer the needs of industrialists and
project developers. Solutions can be found in the conjunction of these EO systems, such as those listed in the work
plan of subtask B "standardization and Integration Procedures for Data Bankability" of the Task SHC 46 “Solar
Resource Assessment and Forecasting™ of the International Energy Agency:

* short-term calibration of long term satellite-based time series of SSI with #z-situ measurements;
* quality check procedures of in-sizu measurement with satellite-based 331 estimation;
* in-sity data completion (gap-filling) with satellite-based SSI estimation.

The merging of in-situ measurements with satellite or NWM data to get valuable, bankable datasets ready for the
business development corresponds to a very active and mature R&D activity. Several algorithms and methods are
already available [13], for example in the FP7-funded ENDORSE project “ENergy DOwnstReam SErvices -
Providing energy components for GMES” coordinated by ARMINES [17]. The main bottlenecks to the
implementation of these solutions are technological obstacles and IPR. From the practical side, except within a given
network, there is a lack of a common, interoperable (i.e. collaboratively discussed and well-defined or specified)
framework to collect, store, process (quality-check, gap-filling, temporal aggregation) and disseminate ir-site
measurements. From the IPR point of view, the use of data from large networks (BSRN, GAW, WRDC) is not
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allowed for commercial purposes and compames are not shanng their data, even though this would largely
contribute to a larger penetration of solar energy in the European electricity mix.

ConnectinGEC will undertake efforts for 1) developng an interoperable framework, and 2) creating a
demonstrator and convincing incentives for public or private bodies measuring 531 to share their data based on this
framework under a license that explicitly allows commercial use [18].

Providing an easy and open access to 351 measurements is therefore a key feature to be developed in
ConnectinGEQ. From the end-user point of view, in-sity measurements should be easy to find, easy to access (view,
download) and consequently easy to use (data format, metadata, documentation). From the data provider point of
view in-situ measurements should be easy to register and upload, easy to quahfy by flagging suspicious or erroneous
data following well-established quality check procedures [19,20]. To enable this in a sustainable manner, in-situ
measurements should be integrated and made available by using existing and recognized open international
standards. In that respect, ISC (International Organization for Standardization) and OGC (Open Geospatial
Consortium) standards address the full spectrum from the use of standardized metadata to data integration, data
search and discovery to the exploitation of SSI parameters. This way a virtuous circle actively involving data users
and data providers can be put into place exploiting established Sensor Web standards and implementations.

3. Spatial Data Infrastructure

A spatial data infrastructure (SDI, http://www.gsdi.org/gsdicookbookindex) should be deployed to enable the
integration of and access to in-siry measurements of SSI. As discussed above, the SDI should tackle sensor
integration and dissemination into a uniform, platform-independent and interoperable solution. The OGC SWE
(Sensor Web Enablement) architecture is particularly suited to this purpose. It offers support to:

* discover and locate sensor systems and measurements;
* investigate sensor capabilities and information on the quality of the measurements;
* enable access to sensor parameters and data for direct or further processing.

Beside the direct access to in-situ sensor information, the SWE specifications allow to couple those assets with
any available SSI Earth observation resources (raster or vector data, maps). Being able to combine SSI in-situ
measurement with additional EO data at the application level will provide value added information maximizing
value and enabling decision-making. The Web-based platform developed within the 52°North Sensor Web
community is a complete Sensor Web infrastructure particularly designed to provide access to data measured by
sensors. It also enables tasking and control of sensors, event detection and triggering of alerts through sensor
observations. It implements standardized interfaces developed by the Open Geospatial Consortium (OGC) and its
Sensor Web Enablement (SWE) initiative and provides user-fiiendly interfaces for visualization as well as clients
for diverse analysis environments.

In order for data providers to leverage their efforts of releasing in-sity measurements of SSI, the SDI should
enable a “search and discovery” mechanism of such measurements. This mechanism will be provided by referencing
all #m-sity measurement of SSI available through the Sensor Web infrastructure into an OGC-compliant CSW
(Catalog Service for the Web) catalog (http://www.opengeospatial.org/standards/cat). This catalog should allow
both humans a user-friendly search experience through a Web based graphical user interface (GUI) (Fig. 1) as well
as machine to machine distributed operations for back-office processes.

12



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
- Acronym: ConnectinGEO
connm m Project title: Coordinating an Observation Network of Networks EnCompassing saTellite and IN-situ to fill the
Gaps in European Observations
Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,
natural resources and raw materials

Lionel Ménard et al. / Energy Procedia 76 (2015) 113 - 120 117

4 [\ [ I \
= i ik | [}

Do U (o 10 S8 Do B o 7 S Do 9 008 i 50 01D o PROESS0 Do 9% A1 Do 00040 e 38 128 Do 91 000 Cht 0 1880

= SHOE Do 20000 Do 00 1HOR Do 100008 Do

B~ ¢ ¢ mnumaman »

Fig. 1. Screenshot of the web-based GUI

End users should also have the possibility to get an easy access to in-situ measurements of SSI. A Web-based

GUI, also called a thin client, will allow to:

¢ geo-locate the site of interest among available surrounding measuring stations,

¢ select the type and the technical characteristics of sensors and the corresponding data sets of interest provided by
the selected stations;

¢ retrieve metadata; including information about the sensor as well as about the measurement itself regarding for
example quality assessment and quality control;

¢ access time series of in-situ measurements; the values should be represented as line chart for a specific period and
time integration (sub-hourly, daily, monthly, etc.), and tables and graphs.

End-users should be able then to export/download the measurements of interest for further ingestion into their
own processing tools for further analyses and studies. Additional features could be added to the GUI such as
averaging over time, or comparison with satellite-based SSI from Copernicus Atmosphere Service (Fig. 2). These
extensions to the open source client solution are crucial for the adaptation within the solar energy community.
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Fig. 2. Screenshot of additional features integrated into the web-based GUT

The newly created Sensor Web infrastructure will be integrated as a new component into the existing SDI known
as the “Webservice-Energy.org GEOSS Community Portal dedicated to Energy and Environment”. This SDI
developed and managed by MINES PansTech since 2011 currently comprises a community portal, a catalog, and
several client applications, data-models, maps and coverage data. It does not comprise in-sifu observations vet. The
catalog 1s CSW-compliant and may accommodate for in-situ measurements. [t is connected to the GEOSS Common
Infrastructure (GCI) and is weekly harvested by the GEOSS DAB (Discovery and Access Broker). This allows all
existing resources listed in the catalog to be available on the GEO Web Portal (GWP) for search and discovery
rewarding efforts of data providers in their outreach and dissemination activities of their legacy data assets.

" hitp:/www.earthobservations.org geoss.php
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Fig. 3. Screenshot of the webservice-energy catalog
4. Perspectives and assessment by the community of users

A pilot use case will be set up to demonstrate business opportunities in solar energy. Several in-situ data sets will
be made available through the Sensor Web platform. They will originate from different providers that have agreed to
participate to this challenge, namely, MINES ParisTech and Ecole Nationale des Travaux Publics de 1'Etat, both
from France, as well as the universities of Geneva (Switzerland) and Kishinev (Moldova). Discussions are pending
with other providers worldwide, including companies. Once in-situ measurements are available, several users,
mostly from companies, will be invited to use the platform and to provide their feedbacks on the benefit of this
platform and on the networking of resources for improving their daily work and increasing their business. Two
specific use cases will be implemented with different scopes: 1) improving the quality of bankable data sets, and 2)
improving the design of plants and targeting geographical areas for such plants.

Expected outcomes from the pilot use cases will tackle:

e gaps in data models: Designing standardized data and metadata models to better suit in-situ observations of SSI
as profiles of OGC Sensor Web Enablement standards,

* gaps in in-situ measurements of SSI: Extending the webservice-energy catalog platform with data management
functions based on the new (meta)data profiles and the GEOSS recommendations for interoperability based on
52°North Sensor Web platform;

e gaps in collaboration: Presenting the new platform to the community of users at a workshop will help in defining
the remaining blockages and next steps to reach our final goal.

The new platform has been selected in GEOSS as a contribution of the energy SBA (Societal Benefit Area) to the
AIP-8 (Architecture Implementation Pilot — Phase 8). The AIP-8 results will be presented on November 2015 in
Mexico at the GEO-XII Plenary & Mexico City Ministerial Summit. Beside the expected feature on the client side
as listed above connections based on GEOSS recommendations on interoperability will be tested between the new
platform and more precisely between the metadata description of sensor based resources in this new platform and
the GEOSS DAB through a harvesting mechanism. This will extend the existing GEOSS webservice-energy SDI to
provide the GEO Energy community with access to in-situ measurements of SSI.

15



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
Acronym

cOnnecu'n m Project title:

Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,
natural resources and raw materials

120 Lionel Ména

L/ Energy Procedia 76 (2015} 113 - 120

Acknowledgements

The research leading to these results has received funding from the European Union's Horizon 2020 Programme
(H2020/2014-2020) under grant agreement no. 6413538 (ConnectinGEC project ).

References

[1] Cros 8., Mayer D, Wald L. The availability of Iradiation Data. Report IEA-PVPS T2-04: 2004, Intemmational Energy Agency, Vienna,
Austria, 2004, 29 p.

[2] Gechwind B., Ménard L., Albuisson M., Wald L. Converting a successful research project into a sustainable service: the case of the SoDa
Web service. Environmental Modelling and Software 2006, 21:1555-1561.

[3] GCOS Essential Climate Variables, defined in 2010, available at:
www. wino. int/pages/prog/ecosfindex. phpMmame=Essential Climate Variables

[4] WMO: Guide to meteorological instruments and methods of observation, World Meteorological Org
Geneva, Switzerland, 2008.

[5] Vuilleumier L., Hauser M., Félix C., Vignola F., Blanc P., Kazantzidis A., Calpini B. Accuracy of ground surface broadband shortwave
radiation monitoring. Journal of Geophysical Research: Atmospheres 2014, 119:13,838-13,860.

[6] Blanc P., Gschwind B., Lefevre M., Wald L. The HelioClim project: Surface solar irradiance data for climate applications. Remote Sensing
2011, 3:343-361.

[7] Lefevre M., Blanc P., Espinar B., Gschwind B., Ménard L., Ranchin T., Wald L., Saboret L., Thomas C., Wey E. The HelioClim-1 database
of daily solar radiation at Earth surface: an example of the benefits of GEOSS Data-CORE. IEEE Journal of Selected Topics in Applied
Earth Observations and Remote Sensing 2014, 7:1745-1753.

[8] Users® guide to the MACC-RAD Services on solar energy radiation resources, May 2015, available at http:/Avww.gmes-
atimosphere.eu/documents/mac ciii/deliverables/MACCIII_RAD_DEL_D57.5_final. pdf

[9] Qu Z., Oumbe A., Blanc P., Lefevre M., Wald L., Schroedter-Homscheidt M., Gesell G. Assessment of surface solar irradiance by the
Heliosat-4 method with cloud product APOLLO derived from SEVIRI images as inputs. In Proceedings of the 2012 EUMETSAT
Meteorological Satellite Conference, 3-7 September 2012, Sopot, Poland, EUMETSAT P. 61, s2-03, 2012.

[10] Mueller R.W., Matsoukas C., Gratzki A., Behr H.D., Hollmann, R. The CM SAF operational scheme for the satellite based retrieval of solar
surface irradiance - A LUT based eigenvector hybrid approach. Remote Sensing of Environment 2009, 13:1012-1024.

[11] ECMWF, 2015. IFS documentation. https://software.ecmwf. int/wiki/display TFS/Official+1IFS+Documentation (last access: may 2015)

[12] Boilley A., Wald L. Comparison between meteorological re-analyses from ERA-Interim and MERRA and measurements of daily solar
irradiation at surface. Renewable Energy 2015, 75:135-143.

[13] Sengupta M., Habte A., Kurtz S., Dobos A., Wilbert 8., Lorenz E., Stoffel T., Renné D., Myers D., Wilcox S., Blanc P., Perez R. Best
Practices Handbook for the Collection and Use of Solar Resource Data for Solar Energy Applications. Technical Report 2015, NREL/TP-
SD00-63112, 251 pages.

[14] Bréring, A., Echterhoff J., Jirka S.. Simonis 1., Everding T.. Stasch C., Liang C., Lemmens R. New generation Sensor Web Enablement.
Sensors 2011, 11:2652-2699. doi:10.3390/5s110302652.

[15] Maso J., Serral I., Menard L., Wald L., Nativi S., Plag H.-P., Jules-Plag S., Niist D., Jirka 8., Pearlman J., De Maziere M. Towards the
creation of a European Network of Earth Observation Networks within GEO. The ConnectinGEQ project. European Geosciences Union
General Assembly 2015, Vienna, Austria, 12-17 April 2015, EGU2015-13792.

[16] Blanc P., Gschwind B., Lefevre M., Wald L. Validating Meteosat-derived surface solar irradiance in Mozambique. In Proceedings of the
30th Symposium of the European Association of Remote Sensing Laboratories, Ed. Halounova L., held in Prague, Czech Republic, 30 May
— 2 June 2011, A. A. Balkema Publisher, 2011.

[17] Wald L., Providing energy components for GMES and GEQ. 9th GEO Plenary - European Commission Side Event, 21-23 Novermber 2012,
Foz do Iguagu, Brazil.

[18] Menard L., Nist D., Jirka 8., Maso J., Ranchin T., Wald L. Open surface solar irradiance observations - A challenge. European Geosciences
Union General Assembly 2015, Vienna, Austria, 12-17 April 2015, EGU2015-6607.

[19] Roesch A., Wild M., Ohmura A., Dutton E. G., Long C. N., Zhang T. Assessment of BSRN radiation records for the computation of monthly
means. Atmospheric Measurement Techniques 2011, 4:339-354. doi:10.5194/amt-4-339-2011.

[20] Espinar B., Blanc P., Wald L., Hoyer-Klick C., Schroedter-Homscheidt M., Wanderer T. On quality control procedures for solar radiation
and meteorological measures, from subhourly to monthly average time periods. Geophysical Research Abstracts, Vol. 14, EGU General
Assernbly 2012, 22-27 April 2012, Vienna, Austria.

an, WMO-No 8, 7 Edn.,

Publications on 2016

Palma Blonda, Joan Masé, Antonio Bombelli, Hans Peter Plag, lan
McCallum, lvette Serral, and Stefano Stefano Nativi, 2016. "Current
status of the Essential Variables as an instrument to assess the
Earth Observation Networks in Europe". European Geosciences
Union General Assembly 2015, Vienna, Austria, 17-22 April 2016,
EGU2016-16692.

16



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
Acronym:

connecﬁn m Project title:

Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,
”HUU'Z]I resources E![l(i raw !ll(’ll&‘!'\(’ll\

(1) Consiglio Nazionale delle Ricerche, Istituto di Studi sui Sistemi Intelligenti per ’Automazione.
CNR-ISSIA. Bari, Italy, (2) CREAF, Bellaterra (Batrcelona), Spain, (3) CMCC Foundation, Euro-
Mediterranean Center on Climate Change, Lecce, Italy., (4) Old Dominion University, Norfolk,
Virginia, USA, (5) International Institute for Applied Systems Analysis. IIASA. Laxenburg, Austria,
(6) Consiglio Nazionale delle Ricerche. Istituto sull’ Inquinamento Atmosferico. CNR-IIA. Firenze.
Italy

ConnectinGEO (Coordinating an Observation Network of Networks EnCompassing saTellite and
IN-situ to fill the Gaps in European Observations” is an H2020 Coordination and Support Action
with the primary goal of linking existing Farth Observation networks with science and technology
(S&T) communities, the industry sector, the Group on Earth Observations (GEO), and Copernicus.
The project will end in February 2017.

Essential Variables (EVs) ate defined by ConnectinGEO as “a minimal set of variables that
determine the system’s state and developments, are crucial for predicting system developments, and
allow us to define metrics that measure the trajectory of the system”. . Specific application-dependent
characteristics, such as spatial and temporal resolution of observations and data quality thresholds,
are not generally included in the EV definition.

This definition and the present status of EV developments in different societal benefit areas was
claborated at the ConnectinGEO workshop “Towards a sustainability process for GEOSS Essential
Variables (EVs),” which was held in Bati on June 11-12, 2015 (http://www.gstss.org/2015_Bari/).
Presentations and reports contributed by a wide range of communities provided important inputs
from different sectors for assessing the status of the EV development.

In most thematic areas, the development of sets of EVs is a community process leading to an
agreement on what is essential for the goals of the community. While there are many differences
across the communities in the details of the criteria, methodologies and processes used to develop
sets of EVs, there is also a considerable common core across the communities, particularly those
with a more advanced discussion. In patticular, there is some level of overlap in different topics (e.g.,
Climate and Water), and there is a potential to develop an integrated set of EVs common to several
thematic areas as well as specific ones that satisfy only one community.

The thematic areas with a more mature development of EV lists are Climate (ECV), Ocean (EOV)
and Biodiversity (EBV). Water is also developing a set of EVs in GEOSS. Agriculture is working
with a common set of variables that can be considered essential to them such as Crop Area, Crop
Type, Crop Condition, etc. More work is required for an agreement on other sets of EVs for
Disasters, Health and Ecosystems.

Being cross-domain topics, these areas can make use of existing sets of EVs (such as ECVs, EOVs
and EBVs) complemented by socioeconomic variables that can help to characterize services (e.g.,
ecosystem setrvices) to human societies. Renewable energy also makes use of the ECVs but there is a
need for additional ones: solar surface irradiance and wind at different heights are good candidates to
explore.

ConnectinGEO will link with Climate, Ocean and Biodiversity communities and support Water,
Agriculture, Renewable Energy, Health, Disasters and Ecosystems to make progress in the EV
development by stimulating the debate in their respective international forums (mainly in GEOSS).
The final objective is to foster EV extraction from the integrated use of in-situ and satellite Earth
Observation data.
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ConnectinGEO (Coordinating an Observation Network of Networks EnCompassing saTellite and
IN-situ to fill the Gaps in European Observations” is an H2020 Coordination and Support Action
with the primary goal of linking existing Earth Observation networks with science and technology
(S&T) communities, the industry sector, the Group on Earth Observations (GEO), and Copernicus.
The project will end in February 2017.

ConnectinGEO will initiate a European Network of Earth Observation Networks (ENEON) that
will encompass space-based, airborne and in-situ observations networks. ENEON will be composed
of project partners representing thematic observation networks along with the GEOSS Science and
Technology Stakeholder Network, GEO Communities of Practices, Copernicus services, Sentinel
missions and in-situ support data representatives, representatives of the European space-based,
airborne and in-situ observations networks.

This communication presents the complex panorama of FEarth Observations Networks in Europe.
The list of networks is classified by discipline, variables, geospatial scope, etc. We also capture the
membership and relations with other networks and umbrella organizations like GEO. The result is a
complex interrelation between networks that can not be clearly expressed in a flat list.

Technically the networks can be represented as nodes with relations between them as lines
connecting the nodes in a graph. We have chosen RDF as a language and an AllegroGraph 3.3 triple
store that is visualized in several ways using for example Gruff 5.7.

Our final aim is to identify gaps in the EO Networks and justify the need for a more structured
coordination between them.

Guillem Closa, Ivette Serral, and Joan Maso, 2016. "Gap analysis of the
European Earth Observation Networks". European Geosciences
Union General Assembly 2015, Vienna, Austria, 17-22 April 2016,
EGU2016-16925.

Guillem Closa, Ivette Serral, and Joan Maso CREAF, Bellaterra (Barcelona), Spain

Earth Observations (EO) are fundamental to enhance the scientific understanding of the current
status of the Earth. Nowadays, there are a lot of EO services that provide large volume of data, and
the number of datasets available for different geosciences areas is increasing by the day. Despite this
coverage, a glance of the European EO networks reveals that there are still some issues that are not
being met; some gaps in specific themes or some thematic overlaps between different networks. This
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situation requires a clarification process of the actual status of the EO European networks in order to
set priorities and propose future actions that will improve the European EO networks. The aim of
this work is to detect the existing gaps and overlapping problems among the European EO
networks.

The analytical process has been done by studying the availability and the completeness of the
Essential Variables (EV) data captured by the European EO networks. The concept of EVs
considers that there are a number of parameters that are essential to characterize the state and trends
of a system without losing significant information.

This work generated a database of the existing gaps in the European EO network based on the initial
GAIA-CLIM project data structure. For each theme, the missing or incomplete data about each EV
was indentified. Then, if incomplete, the gap was described by adding its type (geographical extent,
vertical extent, temporal extent, spatial resolution, etc), the cost, the remedy, the feasibility, the
impact and the priority, among others.

Gaps in EO are identified following the ConnectinGEO methodology structured in 5 threads;
identification of observation requirements, incorporation of international research programs material,
consultation process within the current EO actors, GEOSS Discovery and Access Broker analysis,
and industry-driven challenges implementation. Concretely, the presented work focuses on the
second thread, which is based on International research programs screening, conclusions of research
papers extraction, research in collective roadmaps that contain valuable information about problems
due to lack of data, and EU research calls considering to move forward in known uncovered areas.

This provides a set of results that will be later validated by an iterative process that will enhance the
database content until an agreement in the community is reached and a list of priorities is ready to be
delivered.

This work is done thanks to the EU ConnectinGEO H2020 (Project Nr: 641538).

Menard Lionel, Blanc Philippe, Gschwind Benoit, Wald Lucien, A spatial
data infrastructure dedicated to the interoperable exchange of
meteorological measurements in renewable energies. 16th EMS
Annual Meeting, 12-16 September 2016, Trieste, Italy, EMS Annual
Meeting Abstracts, 13, EMS2016-369

Lionel Menard, Philippe Blanc, Benoit Gschwind, and Lucien Wald MINES ParisTech - PSL
Research University, Sophia Antipolis cedex, France (lucien.wald@mines-paristech.fr)

The meteorological measurements are identified as essential by energy producers and project
developers of plants producing renewable energy for their business development. Policy-makers also
need information based on such measurements to set up energy policies at local to national levels.
Different Earth Observation (EO) components provide estimations of the meteorological variables:
in situ sensors, processing of images taken by meteorological satellites, and numerical weather
models. Currently, all these components are used by companies and policymakers in the renewable
energy domain. However, they are used individually, while an efficient means of joint exploitation
would bring great benefit. Such exploitation implies exchange of those data but means to exchange
in-situ measurements across companies and between stakeholders in the market are still missing or of
low specifi- cations. A new dedicated spatial data infrastructure (SDI) is presented here that intends
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to fill this gap and enable integration and access to meteorological observations by stakeholders. This
SDI provides an efficient means to find, access, view, download and eventually use data easily using
well recognized standards. Data providers benefit from well-established quality-controlled procedures
prior to data integration in the SDI. The main bottlenecks to the implementation of the SDI are
technological obstacles and Intellectual Property Rights (IPR). Major technical difficulties arise
because there are many data providers using many different sensor instruments. This is tackled by
founding the SDI on a uniform, platform-independent and interoperable approach benefiting from
GEOSS (Global Earth Observation System of Systems) recommendations on interoperability and by
making extensive use of recognized international geospatial standards such as the OGC SWE (Sensor
Web Enablement) framework. From the IPR point of view, commercial use of data from large
meteorological networks is usually not allowed and companies are inclined not to publicly share data.
However, efforts are being made to convince these stakeholders with some success.

McCallum, I. et al. Land management: data availability and process
understanding for global change studies. Global Change Biology
(2016), doi: 10.1111/gcb.13443
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Abstract

In the light of daunting global sustainability challenges such as climate change, biodiversity loss and food security,
improving our understanding of the complex dynamics of the Earth system is crucial. However, large knowledge
gaps related to the effects of land management persist, in particular those human-induced changes in terrestrial
ecosystems that do not result in land-cover conversions. Here, we review the current state of knowledge of ten com-
mon land management activities for their biogeochemical and biophysical impacts, the level of process understand-
ing and data availability. Our review shows that ca. one-tenth of the ice-free land surface is under intense human
management, half under medium and one-fifth under extensive management. Based on our review, we clusler these
ten management activities into three groups: (i) management activities for which data sets are available, and for
which a good knowledge base exists (cropland harvest and irriga!ion),‘ (i1} management activities for which sufficient
knowledge on biogeochemical and biophysical effects exists but robust global data sets are lacking (forest harvest,
tree species selection, grazing and mowing harvest, N fertilization); and (i1i) land management practices with severe
data gaps concomitant with an unsatisfactory level of process understanding (crop species selection, artificial wetland
drainage, tillage and fire management and crop residue management, an element of crop harvest). Although we iden-
tify multiple impediments to progress, we conclude that the current status of process understanding and data avail-
ahility is sufficient to advance with incorporating management in, for example, Earth system or dynamic vegetation
models in order to provide a systematic assessment of their role in the Earth system. This review contributes to a
strategic prioritization of research efforts across multiple disciplines, including land system research, ecological
research and Earth system modelling.

Keywords: data availability, earth system models, global land-use data sets, land management, land-cover modification, process
understanding
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Introduction

We have entered a proposed new geologic epoch, the
Anthropocene, characterized by a surging human pop-
ulation and the accumulation of human-made artefacts
resulting in grand sustainability challenges such as cli-
mate change, biodiversity loss and threats to food secu-
rity (Steffen et af,, 2015). Finding solutions to these
challenges is a central task for policymakers and scien-
tists (Reid ef al., 2010; Foley ¢f al., 2011). A central pre-
requisite to overcome these sustainability challenges is
an improved understanding of the complex and
dynamic interactions between the various Earth system
components, including humans and their activities.
However, many unknowns relate to the extent and
degree of human impacts on the natural components of
the Earth system. While a relatively robust body of
knowledge exists on the effect of land-cover conver-
sions, for example change in forest cover (Brovkin et al.,
2004; Feddema et al., 2005; Pongratz e al, 2009), land-
use activities that result in ‘land modifications’, that is
changes that occur within the same land-cover type,

remain much less studied (Erb, 2012; Rounsevell ef af ,
2012; Campioli et al, 2015; McGrath et al, 2015).
Changes in land-use intensity are a prominent example
for such effects (Erb el al, 2013a; Kuemmerle et al.,
2013; Verburg et al, 2016). These land-use activities,
which we here summarize under the term ‘land man-
agement’, are the focus of our review.

Evidence suggests that the effects of land manage-
ment on key Earth system parameters are considerable
(Mueller ef al., 2015; Erb et al., 2016; Naudts ¢t al., 2016)
and can be of comparable magnitude as land-cover con-
versions (Lindenmayer et al, 20M2; Luyssaert et al.,
2014}, Furthermore, management-induced land modifi-
cations cover larger areas than those affected by land
conversions (Luyssaert ef al., 2014). Omitting land man-
agement in assessing the role of land use in the Earth
system may hence resull in a substantial underestima-
tion of human impacts on the Earth system, or difficul-
ties to elucidate spatiotemporal dynamics and patterns
of crucial Earth System parameters (e.g. Bai ef al., 2008;
Forkel et al., 2015; Pugh et al., 2015). This calls for the
development of strategies that allow us to comprehen-
sively and systematically quantify management effects
(Arneth ef al,, 2012).

Howewver, two distinet - albeit interrelated - barriers
hinder our current ability to fully assess land manage-
ment impacts. First, major knowledge gaps exist in our
qualitative and quantitative understanding of the bio-
geochemical and biophysical impacts of land manage-
ment. Second, serious data gaps exist on the extent as
well as intensity of various management practices.
Here, we review the current state of knowledge of ten

common land management activities for their global
impact, the level of process understanding and data
availability to improve both analytical and modelling
capacilies as well as to prioritize future modelling and
data generation activities,

Key land managementl aclivilies

During an interdisciplinary  workshop cycle (see
Acknowledgements), we identified ten important land
management activities that may impact the Earth sys-
tem profoundly (Table 51 in the Appendix 51}, namely
(i) forest harvesting; (ii) tree species selection; (iii} graz-
ing and mowing harvest; (iv) crop harvest and crop
residue management; (v) crop species selection; (vi)
nitrogen (N) fertilization of cropland and grazing land;
(vii) tillage; (viii) crop irrigation (including paddy rice
irriga!inn); (ix} artificial drainage of wetlands for agri-
cultural purposes; and (x) fire as a management tool
{Fig. 1). These ten management practices were selected
based on their global prevalence across a diversity of
biomes and based on their strong biophysical and bio-
geochemical effects, as described in the literature.
Table 51 provides definitions and lists ecosystems in
which the management practices prevail and which are
in the focus of our review. The provision of bioenergy,
for example biofuels from plant oil, starch or sugar, or
wood fuel, 15 not classified as own management type.
Rather, it is subsumed under items i) and iv). It is
important to note that this list represents a subjective,
consensus-oriented group opinion and is thus neither
exhaustive nor representative. For instance, many man-
agement activities have not been considered here, for
example litter raking, peat harvest, phosphate or potas-
sium fertilization, crop protection, forest fertilization or
mechanization, Such activities can be of central impor-
tance, for example, in specific contexts, and advancing
the understanding of their divers and impacts is
equally important,

For each management aclivity, we compiled informa-
tion on the current global extent; past, ongoing and
anticipated dynamics; data availability; and state of
knowledge on biogeochemical and biophysical effects.
Biogeochemical effects include changes in greenhouse
gas [GHG) and aerosol concentrations caused by
changes in surface emissions (CO, CO. H,0, N,O,
MO, NH,, CHy) or by changes in atmospheric chem-
istry (CHy, Os, HaO, 505, biogenic secondary organic
aerosols). Biophysical effects include changes in surface
reflectivity (i.e. albedo) and changing surface fluxes of
energy and moisture through sensible heat fluxes and
evapolranspiration. The combined information is then
used to suggest prioritizations of future research
efforts.

@ 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10,1111/ geb. 13443
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Forestry harvest

Extent and data awvailability. Forests cover 32.7-40.8
Mkm? or 30% of the ice-free land surface and 2/3-3/4
of global forests (26.5-29.4 Mkm?) are under some form
of management (Erb ef al., 2007; FAQ, 2010; Pan et al,
2013; Luyssaert et al., 2014; Birdsey & Pan, 2015). Forest
use reaches back to the cradle of civilization (Perlin,
2005; Hosonuma ef al., 2012), while scientific forest
management, that is management schemes that involve
careful planning based on empirical observations and
forest ecological process understanding (Marald et al.,
2016), originated in the late 18th century (Farrell ¢t al,,
20000). The share of managed forests and management
intensity are expected to increase further along with
global demand for wood products (Eggers et al, 2008;
Mevyfroidt & Lambin, 2011; Levers et al., 2014). Virtually
all temperate and southern boreal forests in the North-
ern Hemisphere are already managed for wood pro-
duction (Farrell et al., 2000). Northern boreal forests are
at present largely unused for wood production (Erb
et al., 2007) and could become increasingly managed in

the future due to growing global demand for wood
products and comparative advantages in boreal for-
estry compared to other regions (Westholm ef al., 2015).
Temperate forests are mostly under some version of
age class-based management, In contrast, wood extrac-
tion from tropical forest often targets selected species,
resulting in forest degradation. Significant parts of trop-
ical forest (5.5 Mkm?) are in different stages of recovery
from prior logging and for agricultural use (Pan et al.,
2011). The use of tropical forests is also predicted to

in ecosystems surmounts the hypothetical potential

increase, both in extent and intensity, mainly to supply
international markets (Hosonuma ef al,, 2012; Kissinger
et al,, 2012). 7% of managed forests are intensive planta-
tions, 65% subject to regular harvest schemes, and 28%
under other (e.g. sporadic) uses (Appendix 51). Data on
wood harvest are surprisingly scarce (Table 1), given
the importance of forests and forestry in the Earth sys-
tem as well as a socio-economic resource, Time series of
national-level data exist, but are uncertain, particularly
regarding fuelwood harvest (Bais et al., 2015). This
uncertainty is, among others, the result of differences in
reporting schemes, induced by semantic discrepancies,
or oversimplified approaches for creating gridded time
series (Erb et al,, 2013b; Birdsey & Pan, 2015).

Effects of forestry harvest. The knowledge on biogeo-
chemical effects of wood harvest is relatively advanced,
although considerable uncertainties still persist, and
biogeochemical as well as biophysical effects are strong.
Around 2000, forest harvest amounted to 1 Pg C (car-
bon) yr_l consisting of around 0.5 Pg C yr_] for wood
tuel and another 0.5 Pg C yr ! as timber (Krausmann
et al., 2008; FAOSTAT, 2015). Forest harvest mobilizes
annually <0.5% of the global standing biomass (Saugier
et al, 2000; Pan et al, 2011), but the flux represents
around 7% of the global forest net primary production
(NFP) (Haberl et al., 2007), reaching 15% in highly man-
aged regions such as Europe (Luyssaert ef al., 2010).
Uncertainty ranges in wood flows are large (Kraus-
mann et al, 2008; Bais et al., 2015). In general, harvest
reduces standing biomass compared to intact forest
(Harmon ef al., 1990; McGarvey ef al,, 2014), with the

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb. 13443
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notable exception of coppices (Luyssaert ef al., 2011).
Soil and litter carbon pools generally decrease only
slightly, but deadwood decreases in managed forests
by 95% compared to old-growth forests (McGarvey
et al., 2014). Nevertheless, the net effect of forest man-
agement on carbon stock reductions on the one hand
and wood use for fossil fuel substitution on the other
remain unclear, due to complex legacy effects (Marland
& Schlamadinger, 1997; Lippke et al., 2011; Holtsmark,
&12). The effects of forest management on CH, and
NsO emissions are considered negligible, with the
exception of fertilized short-rotation coppices (Robert-
son ef al., 2000; Zona ef al., 2013). Predicted intensifica-
tion of forest management by means of short-rotation
coppicing or total tree harvest may require frequent fer-

tilization, potentially resulting in increased N,O emis-
sions (Schulze et al., 2012).

Robust empirical evidence exists on multiple interac-
tions between forest harvest and biophysical processes.
Thinning practices affect the albedo by up to 0.02 in the
visible range and 0.05 in the near infrared, with inten-
sive thinning having the largest effect (Otto et al., 2014).
The albedo of forests could decrease with age, and thus
longer rotations, due to changes in canopy structure
{Amiro et al, 2006; Hollinger et al, 2010; Rautiainen
el al., 2011; Otto ef al., 2013). The length of rotations
substantially affects tree height, which affects surface
roughness (Raupach, 1994; Nakai ef al, 2008). Through
removal of leaf mass, harvest can reduce evapotranspi-
ration by 50% (Kowalski ef al., 2003). At the stand level
in tropical forests, gaps resulting from selective cutting
could modify local circulation resulting in a drier sub-
canopy (Miller ef al,, 2007} which in turn could increase
fire susceptibility. In temperate and boreal sites, bio-
physical effecls of forest management on surface lem-
perature were shown to be of a similar magnitude (e.g.
around 2K at the vegetation surface) as the effects of
land-cover changes (Luyssaert et al., 2014).

Tree species selection

Extent and data availability, Forest plantations cover 2.2
Mkm?, being particulary important in, for example,
in China, Brazil, Chile, New Zealand and South
Africa (FAO, 2015a). Species composition is also
affected by management in less intensively managed
forests on up to 18 Mkm?® (Luyssaert et al., 2014). In
Europe, for instance, species selection has resulted in
an increase of 0.5 Mkm?® of conifers since 1750, lar-
gely at the expense of deciduous species (McGrath
et al., 2015). Although species selection has become
more salient in the last century, this practice dates
back 4k to 5k years (Bengtsson et al, 2000). Planted

forests, mainly with conifer species, cover 9% of total

forest area in the United States (Oswalt ef al., 2014)
and 7% of the global used forests (Appendix S1).
Whether the tendency of species selection will con-
tinue depends on climate-driven changes in tree spe-
cies occurrence (Hanewinkel ef al, 2013). Data on
tree species selection are particularly scarce (Table 1;
Appendix 51) and prone to large uncertainties.
Spatially explicit information on present-day species
distribution (Brus ef al., 2011) could inform recon-
structions of past species selection (McGrath ef al.,
2015).For industrial plantations of typically fast-grow-
ing tree exotic species, the most extreme form of spe-
cies selection, data are only available in short time
series from FAQ Forest Resources Assessments (FAQ,
2015a).

Effects of tree species selection. The biogeochemical and
biophysical effects of tree species selection are well
documented, and in particular, biophysical parame-
ters are strongly affected. Species selection affects
carbon allocation between above- and belowground
pools, nitrogen cycling, evapotranspiration rates and
surface albedo (Farley et al, 2005, Kirschbaum el al.,
2011). Species composition can affect the fate of soil
carbon, with larger stocks under hardwoods or nitro-

gen-fixing tree species (Paul et al, 2002; Resh el al,
2002; Barcena et al., 2014). Pine plantations are com-
monly reported to lead to soil carbon losses, com-
pared to broadleaf species including Eucalyptus
(Paul et al., 2002; Farley et al, 2005, Berthrong ef al,
2009). Also, tree mixes, especially with nitrogen-fix-
ing species, store at least as much, if not more, car-
bon as menocultures of the most productive species
of the mixture (Hulvey et al., 2013). These effects are,

however, location dependent. For the boreal zone in
Europe, soil carbon stocks were larger on sites affor-
ested with conifers compared to those where decidu-
ous species prevailed (Bdrcena ef al, 2014). Tree
species selection and species mixtures can be used to
prevent spread of disease and pests that cause large
releases of carbon through tree mortality or to
improve the recovery after damages have occurred
(Boyd et al, 2013). For the boreal and temperate
zones, information about the emission potential of
biogenic volatile organic compounds (BVOCs) for dif-
ferent species is now available (Kesselmeier & Staudt,
1999). Uncertainty, however, is large concerning the
evolution of emission potentials of different species
under climate change and their feedback on the cli-
mate itself. The uncertainty on whether the climate
effect of BVOCs is dominated by its direct warming
or its indirect cooling due to its role as condensation
nuclei (Pefiuelas & Llusia, 2003) suggests that BVOCs
might be one of the remaining key uncertainties in

@ 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/ geb. 13443
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quantifying the climate effect of tree species selec-
tion.

Forest composition affects albedo through canopy
height, canopy density and leaf phenology. Over a
100 year long rotation, tree species was found to
explain 50-90% of the variation in short wave albedo
(Otto et al,, 2014). In absolute terms, summer albedo
ranges between 0.06-0.10 and 0.12-0.18 for evergreen
coniferous and broadleaved deciduous forest, respec-
tively (Hollinger ef al., 2010). As different tree species
grow to different heights, differing by up to several
conditions,
roughness length is also affected. Changes in roughness

metres under the same environmental

and thus turbulent exchange as well as different effi-
ciencies of evapoltranspiration of tree species can alter
the water balance. Species conversion from pine to
hardwood forest resulted in a sustained decrease in
streamflow of about 200 mm yr~" for sites experiencing
precipitation  (Ford et al,, 2011). Similar
decreases were observed where Eucalyptus replaced
pines, with the effect increasing with forest age (Farley
et al., 2005). At a single site in the south-eastern United
States, the radiative temperature of deciduous forest
was 03K higher than that of coniferous forest (Stoy
et al.,, 2006; Juang et al., 2007). Over Europe, a massive
conversion of deciduous to coniferous forests has
warmed the lower boundary layer by 0.08K between
1750 and 2010 (Naudts ef al,, 2016).

similar

Grazing and mowing harvest

Extent and date availability. Grazing and mowing har-
vest is the most spatially extensive land management
activity worldwide, covering 28-56 Mkm® or 21-40% of
the terrestrial, ice-free surface, with a wide range of
grazing intensity (Herrero et al., 2013 Luyssaert ¢t al,,
2014; Petz et al., 2014; FAOSTAT, 2015). Grazing is one
of the oldest land management activities, reaching back
7-10k years (Blondel, 2006; Dunne e af, 2012), and
occurs across practically all biomes: from arid to wet
climates and over soils with varying fertility (Asner
et al., 2004; Steinfeld et al., 2006; Erb ef al., 2007). Live-
stock fulfils many functions beyond the provision of
food (FAO, 2011), but animal-based food production
almost increased exponentially since the 1950s, due to
increasing population and more meat- and dairy-rich
diets (Naylor et al., 2005; Kastner et al., 2012; Tilman &
Clark, 2014). These trends are expected to continue, but
depending on the degree of intensification of livestock
production systems, the uncertainties on future net
changes in grazing lands area are very large (Alexan-
dratos & Bruinsma, 2012). Data on the extent of grazing

areas show large discrepancies (Erb el al., 2007), and
grazing intensity is high on <10%, medium on around

two-thirds and low on one-fourth of the grazing lands
{Appendix 51). Existing national and gridded data on
grazing usually refer to recent time periods, do not sep-
arate grazing and mowing and are subject to severe
uncertainties (Table 1), exacerbated by problems with
conflicting definitions (Erb et al., 2007, Ramankutty
et al., 2008).

Effects of grazing and mowing harvest. While large knowl-
edge gaps relate to the extent and intensity of grazing,
the biogeochemical and biophysical impacts of grazing
are well documented. While biophysical effects are
found to be relatively low, strong biogeochemical
effects relate to this activity. Estimates on the amount of
grazed and mowed biomass show a large range from
1.2 to 1.8 Pg C yr™" in 2000 (Wirsenius, 2003; Bouwman
et al.,, 2005; Krausmann et al., 2008; Herrero et al,, 2013),
which is up to one-third of the total global socio-eco-
nomic biomass harvest (Krausmann et al., 2008). Graz-
ing is a key factor for many ecosystem properties,
including plant biomass and diversity. Grazing can
both deplete and enhance soil C stocks, depending on
grazing intensity. For example, in arid lands, overgraz-
ing is a pervasive driver of loss of soil function (Bridges
& Oldeman, 1999), resulting in reductions in soil
organic carbon (SOC) and aboveground biomass (Gal-
lardo & Schlesinger, 1992; Asner of al, 2004). In semi-
arid regions, high grazing pressures could lead to
woody encroachment (Eldridge of al, 2011; Anadén

et al., 2014) and thus to an increase in both above- and

belowground carbon stocks. A global meta-analysis of
grazing effects on belowground C revealed large differ-
ences in the response of C3- and C4-dominated grass-
lands under different rainfall regimes (McSherry &
Ritchie, 2013). Globally, the response of plant traits to
grazing is influenced by climate and herbivore history
(Diaz et al., 2007). At the same time, grazing can influ-
ence ecosystem C uptake in the Arctic tundra, with
implications for response to a warming climate
(Viiisidnen et al., 2014). Incorporation of current grazing
and grazing history into climate models will improve
predictions of terrestrial C sinks and sources.

Forest grazing (e.g. reindeer grazing in the boreal
zone) directly affects the understorey and indirectly
forest growth through nutrient export, recruitment and
the promotion of grazing tolerant species (Adams,
1975; Erb et al., 2013b), but comprehensive assessments
are lacking. The production of methane is an important
biogeochemical effect of ruminant grazers, strongly
determined by the fraction of roughage (grass biomass)
in feedstuff (Steinfeld et al., 2006; Thornton & Herrero,
2010; Herrero et al, 2013), but large uncertainties

related to quantities remain (Lassey, 2007}. Soil com-
paction, induced, for example, by trampling, can

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb. 13443
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contribute to anaerobic microsites, reducing the CH4
oxidation potential of the soil (Luo ef al, 1999). Nitro-
gen cycling is strongly affected by the addition of man-
ure and urine (Allard et al., 2007). The effect of animal
waste N inputs interacts with poor drainage, influenced
also by topography, to result in localized greater N>O
fluxes (Saggar ef al., 2015). Biogeochemical effects of
grazing are influenced by livestock density. Some mod-
elling and site-specific studies have found that a reduc-
tion of livestock densities results in increased soil C
storage and decreased N,O and CH, (Baron et al., 2002;
Chang ef al., 2015). A study of year-round measure-
ments of NaO in the Mongolian steppe found that while
animal stocking rate was positively correlated with
growing-season emissions, grazing decreased overall
annual NaO emissions (Wolf ef al., 2010). Sites with lit-
tle and no grazing showed large pulses of N;O release
during spring snowmelt compared to high grazing
sites, suggesting that grazing may influence N cycling
response to changes in climate in high-altitude ecosys-
tems. Biophysical effects of grazing mainly depend on
ecosystem type and soil properties. In local contexts,
grazing has been reported to reduce plant biomass,
thus increasing albedo by about (.04 compared to
unmanaged grassland (Rosset ef al,, 2001; Hammerle
et al., 2008). However, the effect of soil exposure result-
ing from canopy decreases is ambiguous, resulling in
an albedo reduction on dark soils (Rosset et al., 1997
Fan ¢t al, 2010) and in an albedo increase on bright
soils (Li et al, 2000). Reindeer grazing has been
reported to reduce albedo due to a reduction of the
light-coloured lichen layer (Cohen et al,, 2013). Reduc-
tions in roughness length due to grazing are expected
to have a small affect on turbulent fluxes (Le. surface
fluxes of energy, moisture and momentum}, but can
lead to enhanced soil erosion (Li ef al, 2000). The
observed effect of mowing on the cumulative evapo-
transpiration was small (10% increase, about 40 mm),
although sufficient to decrease soil water content in a
managed field (Rosset ef al., 2001). The integrated cli-
mate effect from excluding grazing by bison in the
Great Plains was modelled to be a 0.7K decrease in
maximum temperatures and a small increase in mini-
mum temperatures (Eastman et al., 2001).

Crop harvest and residue management

Extent and data availability. Approximately 15 Mkm? or
12% of the global terrestrial, ice-free surface is currently
used as cropland (Ramankutty ef al., 2008; FAOSTAT,
2015). Of these, 14 Mkm? are permanent cultures,
including perennial, woody vegetation (e.g. fruit trees,
vineyards), Approximately two-thirds of the arable
land is harvested annually, with cropping season

extending over approximately six months, while one-
third of cropland remains temporarily idle on average
(Siebert et al., 2010). On one-quarter of the global crop-
land multicropping (i.e. more than one harvest per
year) occurs (Appendix 51). Cropping activities are clo-
sely tied to the sedentary lifestyle that emerged with
the Neolithic revolution some 12k years ago, marking
the beginning of the Holocene. Since then, cropland has
significantly expanded at the expense of grasslands,
forests and wetlands. Sedentary cropland management
origins from shifting cultivation (Boserup, 1965), that is
the alteration of short cultivation and long fallow peri-
ods, which was a particularly widespread form of crop-
land management in many regions of the world
(Emanuelsson, 2009) and illustrates the highly intercon-
nected nature of management and land-cover change.
Today, this form of land use is declining at the global
scale, although it remains important in many frontier
areas characterized by, for example, unequal or inse-
cure access to investment and market opportunities or
in areas with low incentives to intensify cropland pro-
duction (van Vliet et al., 2012). Cropland expansion is
tied to human population growth, but moderated by
technological development that allowed for substantial
yield increases per cropland area, in particular after
1950 (Pongratz et al, 2008; Kaplan ef al, 2010; Ellis
el al., 2013; Krausmann of al., 2013). The dynamics of
cropland expansion and contraction in different regions
of the world are caused by complex interactions

between endogenous factors such as population
dynamics, consumption patterns, technologies and
political decisions, and exogenous forces related to
international trade and other manifestations of global-
ization, in interplay with intensification dynamics
(Krausmann et al., 2008, 2013; Mevyfroidt & Lambin,
2011; Kastner ef al, 2012; Kissinger ef al, 2012; Ray
et al., 2012; Ray & Foley, 2013). Cropland shows the
highest land-use intensity, compared to grazing land or

forest, in terms of inputs to land (capital, energy, mate-
rial) as well as outputs from land (Kuemmerle ef al,,
2013; Niedertscheider ¢ al,, 2016). The spatial extent of
cropland is probably the best-described land-use fea-

ture at the global scale, with many data sets existing
(see Table 1). Nevertheless, major uncertainties remain
related to cropland patterns in some world regions,
particularly acress large swaths of Central, Southern
and Northern Africa, Brazil and Papua New Guinea
(Ramankutty ef al., 2008; Fritz ef al, 2011, 2015; Ander-
son ef al., 2015; See et al,, 2015). In these regions, land-
cover maps are often the only source of land manage-
ment data. These errors propagate into estimates of
cropland harvest flows and harvest intensity, for which
much less data are available. Data on crop residues are
scarce, as they are not reported in official statistics (e.g.

© 2016 John Wiley & Sons Lid, Global Change Biology, doi: 10.1111/ geb 13443
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FAOSTAT, 2015}, and estimates usually rely on crude
factors (Lal, 2004, 2005; FAQ, 2015b)

Effects of crop harvest. A mixed picture emerges with
regard to biogeochemical and biophysical effects of
crop harvest, but impacts on both dimensions appear to
be strong. For instance, the inclusion of crop harvest
and residue removal into a dynamic vegetation model
significantly increased the amount of historical land-
use change based C emissions estimated by the most
commoen agricultural scenarios, which do not include
management information (Pugh et al,, 2015). Cropland
harvest amounted to 3.2 PgC yr~" in 2000, around half
of total biomass harvest or around 5% of global terres-
trial NPP (Wirsenius, 2003; Krausmann et al., 2008), Pri-

mary products (e.g. grains) cover 45%, secondary

products {e.g. straw, stover and roots) 46% and 9% are
fodder crops. The majority of cropland produce is used
directly as food, but a non-negligible amount of around
1.3 PeC yr !is used as feed for livestock (fodder crops,
and concentrates). In 2004, crop harvest for bioenergy
amounted to 1.6 E] yr™" from agricultural by-products
and L1 E] yr ! from fuel crops, which is roughly equiv-
alent to 0.043 and 0.03 PgC yr~ ! respectively (Sims
et al., 2007). 0.7 PgC yr_] of secondary products remain
on site, possibly ploughed to the soil or burned subse-
quently (Wirsenius, 2003; K nn ef al., 2008). Cro-
pland systems, mainly consisting of annual, herbaceous
plants, usually contain little carbon in vegetation and

soil per m?® (Saugier et al., 2001). Thus, crop residues left
on field add only small amounts of carbon to soil pools
(Bolinder et al, 2007; Anderson-Teixeira ¢ al, 2012).
Information on local impact of crop residue removal (or

retention) on GHG emissions, soil carbon and yields is
available (Bationo & Mokwunye, 1991; Lal, 2004, 2005;
Lehtinen ef al, 2014; Pittelkow et al, 2015). Also
national data on emissions from crop residues are avail-
able (FAOSTAT, 2015). However, the lack of primary
data such as from long-term field studies and the use of
crude factor introduce large uncertainties related to
estimates of crop residue management effects. Large

uncertainties also relate to the contribution of crop resi-
due, including roots and exudates, to the build-up of
soil organic carbon (Bolinder et al., 2007; Katterer et al.,
2012). This limits our ability to assess its impact at the
global scale. With current policies for increasing bio-
mass use for bioenergy, crop residue harvest can result
in additional SOC losses, proportional to residue
removal (Gollany ef al., 2011). Synergistic effects are
also frequent: negative effects of crop residue removal
on soil carbon are enhanced with N fertilization (Smith
et al, 2012).

Biophysical effects of crop harvest are well docu-
mented, in particular related to changes in albedo,

roughness and evapotranspiration. When crops are har-
vested, soil becomes exposed and albedo (Davin ef al.,
2014) as well as roughness drop (Oke, 1987). Evapo-
transpiration was estimated to decrease by 23% in a
Belgium experiment (Verstraeten et al,, 2005). The mag-
nitude and persistence of these changes depend on the
presence and intensity of postharvest management
practices, for example ploughing, tillage, after cropping
or mulching. Evapolranspiration partly depends on soil
water holding capacity, which in turn is affected by til-
lage (Cresswell ef al., 1993) and crop residue manage-
ment (Horton et al., 1996). Crop residue management is
an important factor, but information is scarce. Com-
pared to bare soil, crop residues reduce extremes of
heat and water fluxes at the soil surface when crops
residues are left on-site (Horton ef al., 1996; Davin ef al.,

2014).

Crop species selection

Extent and data availability. On almost all cropland, sin-
gle crops form monocultures while other plants are
excluded via weeding, herbicides or by other means.
Prominent exceptions include agroforestry (i.e. systems
where tree species and annual crops are cultivated
together, Nair & Garrity, 2012). Crop species selection
is as old as agriculture, with species selected according
to human needs (e.g. food, health, stimulants, fibre).
Recently, biomass energy production from dedicated
oil, starch or sugar plants, but also fast-growing
grasses, has increased rapidly and is anticipated to
accelerate in the future (Beringer ef al,, 2011; Haberl
et al., 2013). Data availability for recent crop type distri-

bution is similar to that on cropland harvest; however,
spatially explicit time series and global data on interan-
nual dynamics, such as rotational schemes, are lacking

(Table 1; Appendix 51).

Effects of crop species selection. While information on bio-
physical effects of crop species selection is available,
much less is available on biogeochemical effects. Both
effects seem to be relatively weak in comparison to
other management types, probably also owing to the
comparatively small knowledge base. In particular,
effects of species selection on individual carbon pools
are largely unknown. Crop type is known to affect SOC
accumulation and decomposition rates, and the alloca-
tion of carbon to shoots or roots. For example, shoot-to-
root ratios were found to increase in the order natural
grasses < forages < soya bean < corn (Bolinder et al.,
2007). A shift from annual to perennial crops and the
introduction of cover crops can significantly increase
SOC stocks (Poeplau & Don, 2014, 2015). Anderson-
Teixeira et al. (2013) found a 400-750% increase in

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb. 13443
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belowground biomass under perennial bioenergy
grasses (swilchgrass, Miscanthus, native prairie mix)
compared to a corn-corn-soya rotation agricultural sys-
tem. Increasing crop rotational diversity can also posi-
tively influence SOC storage (McDaniel of al, 2013;
Tiemann et al., 2015). Strong difficulties to assess spe-
cies selection effects arise from legacy effects, which
render systematic long-term studies necessary. For
instance, in a 22-year experiment, comparing maize,
wheat and soya bean cultivation, SOC content was
found to be about 7% higher under soya bean as com-
pared to wheat and maize. Other GHG emissions are
also crop specific. For example, N,O emission factors
from fertilization vary from 0.77% of added nitrogen
for rice to 2.76% for maize (Stehfest, 2005). Effects of
crop species on CHy balances are less clear, except for
paddy rice, where high emissions occur.

Cropland albedo varies significantly among crops,
ranging between (115 for sugarcane and 0.26 for sugar
beet, with significant variations even among related
species, for example 0.04 higher for wheat compared to
barley (Piggin & Schwerdtfeger, 1973; Monteith & Uns-

form of animal manure, leading to sophisticated man-
agement schemes to balance the N withdrawals associ-
ated with harvest (Sutton e al,, 2011). The invention of
the Haber-Bosch process and the availability of fossil
energy trigeered a process of innovation in agriculture
with surging levels of N fertilization. Today, the trans-
formation of N to reactive forms and its use as fertilizer
on agricultural lands represent one of the most impor-
tant human-induced environmental changes (Gruber &
Galloway, 2008; Davidson, 2009). The use of synthetic
fertilizers is projected to increase in response to grow-
ing human population, increases in food consumption
and crop-based biofuel production (IFA, 2007). Practi-
cally all croplands are under N fertilization schemes,
with strong regional variations in intensity of input vol-
umes and composition (Gruber & Galloway, 2008;
Vitousek et al,, 2009), but also grasslands and forests
(the latter not discussed here) can be under N fertiliza-
tion schemes. The highest cropland fertilization levels
surpass 200 kg N ha™! yr_], for example, in the Nile
delta and 90 kg N ha ! yr !in New Zealand (Potter
el al., 2M0; Mueller et al., 2012), and 14% of croplands

waorth, 2013). Even within a species, cultivars show dif-
ferences in albedo of up to 0.03 units. Differences in
planting and harvesting dates for different crop species
and cultivars, and associated changes in leaf phenol-
ogy, also affect biophysical conditions. More produc-
tive cultivars and earlier planting dates lead, for
example, to an earlier harvest and to enhanced expo-
sure of dark soil in the fall, resulting in lower end-of-
season albedo and an increase in net radiation (Sacks &
Kucharik, 2011). Whether the end-of-season albedo
increases or decreases depends on the ratio between
soil and vegetation albedo. In many regions of the
world, seil albedo is lower than plant albedo, but not in
some (semi-Jarid regions where soils may have a simi-
lar or even higher albedo than the vegetation, Similarly,
water-use efficiency and evapotranspiration between
crop species differ widely (Yoo el al, 2009), even for the
same cultivars (Anda & Leke, 2005). Although crop
heights are limited, roughness can be expected to vary

similarly as for grasslands (Li et al., 2000).

N fertilization of cropland and grazing land

Exient and data availability. Fertilizers are used to
enhance plant growth by controlling the level of nutri-
ents in soils. Nitrogen (N) plays a prominent role as
one of the most important plant nutrients which is
often limited in agriculture (LeBauer & Treseder, 2008).
N fertilizers are either organic fertilizer derived from
manure (livestock faeces), sewage sludge or mineral
fertilizer. Reactive nitrogen was a scarce resource in
preindustrial agriculture, mainly available only in the

are fertilized with levels above 100 kgN ha™! yr_].
Globally, much lower inlensity level prevails; 59% of
the global cropland area show application rates below
50 keN ha™' yr™", and around one-quarter of global
croplands below 10 kgN ha™! yr_l (Appendix S1).
Grasslands often do not receive any N ferlilization (ex-
cept for manure inputs from grazing animals), but
some grasslands are also heavily fertilized with rates
put to 100 (Haas et al,, 2001) and even 300 kg N ha™"
1yr ! (Flechard et al., 2007). Globally, animal manure
makes up approximately 65% of N inputs to cropland
(Potter et al., 2010) and is the dominant N source in the
Southern Hemisphere. Regionally, mainly in concen-
trated industrial livestock production, manure avail-
ability can exceed local fertilizer demand, resulting in
substantial environmental problems such as groundwa-
ter pollution (LAASTD, 2009). The status of data avail-
ability is intermediate. National time series data as well
as spatially explicit assessments are available (Table 1},
but characterized by large gaps and uncertainties, par-
ticularly relating to spatial patterns and livestock man-
ure. Global data on N fertilization of grasslands, albeit
a widespread activity in many region, are scarce and
crude model-derived (Appendix 51).

Effects of N fertilization. The biogeochemical effects of N
fertilization, of both cropland and grazing land, are
strong and relatively well documented and understood.
Cropland fertilization is a strong driver of anthro-
pogenic GHG emissions, in particular of nitrous oxide
(N0, nitric oxide (NO) and ammonia (NHs), A typical

fertilized cropland emits 2-3 times more nitrogen than

© 2016 John Wiley & Sons Ltd, Globa! Change Biology, doi: 10,1111/ gcb.13443
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the approximately 0.5 kg N ha™' yr™' emitted under
nonfertilized conditions (Stehfest & Bouwman, 2006),
while fertilized grasslands emit 3—4 times more NaO
than unfertilized ones (Flechard et al., 2007). The global
NAO emissions on fertilized croplands and grazing
lands sum to 4.1-5.3 Tg N yr~! in the beginning of the
century (Stehfest & Bouwman, 2006; Syakila & Kroeze,
2011), one-fifth of it occurring on grazing lands (Ste-
hfest & Bouwman, 2006). Beyond N application rates,

N0 emissions are determined by crop type, fertilizer
type, soil water content, SOC conlent, soil pH and tex-
ture, soil mineral N content and climate. NH; emissions
are determined by fertilizer type, temperature, wind
speed, rain and pH (Sommer ¢ al., 2004). Acidification
from N fertilizers can lead to increased abiotic CO,
emissions from calcareous soils (Matocha ef al, 2016).
Fertilization also affects ecological processes, including
productivity, C inputs to the soil and SOC storage in
croplands by affecting the shool-to-root ratio (Miiller
et al., 2000), influences the efficiency of photosynthesis,
and ultimately the exchange of C between land and the
atmosphere, as fertilization studies in forests reveal
(Vicca el al., 2012; Fernindez-Martinez e al,, 2014).
Long-term studies from Sweden suggest that each kg N
fertilizer increased 5OC stocks by 1 to 2 kg (Kitterer
et al., 2012). Fertilization effects on S0C were particu-
larly strong with organic fertilization (Korschens et al,
2013). Fertilization also increases atmospheric N and
thus deposition (Ciais et al., 2013a) and results in N
leakage (Galloway et al., 2003). Fluxes of total anthro-
pogenic N from land to the ocean via leaching from
soils and riverine transport have been estimated at 40—
70 Tg N yr ! (Boyer et al,, 2006; Fowler e al, 2013).
Increased nutrient input to rivers and freshwater sys-
tems impacts on water quality and biodiversity (Settele
et al., 2014)and the subsequent increased nutrient load-
ing of coastal oceans is believed to be the primary cause
of hypoxia (Wong et al., 2014),

Few direct effects of fertilization on biophysical
properties — besides indirect effects of changes in crop
biomass or height due to altered productivity — have
been documented, and the magnilude of impacts is
probably not strong. Forest site studies suggest that
enhanced leaf nitrogen concentrations increase canopy
albedo (Ollinger ef al, 2008), presumably through
changes in canopy structure rather than in leaf-level
albedo (Wicklein et al., 2012). Also, nitrogen fertiliza-
tion improved grassland water-use efficiency but
simultaneously increased absolute evapotranspiration
and thus the latent heat flux, from 280 to 310 mm
(Brown, 1971; Rose ef al., 2012). N-driven increases in
plant height and leaf mass will be reflected in increas-

ing roughness length.

Tillage

Extent and data availability. With the mechanization of
agriculture, arable land became regularly tilled to sup-
press weeds and enhance soil structure and nutrient
availability, Archaeological findings suggest that
humans manipulated soil structure through some form
of tillage with ards and hoes already some 4.5k years
ago (Postan ef al, 1987). From the 1950s, with the
advent of modern herbicides no-till systems became
more prominent, mainly in the United States (IAASTD,
2009). To date, continental or global data on the area,
distribution or intensity of tillage is sparse. It can be
assumed, however, that all croplands that are perma-
nently used are regularly tilled, except for (1) perennial
crops, which cover approximately 10% of cropland area
or 1.5 Mkm?® (FACSTAT, 2015) and (ii} no-till agricul-
ture (or reduced tillage) on 1.11 million km?® (Derpsch
et al., 20100, which is around 8% of the global arable
land. No-tillage systems are particularly widespread in
Brazil and the United States, where 70% and 30%,
respectively, of the total cultivated area is under no-til-
lage management. However, most of these lands are
not permanently under zero tillage but are still
ploughed from time to time, Global maps of zero tillage
are missing, as do maps on qualitative aspects of tillage,
such as type and depth of tillage.

Effects of tillage. Tillage effects remain weakly under-
stood. Ploughing of native grassland upon conversion
to croplands drastically depleted SOC (Mann, 1986).
Such ploughing disrupts aggregate structure, aerating
the soil and activating microbial decomposition (Rovira
& Greacen, 1957). No-tillage practices promised to sig-
nificantly mitigate carbon emissions from SOC
(IAASTD, 2009). However, some evidence is available
indicating that on most soil types and in most climate
regimes adoption of no-tillage practices after tillage-
based management does not significantly increase SOC
stocks (Baker ef al., 2007; Hermle ef al., 2008; Govaerts
et al., 2009, but there is still controversy on this aspect
of the adaption of no-tillage (Powlson et al,, 2014, 2015;
MNeufeldt of al., 2015). These findings and studies look-
ing deeper into the soil profile suggest that conven-

tional tillage may not result in net losses of soil C, but
rather result in a redistribution of carbon in the soil
profile. Other findings are inconclusive, for example,
on the impacts of conservation tillage on productivity
of cropland. While no-tillage is often reducing crop
yields, other activities such as crop residue manage-
ment of crop rotations play a decisive role for the over-
all effects (Pittelkow et al., 2015), Other key factors are
the depth and type of tillage, which vary worldwide,

@ 2016 John Wiley & Sons Ltd, Global Change Biolagy, doi: 10.1111/gcb. 13443
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Evidence on the effects of no-tillage on N>O emissions
is site specific and inconclusive (Rochette, 2008). A
recent meta-analysis reported that no-till reduced N»O
emissions after 10 years of adoption and when fertilizer
was added below the soil surface, especially in humid
climates (van Kessel ef al., 2013). No-tillage generally
reduces soil erosion, but regional- to global-scale effects
are uncertain, because most eroded soil carbon is
deposited in nearby ecosystems (Van Qost ef al., 2007).
Tillage has small biophysical effects. Through a
decreased soil water holding capacity, excess tillage
increased the shortwave albedo from (.12 under mini-
mum tillage to 0.15 under excess tillage (Cresswell
et al., 1993). Furthermore, soil water holding capacity,
which is affected by tillage (Cresswell et al., 199.'}) and
crop residue manag) t (Horton et al., 1996), also
controls evapotranspiration. Soils covered with crop
residues after harvest evaporate less than tilled soils
(Horton et al., 1996) and show a higher albedo (Davin
et al., 20174). When only part of the site is tilled, the
effects become less strajghtforward. Strip-tillage, leav-
ing three-fourths of the surface covered, can increase
evapotranspiration within the tilled strips while main-
taining the same soil temperature compared to a bare
site (Hares & Novak, 1992], thus providing protection

against wind and water erosion without affecting seed
germination (Hares & Novak, 1992). The direct effects
of tillage on surface roughness are likely negligible for
the surface climate.

Irrigation

Extent and data availability. Globally 2.3-4.0 Mkm?® or
15-26% of the global croplands are equipped for irriga-
tion (Portmann ef al., 2010; Salmon et al.,, 2015), with
hotspots in the Near East, Northern Africa, Central,
South and South-East Asia and western North America.
Paddy rice, the largest single crop species cultivated

with irrigation, covers 0.7-1.0 Mkm?® (Portmann et al.,
2010; Salmon el al., 2015), or 5-7% of the global crop-
land area. Paddy rice cultivation is particularly impor-
tant in East, South and South-East Asia where ils
history reaches back at least 6k years, originating prob-
ably in China (Cao ef al., 2006; Fuller, 2012; Kalbitz
et al., 2013). Small-scale crop irrigation dates back to the
origins of agriculture (Postel, 2001), while large-scale
irrigation is a recent outcome of the green revolution.
Nowadays, 30% of the global wheat fields (0.7 Mkm?),
20% of the maize fields (0.3 Mkm?) and half of the glo-
bal citrus, sugar cane and cotton crops are irrigated
(Portmann ef al,, 2010). Moreover, cropland irrigation
accounts for approximately 70% of global freshwater
consumption (Wisser ef al, 2008). Rice cultivation
requires a particularly intensive form of irrigation,

involving regular flooding of fields for longer periods
(Salmon ef al., 201;’1). Irrigation data sets exist and are
relatively robust, in particular for rice, but large similar
problems of uncertainties prevail as with cropland
maps (see above; Salmon ef al., 2015). Furthermore,
Earth system effects depend on actually applied irriga-
tion, which is much less documented than area
equipped for irrigation.

Effects of cropland frrigation. Strong biogeochemical and
biophysical effects of irrigation are documented.
Knowledge gaps exist related to synergistic effects with
other management practices, lrrigation significantly
enhances NPP where water is limiting plant growth, in
particular in semi-arid and arid regions. Irrigation
affects soil moisture, temperature and N availability,
which are all drivers for the production and evolution
of GHG emissions from soils (Dobbie ef al., 1999 %
bie & Smith, 2003). Accelerated soil carbon decomposi-
tion under irrigation is typically offset by higher NPP
and greater carbon inputs into the soil [[.ir’biir ef al.,
2005; Smith et al., 2008). A global review of irrigation
effects concluded that irrigated cropping systems in
arid and semi-arid regions typically realize SOC
increases of 11% to 35% compared to nonirrigated sys-

tems, but the size of the effect is highly dependent on
climate and initial SOC content (Liebig et al., 2005;
Trost ¢t al., 2013). Furthermore, irrigated soils are more
often affected by anoxic soil conditions which in turn
favour denitrification and N.O production, especially
when fertilized (Verma ef al., 2006). This is particularly
the case in paddy fields, where emission factors range
between 341 and 993 ¢ N ha ', depending on the
length of the irrigation scheme, corresponding to irriga-
tion-induced emission factors of 0.22-0.37% of the
added nitrogen (Akiyvama et al, 2005). Soil texture and
climate can mediate these effects of irrigation on bio-
geochemical processes, but the statistical evidence is
weak (Scheer ef al., 2012; Trost ef al., 2013; Jamali ef af,
2015). According to the review by Trost et al. (2013),
there is no consistent effect of irrigation on N>O emis-
sions, The capacity of soils to oxidize atmospheric CHy
may be reduced under irrigation (Ellert & Janzen, 1999;

Sainju e al, 2012). Irrigated rice fields alone are emit-
ting approximately 3040 Tg CH; per year (Kirschke
et al., 2013).

Changes in ecosystem water availability significantly
alter the surface albedo and roughness through their
impact on plant growth and ecosystem conditions
(Cresswell et al,, 1993 Wang & Davidson, 2007).
Because water surfaces have lower reflectance, flooding
reduces the albedo of dry soil of about 0.2 to a level of
003 - 0.1 (Kozlowski, 1984). A modelling study over
the Great Plains in the USA has shown that irrigation
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can alter atmospheric circulation and precipitation pat-
terns (Huber ef al,, 2014). Despite its surface cooling
effect (about 0.8 K, irrigation was simulated to increase
global radiative forcing in the range of 0.03 to 0.1 W
m~? (Boucher ef al., 2004).

Artificial drainage of wetlands

Extent and data availability. Drainage aims at improv-
ing soil characteristics for agriculture and at facilitat-
ing the use of machinery. While historically drainage
relied on channels and sewers, currently prevailing
drainage systems often also use subsurface hollow
pipes or similar technologies (FAQ, 1985). Approxi-
mately 11% of global croplands, or 1.6 Mkm?, are
subject to artificial drainage (Feick ef al,, 2005), but
the strongest biogeochemical and biophysical effects
of drainage are expected when wetlands are drained,
for example peatlands, inland flood plains, coastal
wetlands or lakes. Wetlands are estimated to cover
53269 Mkm® (Melton ef al, 2013), of which 0.18
Mkm® are probably drained (Appendix 51), but data
are scarce. Wetland drainage dates back for millen-
nia, for example, in lowland Europe (Emanuelsson,
2009), but accelerated especially between 1830 and
1950 with the drainage of over 30% of the Scandina-
vian peatlands and large-scale drainage projects in
Russia, Canada and the United States (Brinson &
Malvarez, 2002). Despite attempts for wetland conser-
vation (see, eg., Dugan, 1990), or the international
RAMSAR treaty (www.ramsar.org), large-scale new
drainage installation is still ongoing (Brinson & Mal-
virez, 2002; Lihteenoja et al., 2009}, in particular in
Asia, for instance in relation to palm oil expansion
(Davidson, 2014). Consistent data on wetland drai-
nage are practically inexistent.

Effects of wetland drainage. The biogeochemical and bio-
physical effects of drainage are not well documented,
partly because most studies aim at assessing the effects
of associated land-use and land-cover changes, rather
than the effects of drainage itself. While the sparse evi-
dence suggests that biogeochemical effects are strong,
biophysical effects are probably only of medium size.
On forest sites, drainage can increase biomass through
increased NPP (Trettin & Jurgensen, 2003). Drained
peatlands are, however, hotspots of GHG emissions
(Hiraishi et al., 2014). When expressed in units of radia-
tive forcing, the soil emissions of CO, CHy and N>O in
drained forested peatlands decrease or even offset the
carbon sink in aboveground biomass (Schils ef al,
2008). The cultivation of drained wetlands leads to
rapid losses of large stocks of soil carbon accumulated
over thousands of years (Drisler et al, 2013). A 50%

increase in fluvial carbon losses (particulate and dis-
solved organic carbon) was observed from degraded
tropical swamp forest (Moore ef al, 2013). Drainage-
related increases in fluvial carbon loss may add up to
approximately 10% of the South-East Asian land-use
emissions (Abrams et al., 2016). Drainage increases vul-
nerability to surface fires by drying the top soil. Drai-
nage and fire associated with oil palm and other
plantations in Indonesia, for example, released an
amount of CO; equal to 19-60% of the global carbon
emissions from fossil fuels between 1997 and 2006
(Jaenicke et al., 2008).

The biophysical effects of drainage are also poorly
documented. Regional model simulations in Finland,
where drainage allowed for the afforestation of treeless
peatlands, suggested early season warming of 0.2 to
.43 K and late season cooling (Gao et al., 2014). Drai-
nage decreases evapotranspiration (Lafleur et al., 2005)
which in turn results in lower minimum night-time
temperatures (Marshall ef al,, 2003). The relationship
between evapotranspiration and night-time tempera-
tures has been modelled (Venalainen et al,, 1999; Mar-

shall et al, 2003), suggesting considerable temperature
drops of up to 10 K. Although the direct effect of drai-
nage on albedo and roughness length is not clear,
increasing plant growth is likely to increase the surface
roughness and decrease springtime albedo (Lohila
el al, 2010).

Fire management

Extent and data aveilability. Fire began to be used by
humans around 50k to 100k years ago (James, 1989
Bar-Yosef, 2002), and while it is unclear when it was
first employed to shape ecosystems, today is a versatile
land management tool (Lauk & Erb, 2009, Bowman
et al,, 2011), for example, for plant selection or agricul-
tural waste removal. Note that fire use for land
clearing, including swidden agriculture, represents a
land-cover change and is thus not discussed here. Fire
occurs naturally in most ecosystems, while in many
regions natural fires today are suppressed (Hurtt ef al,
2002; Andela & van der Werf, 201 4}, population density
playing an important role (Archibald ef al,, 2009). Yet,

prescribed fires are, next to mechanical thinning, a
widespread practice to reduce or retard wildfire spread
and intensity (Fernandes & Botelho, 2003). As fire fre-
quency is expected to increase in the future due to cli-
mate change, fire prevention might increase in
importance. Globally, the annual area burned through
human-induced and natural fires is estimated at 3.0-5.1
Mkm? in the last decades (Wiedinmyer et al, 2011;
Giglio et al,, 2013). The proportion of human-induced
fires is difficult to assess (van der Werf ¢t al., 2008), and
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in particular the ratio between fires that lead to land-
cover change and fires used to manage ecosystems is
unknown. No specific global, spatially explicit informa-
tion on fire as a management tool (including fire pre-
vention and prescribed fires) exists (Table 1).

Effects of fire management. The effects of fire manage-
ment on biogeochemical and biophysical properties of
ecosystems are well documented and mainly biogeo-
chemical. However, these studies do not systematically
separate natural from anthropogenic fires. Globally,
fire-induced carbon emissions are estimated to range
from 1.6 to 2.8 PgC yr_l (van der Werf ef al., 2010),
while human-induced fires range from 1.7 to 2.0 PgC
yr ! (Lauk & Erb, 2009). The large uncertainties owe to
large differences in the assumptions of fuel loads
(Granier f al., 2011) and the difficulty to assess smaller
fires. Fire emissions also include aercsols and trace
gases (Akagi ef al., 2011), which impact atmospheric
chemistry and significantly contribute to overall aerosol
direct and indirect radiative forcing (Ward et al., 2012).
Fires result in short-term carbon losses from the direct
combustion of biomass and lagged losses from the
decomposition of dead biomass (Hurteau & Brooks,
2011). Fires affect nutrient supply (Mahowald et al.,
&05) and soil carbon dynamics (Knicker, 2007). The
storage of carbon in long-lived pools such as SOC is
influenced by fires through the accumulation of char or
pyrogenic carbon (Santin ef al., 2008). Repeated burning
in the process of agricultural land management (e.g.
residue burning) reduces carbon accumulation rates
(Zarin et al., 2005). The effects of fire suppression
{Archibald et al, 2009; Wang et al., 2010) or manage-
ment activities that indirectly alter fire regimes (van
Wilgen et al., 2014), however, represent a knowledge
gap. Despite the direct carbon stock increases resulting
from fire prevention and similar measures (Bond-
Lamberty et al., 2007), such activities can lead to greater

future ecosystem carbon losses through the accumula-
tion of large fuel loads that potentially increase the risk
of severe fires (Hurteau & Brooks, 2011; O'Connor
et al., 2014). Indirect biogeochemical effects of fire, for
example postfire degradation, are not systematically
quantified.

Various observational studies scrutinized the effects
of specific fires on surface energy fluxes. Immediately
after a boreal forest fire, albedo decreased to 0.05,
increasing to 0.12 over a period of 30 years and then
averaging to (.08 similar to a prefire state (Amiro et al.,
2006). Effects of fire aerosols might also be important,
although uncertainty is high (Landry et al., 2015). Also
latent heat energy fluxes and overall radiative forcing
are affected (Randerson et al., 2006). Randerson ef al.
(2006) estimated a radiative forcing of —5 W m™>

immediately after a boreal forest fire, which remained
high at 4 W m 2 over 80 years after the fire. In a
savannah, a halving of the albedo ((L12-0.07) was
observed, followed by a recovery to a prefire state after
several weeks (Scholes & Walker, 1993; Beringer ef al.,
2003)

Discussion and conclusions

The ten land management practices selected for this
review affect a considerable proportion of the global
terrestrial surface (Fig. 2). Grazing and forest harvest
and tree species selection are largest in terms of extent,
covering almost 60% of the terrestrial, ice-free global
land surface. However, the importance of a manage-
ment practice depends not only on its spatial extent
and effects on the Earth system, but also on the inten-
sity of management, which differs markedly in extent
across management practice (Fig. 2). Management
intensity has shown pronounced increases at the global
scale in recent decades, yet is currently largely over-
looked (Rounsevell ef al., 2012; Erb et al., 2013a; Luys-
saert ef al, 2014). According to our review, around 10%
of the ice-free land surface is under intense human
management, half of it under medium and one-fifth
under extensive management (Appendix 51; Fig. 2).

The level of understanding of management effects on
biogeochemical and biophysical patterns and processes
varies strongly between management activities. Some
of the direct impacts of activities such as wood harvest
and tree species selection, grazing, N fertilization, irri-
gation and crop harvest are well documented. Consid-
erable uncertainty of knowledge prevails for crop
species selection, artificial wetland drainage, tillage,
crop residue management and fire as management tool.
Furthermore, how these processes vary across hetero-
geneous soils, how they affect plant diversity or how
they depend on climate conditions are questions that
have not been rigorously explored. Here, continuing
efforts are needed to systematically combine local
ground observations with assessments at coarser spa-
tial and temporal scales along with model implementa-
tion. These efforts require increased information
exchange between research communilties in land sys-
tem science, Earth system modelling, and experiment-
based ecological and agronomic research.

Despite these knowledge gaps, some insights in the
relative weight of biogeochemical and biophysical
impacts of individual management activities emerged
from our review. For instance, while grazing is associ-
ated with strong biogeochemical, but relatively small
biophysical effects, tree species selection is character-
ized by strong biophysical, but limited biogeochemical
effects. In contrast, forest harvest is important in both
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Fig. 2 Clobal extent and intensity of land management activi-
ties. Globally, approximately 80% of the 130 Mk of ice-free
land is under managed schemes at varying intensity. Note that

the bars are not additive, as, for example, crop irrigation, fertil-
ization and tillage all occur on cropland. For data and assump-
tions, see Appendix 51.

respects (Fig. 3). Similarly, strong biophysical as well as
biogeochemical effects originate from irrigation, crop-
land harvest and wetland drainage, although affecting
much smaller areas. Other agricultural activities, such
as fertilization, tillage, residue management, are associ-
ated mainly with biogeochemical impacts, Crop species
selection, in contrast, ranks low with regard to biogeo-
chemical and biophysical effects. But, as most land
management activities are not isolated from each other,
but intricately linked (e.g. crop harvest, irrigation and
fertilization), robust assessment on their relative signifi-
cance requires the application of Earth system models
and, as our review reveals, improved databases,

Our review focused on documented Earth system
effects of land management that have occurred over the
past decades. Yet land management plays an increasing
role in discussions on mitigaling future climate change
(Foley et al., 2005). This makes it particularly important
to consider that management effects act on a range of
timescales: while changes in land surface properties
impose immediate effects on the atmosphere, changes
in carbon and nitrogen fluxes invokes counter-fluxes in
the coupled land-atmosphere-ocean system, causing a
distinct temporal evolution and a delayed response of
the Earth system (Ciais et al., 2013b). The emergence of

i

mslnction

?..." -
- e G

Lew Madium gk
Biogeochemical effects
Ecosyatom | mop | torest () oraenlend

Extent (Min2) " -] 0 a0 50

Fig. 3 Extent and biogeochemical and biophysical effects of
management activities, The classification {see Appendix 51) is
based on expert judgement and hence contains a certain degree
of subjectivity and ambiguity.

biogeochemical effects can also typically include longer
timescales than that of biogeophysical effects, as they
can alter slow-responding system components such as
SOC. While biogeophysical effects and greenhouse gas
fluxes due to manag t are persistent once the new
management system is in equilibrium, changes in car-
bon stocks cease to cause fluxes over Hme. Assessment
of a land-use activity in the mitigation context thus
depends not just on the spatial scale, with fluxes of the

well-mixed greenhouse gases causing a global signal,
while biogeophysical effects act predominantly on the
local scale, but crucially also on an integrated assess-
ment of the various effects and their different time-
scales in relation to the time horizon of interest
(Cherubini ef al., 2012).

A mixed picture emerges regarding data availability
and robustness of global, long-term land management
information (Table 1). This is a consequence of the his-
tory of research and past investments in generating the
data sets. Remole sensing, while particularly well sui-
ted to assess certain land uses at the global level (e.g.
cropping, irrigation, or the outbreak of fires), encoun-
ters severe difficulties in depicting other uses such as
grazing (Erb et al,, 2007; K le et al, 2013), Fur-
thermore, statistical reporting schemes focus mainly on
management activities of economic interest, such as
crop and forest harvest and ignore others, for example
crop residue management. In addition, inconsistent
definitions affect data robustness (FAOSTAT, 2015; See
et al., 2015).
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While a comprehensive assessment of Earth system
impacts induced by management requires more data
and ultimately their integration in a modelling environ-
ment, as well as the inclusion of other management
activities not discussed here, we conclude that manage-
ment is a key factor in the Earth system, severely influ-
encing many biogeochemical and biophysical processes
and parameters. We also conclude that the current sta-
tus of process understanding and data availability is
sufficient to advance with the integration of land man-
agement in Earth system models in order to assess their
overall impacts. Hence, we are able to classify the ten
land management acti s into groups along the two
dimensions data availability and process understand-
ing (Table 2), and thus identify the most pressing
research priorities,

A first group is characterized by relatively advanced
data availability and process understanding. This
group contains irrigation and cropland harvest. For
these activities, the state of knowledge is sufficient for

implementing these activities in integrative assessment
environments such as Earth system models,

The second group is characterized by severe data
gaps, but relatively advanced process understanding.
This includes wood harvest, tree species selection, graz-
ing and N fertilization, motivating calls for fostered
research efforts from the global land-use data commu-
nity (e.g. Verburg et al., 2016) to develop improved data
sets, for example, by taking advantage of the increas-
ingly available data from satellite observations (Kuem-
merle ef al., 2013; Joshi ef al,, 2016), or erowdsourcing
(See et al., 2015), but also alternative approaches that
exploit existing databases. These management activities
could be included in Earth system models, but global
parameterization and validation may be difficult for
now. A third group is characterized by concomitant

data and knowledge gaps. The management types in

Table 2 Classification of management activities according to
current process understanding and data availability

Data advanced Data poor

Understanding = Crop harvest = Forestry harvest
advanced = lrrigation = Tree species selection
= Grazing and mowing
harvest
« N fertilization
Understanding = Crop species selection
poor = Artificial wetland d 2

this group require an intensification of efforts of both
the data and the ecological communities, in order to
advance the understanding of the impact of these man-
agement practices on the Earth system. No activity was
classified as a combination ‘advanced data’ and “poor
understanding’.

Advancing the current state of process understand-
ing and data availability on land management is a
central undertaking to improve the understanding of
land-use induced impacts on the Earth system and their
feedbacks in the coupled socio-ecological system,
central for, for example, the recently published sustain-
ability development goals (Costanza ef al, 2016). In
addition to enhancing data availability and process
understanding, data access, usability and quality con-
trol will become essential for transferring these achieve-
ments into beneficial information across multiple
disciplines to tackle the grand sustainability challenges
relate to land management.
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In October 2015, the United Nations’ Plenary agreed on Agenda 2030, the “Road to Dignity,” as the
Secretary General of the United Nations denotes it, which aims to achieve seventeen ambitious
Sustainable Development Goals (SDGs) by 2030. The SDGs cover almost all areas of human
activities and their impact on Earth’s life-support system (Table 1).

THE COMPLEX SYSTEM CHALLENGE

Each of the broad goals has a set of associated tangible targets. Each target comes with a set of
target-specific indicators to measure the progress towards the targets. Making progress towards these
targets will require the development of policies and the implementation of specific actions that can
facilitate this progress.

It is a foregone conclusion that due to the broad natute of the goals and the global intergovernmental
involvement achieving each individual goal presents a complex system challenge. All goals pose
highly complex problems to society. For many of the goals it is not evident that they are achievable
or achievable by 2030. For example, SDG 1 aims at “Ending poverty in all its forms everywhere.”
However, the absolute number of people living in extreme poverty has not changed very much since
1800, when an estimated 95% of the global population of close to 1 Billion was living in extreme
poverty, although the fraction has gone down very much due to a rapid growth in population since
then. Some goals may not be understood in the same way in different countries and cultural settings.
For example, SDG 5 has the aim to “Achieve gender equality and empower all women and gitls,”
and it is not clear that this goal is understood across all cultural and religious settings in the same way.
An important question to ask is whether the targets as they are defined will actually bring us closer to
the goals. This question can only be answered by fully acknowledging the complex challenge each of
the goals presents to society. There are research needs to better understand the systemic conditions
that are required in order to make progress toward the targetsl and to assess to what extent reaching
the targets also implies reaching the goals.

Another challenge is the interconnected nature of the goals and targets, which requires straddling the
interests of different policymaking departments at national levels. For example, how can conflicting
requirements for achieving “No Poverty” (Goal 1) and “Zero Hunger” (Goal 2) on the one side and
“Life Below Water” (Goal 14) and “Life on Land” (Goal 15) on the other side be resolved?
Additionally, the interconnected nature of the goals and targets poses a cross-country challenge
considering the different interests and priorities of policymakers in different countries due to
inherent differences in cultures and the perception of risk. The priority given to sustainability over
other goals also differs from country to country and policymaker to policymaker.

Together, this mesh of issues presents a challenge to achieving the overarching objective of putting
the world on a sustainable course. It is clear, however, that making progress towards the SDGs
requires Earth observation and science support to address the questions that need to be raised for
each goal:

1. To what extent are the goals achievable?
Are the goals well-defined and understood in different countries in comparable ways?

3. How can the complexity of the goals and associated targets be accounted for in
policymaking?

4. Are the targets sufficiently focused on achieving the goals?

5. What policies and actions can facilitate progress towards the targets?
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6. Are the indicators well-defined and providing a measure of progress towards the targets and
goals?

Open data, as strongly promoted by the Group on Earth Observations (GEO), is mandatory for the
monitoring of progress towards the SDG targets,2 and a refocusing of Earth observations and
science support on the needs of the Agenda 2030 is central for making progress in the global effort
for sustainable development.3 The GEO Initiative 18 “Earth Observations in Service of the 2030
Agenda for Sustainable Development” facilitates Earth observation-based support for the Agenda
2030. However, answering the questions requires more science-based tools. Here, we look at the
capability of two approaches to addressing some of these questions. We look at the benefits and
limitations of an Agent-Based Model (ABM) approach and a GeoDesign approach.

TABLE 1. [he Agenda 2030 Sustainable Development Goals

1. No Poverty End poverty in all forms everywhere

2. Zero Hunger End hunger, achieve food security and improved nutrition and
promote sustainable agriculture

3. Good Health and Well-being Ensure healthy lives and promote well-being for all at all ages

4, Quality Education Ensure inclusive and equitable quality education and promote
lifelong learning opportunities for all

5. Gender Equality Achieve gender equality and empowerment for all women and girls

6. Clean Water and Sanitation Ensure availability and sustainable management of water and
sanitation for all

7. Affordable and Clean Energy Ensure access to affordable, reliable, sustainable and modern
energy for all

8. Decent Work and Economic Growth Promote sustained, inclusive and sustainable economic growth,
full and productive employment and decent work for all

9. Industry, Innovation and Infrastructure Build resilient infrastructure, promote inclusive and sustainable
industrialization and foster innovation

10. Reduced Inequalities Reduce inequality within and among countries

11. Sustainable Cities and Communities Make cities and human settlements inclusive, safe, resilient and
sustainable

12. Responsible Consumption and Production Ensure sustainable consumption and production patterns

13. Climate Action Take urgent action to combat climate change and its impacts

14, Life Below Water Conserve and sustainably use the oceans, seas and marine
resources for sustainable development

15. Life on Land Sustainably manage forests, combat desertification, and halt and
reverse land degradation, halt biodiversity loss

16. Peace, Justice and Strong Institutions Promote just, peaceful and inclusive societies

17. Partnership for Goals Revitalize the global partnership for sustainable development

AGENT-BASED MODELS APPLIED TO GENDER INEQUALITY

Equation-based models have very limited value for problems as complex (and wicked) as reaching
the targets and SDGs4. The advantage of ABMs is in the ability to provide an environment for us to
experiment and explore when we are not totally clear on all of the issues impacting a problem.
Predictions can come later when we are better informed and the explicit nature of the ABM has
provided tested evidence of certain results. During the programming phase of ABM development,
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we need to formulate a cleatly defined problem because computers are not equipped to handle the

ambiguity of an ill-defined concept.

This is where the power of the ABM manifestation is twofold. Firstly, due to the need for formalized
rules, we can look at and have a better understanding of the impact of the assumptions that are made
in our interpretation of the complex system (i.e., system composition such as boundaries, time-frame,
scale, etc.). It allows us to look at various scenarios, test assumptions, assess internal model
consistencies, and address sensitivities such as relation to data. Experimentation with the ABM helps
us to identify the most relevant aspects and the core issues impacting our goals.

ABMs provide avenues for the incorporation of domain expertise in a rigorous manner. With this,
the ABM development also guides data collection and illuminates the core dynamics4. The iterative
process of ABM development facilitates a more defined and eventually more refined model,
ultimately giving us better direction with respect to where efforts should be placed to arrive at the
desired goal.

The second benefit of the formalization of rules is that the model can be generalized and applied
over different domains, providing the value of repeatability.

To illustrate the versatility of ABMs, we look at Goal 5 (Gender Equality, see Table 1). The forms
of gender inequality differ across cultural regions, and the spectrum of economic and social barriers
for progress towards the goal has considerable spatial variability. It would be impossible to take a
comprehensive look at the scope of this goal, so here one branch of policy supportt is considered.

On a global scale, economic gender inequality is evident in the fact that 70% of all work is carried out
by women but they only earn 10% of the global income. A specific example is subsistence farming:
In societies with a large fraction of subsistence farming, the majority of the subsistence farming work
is carried out by women. One of the major hurdles to gender equality in these societies is a woman’s
inability to own land and gain access to financing. Most of the land is owned by men or by tribal
organizations dominated by men. Most financing goes to men, thus solidifying and continuing the
cycle of gender inequality. This aspect of gender inequality is broadly addressed by Target 5.a.:

5.a: Undertake reforms to give women equal rights to economic resources, as well as access to
ownership and control over land and other forms of property, financial services, inheritance and
natural resources, in accordance with national laws.

This target is open to interpretation and reinterpretation by all countries and policymakers. The
indicators for Target 5.a are more specific, adhering to a metric. They however are decoupled from
other relevant factors:

5.a.1: (a) Percentage of people with ownership or secure rights over agricultural land (out of total
agricultural population), by sex; and (b) share of women among owners or rights-bearers of
agricultural land, by type of tenure.

5.a.2: Percentage of countries where the legal framework (including customary law) guarantees
women’s equal rights to land ownership and/or control.

In order to explore the variables associated with these indicators, the factors that directly and
indirectly impact a woman’s ability to conduct subsistence farming have to be considered. The
complexity involved in determining these impacts is presented in Figure 1. Based on the issues
and the broad nature of the goals and targets, it is necessary to combine the goal-based “top down”
approach with a practical “bottom up” approach. The “top down” approach facilitates a
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transportable decision support for all the SDGs, while the “bottom up” approach considers the
individual factors and their specific impact on the indicator for a specific target and goal.

Policies to supporl subsistence farming

Policies to support subsisience famning
Better Institutional Support

ar ortur or value addition and mon-farrr
In TARGET; not addressed in INDICATOR

30, ensure @ | anc

ployrment

Policies to support women
" Better Social Support

ia

Percentage of population in a given age group
achieving at least a fixed level of proficiency in  Deiter Financial Management
functional (a) literacy and (b) numeracy skills, — Better Farming Methods
Disaggregation: sex, location, wealth (and

others where data are available)

a) Percentage of people with ownership or

secure rights over agricultural kand (out of total

agricultural population), by sex; and (b) share  Access to Land
of women among owners or rights-bearers of

agricultural (land, by type of tenure)

Percentage of countries where the legal

framework {including customary kaw) Rights to Land
guarantees women's equal rights to land

ownership andfor confrol

Percentage of small-scale industries  Access fo Financing
with a loan or line of credit, Better Farming Methods

In TARGET; not addressed in INDICATOR

s o

ire Y E -8 INE
> Laws for Wornen/s Rights to Land
Better Institutional Support

131

Environment impacts the Farming
Better Farming Methods

In TARGET; not addressed in INDICATOR

\ : on and
15.1 y :

How Farming Impacts the Environment

Better Farming Methods

Laws for Women's Rights fo Land
Impacts sife selection
Better Farming Methods

163

ensure equa

@

FIGURE 1: Relevance of Different Goals & Targets to Meeting Goal 5 for Gender Equality, in
Subsistence Farming
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As an initial step, we have developed an ABM for subsistence farming. The aim of the ABM
experiment is to determine the factors that impact gender equality through land ownership and
access to financing in support of subsistence farming by addressing the questions:

How does distribution of land title impact the success of female farmers?

How does access to financing impact the success of female farmers?

How does discrimination at market impact the success of female farmers?

How does climate change impact the success of female farmers?

Based on the results, what are the apparent gaps that exist between the SDG indicators and the
factors the analysis identify as impactful?

Based on the results, what are the policies that can be put into place to help support the success of
female farmers?

Policy options in the ABM to increase equality are those that impact land ownership and access to
financing. The initial exploratory system model simulates the seasonal cycle of buying seeds
(including getting financing, if needed), seeding, growing, harvesting, and utilizing (matginal) gains.
The agents are the male and female farmers, land-owner societies, markets to buy seeds and fertilizers
and sell produce, traditional financial sources (banks) and micro-financing actors. This model was run
over the seasonal cycle for a period of 100 years for many different scenarios.

The information obtained from the analysis provides valuable guidance to the policy conditions that
have the potential to improve the success of subsistence farming by female farmers and reduce
gender inequality. Decoupling land ownership from financing and introducing quota systems are two
potential policy options that may be considered based on the results. Additionally, the results help to
identify where there are gaps in the current formulation of targets and indicators towards more goal-
focused policy development.

These considerations informed by the ABM experiment provide guidance for further developing the
ABM. Of course, access to land and finance are only the start of the subsistence farming process. In
order for a woman to maintain land rights she must be successful in the subsistence farming project.
As outlined in this simplified view of the interrelationship of the SDGs, better farming methods,
institutional support for land ownership and financial support have contributions made through
SGDs 1, 2, 3, 4, 9, 10, 13, 15 and to a lesser degree 16. Of course, additional connections with the
other goals can be determined with further analysis. Here we focus on the indicators 5.a.1 and 5.a.2
and the relevance of 4.6.1 and 9.3.2. It should be noted that the ABM in its current form does not
reflect the full complexity of Target 5.a, but it provides an exploratory and explanatory approach to
modeling aspect of Goal 5.

GEODESIGN APPLIED TO SUSTAINABLE CITIES

GeoDesign operates in the realm of infrastructure and the built environment. It facilitates informed
development in advance of perceived needs, thus leading to sustainable construction development.
The interoperability of technology facilitates integration of the subsystems of research and
construction from the macro to the micro level, essentially developing conflict resolution
mechanisms. It has the potential to bridge the gaps among science, social needs, economics, and
policy, helping to resolve issues involved in designing the built environment. Integrating technologies
offers a dynamic way of representing unseen patterns and contextual relationships across global,
regional and local areas.
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TRADITIONAL WORKFLOW
FIGURE 2.The traditional workflow in designing the built environment

Figure 2 illustrates the traditional workflow process with disciplines contained in silos. Movement
from the administrative stage to the building stage is disjointed and involves a hand-off. This often
inhibits the flow of information essential for responsive design. Figure 2 also illustrates the
conflicting interests that are inherent in traditional planning of human settlement. Each of the major
players serves a different core interest and they speak a different discipline-specific language.

The development of a GeoDesign Hub (Figure 3) made possible by interoperability facilitates the
smooth flow of captured data to the disciplines and areas where it is needed in a timely manner.
Information created through “data informed processes” re-enters the Hub making the system more
intelligent. Feedback from the various disciplines and crowdsourcing further informs the
development of educational needs. Thus, the interoperability of technology brings sustainability and
its facets, such as disaster risk, resilience, adaptive capacity, and livelihood into the design argument.

e ! -
FIGURE 3. A GeoDesign Hub provides an interdisciplinary collaborative platform for the
development of options

When interoperability is optimized, development has the ability to go from the point of impetus to
examples of potential ‘built’ models. Similar to the ABM outlined above, it gives us the ability to
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explore scenario iterations in the design process. It allows the signal that triggered the course of
development to be amplified throughout the course of development.

Considering Goal 11, which aims to “Make cities and human settlements inclusive, safe, resilient, and
sustainable,” the GeoDesign approach can help by facilitating a better understanding of why we build
and what the goals are. Even more so, it allows us to account for the relation of cities and
human settlements to all the other goals.

The targets of Goal 11 focus on access to housing, transportation and green spaces, the promotion
of planning and the enhancement of architecture and technology to reduce pollution and improve
resilience to climate change, thus minimizing the loss of human life and resources (paying special
attention to the protection of natural heritage centers). Similar to the case of Goal 5, many of the
other goals have targets that are relevant to the targets of Goal 11 (Figure 4), but the indicators
for these targets mostly are not focused on the scope of Goal 11. A particular challenge for the
targets of Goal 11 is in the development of indicators for such wide targets. We consider two of the
targets relevant to the development of sustainable human settlements:

Target 11.1: By 2030, ensure access for all to adequate, safe and affordable housing and basic
services and upgrade slums.

Target 11.5: By 2030, significantly reduce the number of deaths and the number of people
affected and substantially decrease the direct economic losses relative to global gross
domestic product caused by disasters, including water-related disasters, with a focus on
protecting the poor and people in vulnerable situations.

The associated indicators shown in Figure 4 appear to be well connected to these targets and

providing a measure for progress towards the targets, but the granularity with respect to the goal is
low.
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FIGURE 4: Relevance of Different Goals & Targets to Meeting Goal 11 for Sustainable Human
Settlements
OUTLOOK

For each of the goals, the questions formulated in the first section need to be answered thoroughly,
and this requires a complex system approach. The ABM experiment introduced here underlines the
versatility of ABMs for interdisciplinary and collaborative studies informing the development of
policy that facilitates progress towards the targets. The GeoDesign Hub is an excellent candidate for
a collaborative platform for those goals related to the built environment and its impact on society
and environment. It will be important to link both the ABMs and GeoDesign Hubs to a
comprehensive and open database integrating environmental with socioeconomic data and statistics.
The efforts currently underway in GEO towards open and integrated data and knowledge and the
linkage to models are an important development in this direction. However, it is clear that the
diversity and breadth of the goals require a hybrid approach, as no one method can be a “catch-all.”
The examples considered here demonstrate the importance of the interaction between goals and
targets and the need to capture the factors that play a role across sets of targets and goals.
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Figure 1: Relevance of earth observations and science and technology support for the
implementation and monitoring of progress towards the SDGs and associated targets

Geospatial data, including observations of the natural and build environment and data on the socio-
economic system, will be crucial for both the monitoring of progress towards the targets and the
planning of actions to make progress

The Agenda 2030 agreed upon by the United Nations in 2015 aims to achieve 17 Sustainable
Development Goals (SDGs) addressing almost all societal, economic and environmental issues
impacting the sustainability of our modern global society. Each of the goals comes with a set of
specific targets. In order to monitor progress, a monitoring framework consisting of currently 240
indicators has been developed. The governments of the world are challenged with the development
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of policies and the implementation of actions that would lead to progress towards these ambitious
goals and their associated targets.

Science and technology support is needed to inform policy development and to monitor progress
(Figure 1). Geospatial data, including observations of the natural and build environment and data on
the socio-economic system, will be crucial for both the monitoring of progress towards the targets
and the planning of actions to make progress. The formal monitoring of progress towards the targets
is based on the monitoring framework defined by the Interagency and Expert Group on SDG
monitoring (IAEG-SDGs) and accepted by the United Nations Statistical Commission. The
monitoring framework has defined indicators for each of the targets. For many of the currently 240
indicators traditional earth observations (EO) are required for quantification, and even more of the
indicators require information on the built environment. The Group on Earth Observations (GEO)
in its GEO Initiative 18 (GI-18) is developing methods for the quantification of those indicators that
depend on EOs for quantification (A in Figure 1). The Horizon 2020 Project “ConnectinGEO”
developed a goal-based approach to the identification of essential variables and applied this approach
to the SDG indicators.

This research showed that only some of the SDG Indicators require traditional EOs of the natural
environment for quantification, while many of the essential variables of the SDG monitoring
framework are related to the built environment. This brings up the question to what extent some of
these essential variables could be extracted from available earth observations or gathered by using Big
Data analysis, citizen scientists, the Internet of Things and other forms of crowdsourcing. However,
the integration of the new data, including data from “human sensors”, into an integrated database
available for analysis and models remains a challenge.

For many of the indicators, the integration of socio-economic statistical data with environmental data
is of importance (B in Figure 1). It is anticipated that GEO could use it convening power to facilitate
this integration and develop the Global Earth Observation System of System (GEOSS) towards the
platform for this integration.

Applying the goal-based approach to the SDG Targets (C in Figure 1) shows that many of the targets
would benefit from indicators that are directly related to the natural environment. A revision of the
monitoring framework could take this finding into account and account for the linkage of the socio-
economic and environmental aspect reflected in the SDGs.

Besides supporting the monitoring, there is an urgent need to support the planning of actions and
the development of policies that would facilitate progress towards the SDG targets (D in Figure 1).
In some cases, research is needed to better understand the causes of the current problems and to
develop the avenues to more sustainability. The EOs are important for most of this research. For
many of the goals, tools to assess the impact of actions and policies are lacking and models need to
be developed. In order to capture the complexity these models need to embrace a hybrid approach.
To capture the complexity, agent-based models will be crucial. The development and validation of
these models depend on a number of factors. The former depends on how well the real world has
been modeled and applied to the agent-based model. It has to be ensured that the best available
modeling parameters and framework is applied by coupling the agent-based model with existing
models. In applications associated with the built environment it would be prudent to couple a Geo-
design model with the agent-based model. Data and knowledge integration can be achieved using the
already developed concepts of geo design. A geo design hub can be a starting point for the
integration of built and natural environment with socio-economic data and support policy
development (Figure 2). A combination of such a hub with a model Web to answer ‘What-if’
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question can help to facilitate cross-domain data integration. To promote such interdisciplinary and
cross-domain tools, relevant stakeholders need to see benefits that they cannot achieve on their own.
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Figure 2: A Geo-Design Hub combines components of simulation tools for the assessment of policy
impacts

Similarly, environmental or sociological models can be coupled with the agent-based model.
Validation of the agent-based models to assess policy impacts will to a large extent depend on
integrated geospatial environmental and socio-economic data (Figure 3).

While data availability is important and necessary, it is not a sufficient condition for the support of
SDG implementation and monitoring. The decision makers on SDG implementation are normally
far away from data on the value chain from EOs to end users and more interested in information or
knowledge. Thus, there is a need for a transition from data to information to knowledge and the
development of tools that provide access to knowledge. In this process, it is important that these
tools are co-design with the end users. Importantly, research on how decisions are made and what
type of knowledge might be needed for that would provide a basis to generate the tools for the
decision makers to create the knowledge as needed instead of delivering a range of predefined
knowledge products. Currently, most of the data delivery, information and knowledge systems have a
push component to push out what providers created while a pull component to create the knowledge
when needed does not exists. In order to provide usable support for both the implementation and
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monitoring of SDGs, a pull component needs to be developed in a co-design and co-creation
process.

Progress towards open data has been a success over the recent years and GEO played an important
role in this. For the integration of socio-economic and environmental data, more progress is needed.
Open data and the democratizing of access to data and information are very important for the
success of the Agenda 2030 particularly for the buy-in of a broad range of stakeholders. But equally
important is open knowledge and a democratizing of access to knowledge derived from EOs and
other data. Policies that would support the integration of socio-economic and environmental data,
support cross-domain collaborations, open data and open knowledge, and facilitate the development
of cyber infrastructure for data integration and tool development would be beneficial for the Agenda
2030 and the implementation and monitoring of the SDGs.

GIS social data

GIS environmental data
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Crops opulation size
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Figure 3: Agent-based models coupled with geospatial information for the assessment of policy
impacts. From Rebaudo et al., 2011, JASSS, 14, 7

GEO can use its convening power to bring together the groups that can achieve the identification of
all relevant EVs for both the current and a future updated monitoring framework and the integration
of socio-economic and environmental data. The Socio-Economic and Environmental Information
Needs Knowledge Base (SEEIN-KB), which is currently under development in the GEO
Foundational Task GD-09 “Knowledge Base Development” will be an important tool for this
important work. GEO also has sufficient involvement of Science and Technology communities to
facilitate support for the implementation of the SDGs. An important task for GEO is to establish a

working relationship with the IAEG-SDG to participate in the review of the current monitoring
framework.

The GI-18 is strongly focusing on the development of training and capacity building programs
directly related to the use of EOs for the monitoring of the SDGs. The implementation plan of GI-
18 includes a number of tangible goals to be achieved by 2020. The development of toolboxes
supporting the implementation of SDGs is an important contribution to this effort. The global
nature of GEO allows for actions that lead to capacity building on a global scale.

Shelley-Ann Jules-Plag
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PREAMBLE

Earth observations from diverse sources, including satellite, airborne, in situ platforms, and citizen
observatories, when integrated together, provide powerful tools for understanding the past and
present conditions of Earth system components, as well as the interplay between them. GEO is a
facilitator of policy-level dialogue on the importance and coordination of Earth observation systems
(including ground-, air-, water- and space-based sensors, field surveys, and citizen observatories).

Systems for in situ observations (i.e. all ground, water- and airborne observations excluding space-
borne observations) are diverse and there is no single global group responsible for their overall
coordination. One of the key recommendations in the GEO Evaluation Report for the first GEO
decade recommended the “Creation of a high-level task force to promote the incorporation of in situ data into
GEOSS.” Subsequently, the GEO Strategic Plan 2016-2025 underlined the importance of
coordination and improvement of in situ observation networks. Based on the guidance and
recommendations, the GEO In Situ Task GD-06 “GEOSS In Situ Earth Observation Resources”
was defined in the GEO 2016 Work Programme.

Coordination of in situ Farth observations is not an easy task. Even a simple survey of in situ
coordination groups leads to a large, incomplete and very complex system. During the preparation
for the Task, a brief report was prepared and finalized in early 2016. This report summarizes the state
of in situ Earth observation community, discusses the benefits of coordinating in situ observations,
identifies challenges for this coordination, and provides recommendations on how to proceed. The
recommendations were taken into account in developing the team and work plan for GD-06. As an
initial activity, the GD-06 Task Team decided to prepare a report on the status of global in situ
observation networks and existing frameworks for their coordination, include options for new in situ
measurements and coordination scenarios. The present document is the initial outcome of this
activity, which has been conducted during 2016. It is planned to continue this assessment in the next
years and to prepare a more comprehensive and conclusive report.

SCOPE AND OBJECTIVE OF THE DOCUMENT

This report attempts to describe the main characteristics of in situ observation networks and their
coordination across domains and regions and to outline steps that could lead to improved
coordination. Due to the limited time available for the preparation of the document, the report
focuses on example regions, domains, and areas. The conclusions and recommendations may
therefore not all generalizable to a global level.

56



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
Acronym:

connecﬁn m Project title:

Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,
”HUU'Z]I resources E![l(i raw !ll(’ll&‘!'\(’ll\

CONTENTS

1. INTRODUCTION

2. REGIONAL ACTIVITIES
2.1 Burope

2.1.1 Non-profit organisations and networks

2.1.2 Other examples of European/EU initiatives

2.1.3 Research networks and infrastructures

2.1.4 Examples of cross-cutting coordination

2.2 Asia

2.2.1 Asia-Pacific Biodiversity Observation Network (AP-BON)
2.2.2 AsiaFlux

3 ACTIVITIES IN DOMAINS AND SOCIETAL BENEFIT AREAS
3.1 Geodesy

3.1.1 The Dynamic Earth

3.1.2 Geodetic Observations

3.1.3 Terrestrial Reference Frame

3.2 Climate and Atmospheric composition

3.3 Food security

3.4 Climate Change

3.5 Sustainable Development Goals

4 ISSUES REQUIRING GLOBAL COORDINATION
4.1 Sustainability of Existing Measurements for Climate

4.2 Investigating new in situ measurements

4.2.1 Improving Agricultural Monitoring

4.2.2 Coordinating observing strategy for measuring global changes: from networks to
flagship stations

4.2.3 Facilitating access to data including ECV's

4.2.4 Filling gaps in observations

4.2.5 Favouring regional cooperation, including training centres

4.3 Emerging Techniques and new Approaches

4.4 Coordinating the integration of space-based and in situ observations

5 CONCLUSIONS AND RECOMMENDATIONS
5.1 Benefits of Coordinating In Situ Earth Observations

5.2 Challenges of Coordinating In Situ Earth Observations

57



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
Acronym: ConnectinGEO

u
connm w Project title: Coordinating an Observation Network of Networks EnCompassing saTellite and IN-situ to fill the

Gaps in European Observations
Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,
natural resources and raw materials

5.3 Recommendations to GEO
5.4 Recommendation to GD-06

5.5 Road Map Toward Increase Coordination of In Situ Earth Observations
REFERENCES

ACRONYMS

58



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
Acronym:

connecﬁn _m Project title:

Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,
”L‘UU'UI resources E![\{! raw !ll(’ll&‘!"h’lls

LIST OF CONTRIBUTORS

Henrik Steen Andersen, Enropean Environment Agency

Richard Gross, GGOS, Jet Propulsion Laboratory, USA

Paolo 1aj, Université Grenoble-Alpes /| CNRS

Joan Maso, CREAF Spain. ConnectinGEQ project H2020-641538, Eurgpean Commission (editor)
Osamu Ochiaz, GEO Secretariat

Hans-Peter Plag, Old Dominium University, USA. ConnectinGEQ project, European Commiission (editor)
Nobuko Saigusa, National Institute for Environmental Studies, Japan

Tetsukazn Yabara, Department of Biology, Kyushu University

George Zalidis, George Zalidis InterBalkan Environment Center, Greece

LIST OF FIGURES

Figure 1: Topography of European Earth observation networks.

Figure 2: AsiaFlux registered site information.

Figure 3: The GGOS network.

Figure 4: Earth observations and SDGs.

Figure 5: Dependence of SDG indicators on Earth observations

Figure 6: Using the goal-based approach of ConnectinGEO to identify EVs for SDG indicators.
Figure 7: Cross-SDG links.

Figure 8: Measuring Soil and crop.

Figure 9: The network of operational in situ stations with the Global Atmospheric Watch program.

59



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
Acronym:

connecﬁn @ Project title:

Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,
”UUU'A!I resources E![l(i raw !ll(’ll&‘!'\(’ll\

1. INTRODUCTION

Efforts to develop a framework for the harmonization of Earth observations (EOs), both in situ and
from space, have a history that goes back several decades. Here, in situ refers to all land, water, and
air based observations, independent of the observing technology and methodology, excluding only
space-based observations.

In 1984, G7 initiated the Integrated Global Observing Strategy (IGOS) as a framework for EOs with
the goal to identify the essential variables that need to be observed in order to document the changes
that are happening on the planet and to ensure that these observations were made available. In 1998,
major organizations in the scientific and EO fields established the IGOS Partnership IGOS-P) in an
effort to first identify what needs to be monitored and then to implement the corresponding
observing systems. IGOS-P used a well-defined theme approach to define the overall strategy, which
“recognises that in reality it is impossible, in one step and for all eventualities, to complete the
exercise of defining all the necessary observational requirements and hence the observational
systems, data handling, processing and analysis infrastructure for a comprehensive global system. The
theme approach allows the coherent definition and development of an overall global strategy whilst
recognising the different state and stage of development in different areas. Themes have not a priori
been defined, rather it is anticipated that the user communities will identify areas that require action
and bring forward themes for agreement and action.” (IGOS-P, 2003). The resulting IGOS-P theme
reports were excellent outcomes defining observational needs for societally relevant themes. Many of
the identified observational needs required in situ observations (see, e.g., Marsh et al., 2004; IGOS,
2006).

In 1984, G7 also gave the mandate to coordinate space-based observation to the Committee on
Earth Observation Satellites (CEOS), and CEOS has been the space-based global coordination body
since then. No such mandate has been given for in situ observation, and no group for global
coordination across the wide range of domains has emerged.

The ad hoc Group on Earth Observations (GEO) was initiated in 2003 (again by the then G8) with
the mandate to develop an implementation plan for the Global Earth Observing System of Systems
(GEOSS). In the resulting 10-Year Implementation Plan (GEO, 2005a) and the associated Reference
document (GEO, 2005b), the importance of in situ observation is emphasized in many places. After
being fully established in 2005 with a ten-year mandate to build GEOSS, GEO developed a work
plan, which was updated on an annual basis. Unlike IGOS-P where themes emerged from a
community and expert-based approach, the GEO Work Plan was structured according to nine pre-
defined Societal Benefit Areas (SBAs). In more recent years, additional Societal Benefit Tasks were
added to emphasize large areas that the nine SBAs did not sufficiently cover, including those
focusing on Oceans and Society: Blue Planet, Global Land Cover, Global Forest Observation,
Global Urban Observation and Information, and Impact Assessment of Human Activities. In several
SBAs and SB Tasks, the concept of Essential Variables (EVs) was adopted to identify variables that
should be prioritized for observations (see Bombelli et al., 2016). Many of the EVs identified so far
require in situ observations either directly or indirectly as groundtruth for space-based observations.

During the first decade, in situ coordination for GEOSS was included in the GEO Work Plan Task
IN-01: Infrastructure. This task included coordination of both the space-based and in situ
observations. During the transition into the second decade, a dedicated Foundation Task GD-06
“GEOSS In Situ Earth Observation Resources” was defined (see GD-06, 2016) with the mission to
assess the needs for coordination of in situ observations and to enable improved cross-domain
coordination.
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As the first activity, the GD-06 Task Team is reviewing the levels of coordination in regions and EO
domains with the goal to make detailed recommendations on what coordination is needed, what the
benefits of improved coordination could be, and what option for coordination should be considered.
In the next section, an overview is given of regional in situ observations with a focus on existing
coordination mechanisms. Section 3 reviews the current status of in situ observations in selected
domains. Section 4 discusses in greater depth issues that require more coordination. Finally Section 5
provides recommendations for both the work to be carried out by GD-06 and for coordination
activities by GEO in general.

2. REGIONAL ACTIVITIES

The current organisation of in situ data provision worldwide is very complex and resulting from
often uncoordinated initiatives driven by both science and policy-oriented projects, established on
different time-scales and involving many different stakeholders. An exhaustive description of the
current landscape would therefore be extremely demanding and not achievable within the scope of
GD-06. In this section, the current status of in situ observations and their coordination on regional
to continental scales is reviewed for selected regions with a focus on data sharing, the relationship
between these activities and the SBAs, and the need for additional regional and global coordination.
It is planned to add sections for additional regions including North America, Africa, and Oceania in
the next version of the document.

2.1 Europe

The European landscape of in situ observation networks, research networks and research
infrastructures is very diverse and complex. The complexity is indicated in Figure 1 in Section 2.4.1
below. Over the last 20 years, major efforts have been made to overcome fragmentation due to
national boundaries, disciplinary fields, and societal sectors. Although today many initiatives exist or
are developing that focus on coordination, there is still an urgent need for integration of networks,
research initiatives and research infrastructures, and improvements of the links between those
providing data and products and those needing the information for decision and policy making.

2.1.1 Non-profit organisations and networks

There are several non-profit organisations and networks in Europe dealing with coordination of in
situ data collection, analysis and distribution. The list of organisations provided below is far from
being exhaustive, but represents prominent European networks of, typically public, institutions
covering a broad range of thematic themes. It is characteristic that these networks often have a legal
mandate and a clear operational perspective implemented via, e.g., establishment and operation of
infrastructure, observing systems, and standards.

EuroGeographics: EuroGeographics (http://www.eurogeographics.org/) is the membership association
for 60 European National Mapping, Cadastre and Land Registry Authorities from 46 countries. The
main objective of HuroGeographics is the further development of the European Spatial Data
Infrastructure through collaboration in the area of geographic information and the representation of
its members and their capabilities. EuroGeographics’ activities focus on supporting relevant
European policies, exchange of knowledge in the field of geo-spatial and related information, and
harmonising and making available members’ national topographic, cadastral and other land
information.

EuroGOOS: EuroGOOS (http://eurogoos.cu/) is a grouping of oceanogtraphic institutes in Europe
with the objective of fostering, promoting, and implementing cost-efficient operational
oceanographic services in FEurope. EuroGOOS has 40 members from 19 European countries
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providing operational oceanographic services and carrying out marine research. EuroGOOS
coordinates European contributions to sustained marine observing systems and plays a key role in
establishing the Furopean Ocean Observing System (EOOS). EOOS will deliver a vision, roadmap
and a common focal point for European ocean observing research and technology. EOOS will
provide a flexible coordinating framework to help manage and improve the existing observing effort,
making it more efficient and effective at different geographical scales, and for different end-users.

EUMETNET: EUMETNET (http://eumetnet.eu/) is a network grouping of 31 European National
Meteorological Services. EUMETNET provides a framework to organise co-operative programmes
between its members in the various fields of basic meteorological activities such as observing
systems, data processing, basic forecasting products, research and development, and training.
Through its programmes, the members intend to develop their collective capability to serve
environmental management and climate monitoring and to bring to all European users the best
available quality of meteorological information.

Eurogeosurveys: Eutogeosurveys (http://www.eurogeosutveys.org/) is an otganisation of 37 National
Geological Surveys and some regional Sutrveys in Europe representing national Geological Surveys of
the European countries. It promotes the contribution of geosciences to European Union affairs and
provides a permanent network between the Geological Surveys and it pursues activities that lie
exclusively in the public interest or in the interest of public administration that will benefit from the
combined and coordinated expertise of its members and in the direct interest of the EU. One of the
key objectives of the Eurogeosurveys is to set up the European Geological Data Infrastructure
(EGDI).

Eionet:  'The Furopean environment information and observation network (Fionet,
http:/ /www.eionet.europa.eu/) is a partnership network of the European Environment Agency
(EEA) and its 33 member and 6 cooperating countries, aiming to provide timely and quality-assured
data, information and expertise for assessing the state of the environment in Europe and the
pressures acting upon it. Eionet consists of the EEA itself, six European Topic Centres and a
network of around 1000 experts from countries in over 350 national environment agencies and other
bodies dealing with environmental information. The Eionet partnership supports the collection and
organisation of data and the development and dissemination of information.

EUREF: The Reference Frame Sub Commission for Europe of the International Association of
Geodesy (IAG) focuses on the definition, realization and maintenance of the European Geodetic
Reference Systems. It engages in the promotion and assistance of the adoption and use of European
Terrestrial Reference System (ETRS89) and European Vertical Reference System (EVRS) and the
development and maintenance of the EUREF GNSS Permanent Network (EPN), which is the
ground based GNSS infrastructure for scientific and practical applications in positioning and
navigation. EUREF provides all its products on the “best effort” basis and free of charge to the
public. The EPN is a voluntary federation of over 100 self-funding agencies, universities, and
research institutions in more than 30 European countries. They work together to maintain ETRS89,
which is the single Furope-wide standard coordinate reference system adopted by the European
Commission (EC). In addition, the Infrastructure for Spatial Information in the European
Community (INSPIRE) Ditective 2007/2/EC of the Eutopean Patliament and of the Council as
regards interoperability of spatial data sets and services established - among other requirements - that
the ETRS89 shall be used for the referencing of spatial data sets in INSPIRE. The ETRS89 geodetic
reference is widely used in continental Europe. Furthermore, the increasing use of GNSS networks
incline countries to use the ETRS89. In addition to its key role in the maintenance of the ETRS89,
the EPN data are also used for a wide range of scientific applications such as the monitoring of
ground deformations, sea level, space weather and numerical weather prediction. In response to
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evolving user needs and the changing GNSS landscape, EUREF is working for the continuous
development of new applications and products through Working Groups and Pilot Projects.

2.1.2 Other examples of European/EU initiatives

In Europe a major development has been the entering into force of the INSPIRE Directive in May
2007, establishing an infrastructure for spatial information in Europe to support Community
environmental policies, and policies or activities which may have an impact on the environment.
INSPIRE aims to create an EU spatial data infrastructure, enabling the sharing of environmental
spatial information among public sector organisations and better facilitate public access to spatial
information across Furope. A European Spatial Data Infrastructure will assist in policy-making
across boundaries. Therefore the spatial information considered under the directive is extensive and
includes a great variety of topical and technical themes. INSPIRE is based on the infrastructures for
spatial information established and operated by the 28 Member States of the European Union. The
Directive addresses 34 spatial data themes needed for environmental applications, with key
components specified through technical implementing rules. This makes INSPIRE a unique example
of a legislative “regional” approach.

In February 2008, the EC Communication "Towards a Shared Environmental Information System
(SEIS)' proposed a solution to Europe's environmental information  challenge
(http:/ /www.cea.curopa.cu/about-us/what/shared-environmental-information-system-1). Since
then, SEIS has become a collaborative initiative of the Furopean Commission together with the
EEA and the 39 countries of Eionet. SEIS is a key driver for the growth of the knowledge base, and
it integrates a wealth of information from Eionet and other networks and partners, citizen science,
crowd sourcing, and new environmental information gathering initiatives such as Copernicus. A key
cross-cutting goal of SEIS is to provide access to environmental information, and maximise and
expand its use.

The European Marine Observation and Data Network (EMODnet, http://www.emodnet.cu/)
consists of more than 100 organisations assembling marine data, products and metadata to make
these fragmented resources more available to public and private users relying on quality-assured,
standardised and harmonised marine data which are interoperable and free of restrictions on use.
EMODnet is currently in its second development phase with the target to be fully deployed by 2020.
EMODnet is a long-term marine data initiative from the European Commission Directorate-General
for Maritime Affairs and Fisheries (DG MARE) underpinning its Marine Knowledge 2020 strategy.
The main purpose of EMODnet is to unlock fragmented and hidden marine data resources and to
make these available to individuals and organisations (public and private), and to facilitate investment
in sustainable coastal and offshore activities through improved access to quality-assured, standardised
and harmonised marine data which are interoperable and free of restrictions on use.

The United Nations’ initiative on Global Geospatial Information Management (UN-GGIM) aims at
playing a leading role in setting the agenda for the development of global geospatial information and
promoting its use to address key global challenges. In addition to a global committee of experts, UN-
GIMM is developing a regional structure, and UN-GGIM: Europe’s aim is to ensure that the
national mapping and cadastral authorities and national statistical institutes in the European UN
Member States, the European Institutions and associated bodies work together to contribute to the
more effective management and availability of geospatial information in Europe, and its integration
with other information, based on user needs and requirements. UN-GGIM: Europe provides
support to the further implementation and alighment of existing legislation, to support relevant
ongoing initiatives and proposing actions, to be implemented as far as possible within Europe’s
existing legal, institutional and operational frameworks addressing issues of geo-information
management. The regional intention is to: (a) avoid duplication of efforts; (b) improve the joint
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response to user needs and requirements; (c) encourage geospatial data interoperability,
harmonisation and sharing; and (d) optimise the overall management of geospatial information in
Europe.

2.1.3 Research networks and infrastructures

In Europe, the landscape of in situ data provision has been established mostly during the last 30
years, in response to policies-related treaties on the one side and research requirements on the other
side. For many years, policy- and research-driven initiatives were ran with very limited degree of
interaction and/or coordination. While policy and treaty-driven in situ obsetvation networks are
often organized at Environmental Ministry level, research-driven in situ observations are instead
supported at Research Ministry level using the European Research Infrastructure (RI) funding
scheme. It is only over the last decade that more integrated and synergetic approaches were
developed to bridge the different initiatives.

The concept of infrastructure supporting environmental research was developed in Europe over the
last decade to meet the needs expressed by the scientific communities for continuous observation of
natural and anthropogenic processes affecting the environment. Environmental research
infrastructures comprise major scientific equipment or sets of instruments, as well as knowledge-
containing resources such as collections, archives and thematic data infrastructures and the associated
expertise and human resources. They provide support to access data, services and facilities within
their own domain.

Each environmental research infrastructure has its own particular set of scientific questions, has
identified the stakeholders and the communities to engage and has designed its services for
contributing to tackle environmental challenges. Indeed, every RI is designed to provide data and
services to a wide range of user communities and as such contributing to cross- and inter-disciplinary
research regardless of its own particular field of interest. Research infrastructures are established in
the long-term (>20 years) but the process to reach a legal organization (for example as a European
Research Infrastructure consortium — ERIC) is complex and can take more than a decade. At
present, very few consortia formally existin the environmental science: ICOS (Integrated Carbon
Observing System), IAGOS (In-Service Aircraft for a Global Observing System), EURO-ARGO
(European Component of broad-scale global array of temperature/salinity profiling floats), EISCAT-
3D (European Incoherent Scatter Scientific Association). Others initiatives, in the different
environmental domains, are currently on the European roadmap preparing their long-term
sustainable organisation : ACTRIS (Aerosol, Cloud and Trace Gases Research Infrastructure), SIOS
(Svalbards Integrated Observing System), EPOS (European Plate Observing System) EMSO
(European Multidisciplinary Seafloor and water-column Observatory) , DANUBIUS (International
Centre for Advanced Studies on River-Sea Systems), EMBRC (European Marine Biological Resource
Centre) or ANAEE (Infrastructure for Analysis and Experimentation on Ecosystems). The
landscape will continue to evolve in the next years with different updates of the roadmap scheduled
in 2018 and 2020. The research infrastructure program is clearly shaping the Furopean Earth
observing system for the upcoming decades and will address identified parameter gaps and long-term
commitments/sustainability since a very latge fraction of observations are still based on short term
research funding.

Despite consistent progtess, the landscape of European environmental research infrastructures is still
too fragmented (see Figure 1 below) and will benefit from further integration and collaborative work.
Most of the RIs have similar elements in their structure, e.g. they have instrumentation (such as
sensors or laboratories) and have dedicated data systems including elements for data acquisition,
management, access, processing, and community suppott. Thetefore, whilst the short/medium-term
goal of each Rls is to foster common solutions for promoting integrated use of data through
interoperability within its own domain of interest, it is also imperative to find robust yet lightweight
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means to integrate data and RI services across Rls to serve an increasingly multidisciplinary scientific
community and progress toward the holistic understanding of planet Earth and its behaviors.

When applicable, integration of research Infrastructures and policy-driven networks is key to
enhanced use of data and services, in particular for developing the various segments of the European
Copernicus programme framework of Copernicus services. An excellent example is the close
cooperation between the European Monitoring and Evaluation Program (EMEP) and ACTRIS.
EMEP is a science-based and policy-driven instrument for cooperation in atmospheric monitoring
and modelling, emission inventories and projections, and integrated assessment to help solve
transboundary air pollution problems in Europe. In order to achieve its mission, EMEP coordinates
a long-term network of stations monitoring concentrations and deposition fluxes of various
pollutants to test the effectiveness of European policies for air quality. The network includes
different type of monitoring stations with most numerous (>100) level 1 sites providing basic
chemical and physical measurements of the traditional EMEP parameters, 20 to 30 level 2 sites
providing additional physical/chemical speciation of relevant components that is necessary for
assessing long-range transport of air pollutants, and <20 research-oriented level 3 stations nominated
as “EMEP supersites”. Level-3 activities are research-oriented to improve the scientific
understanding of the relevant physical-chemical processes in relation to regional air pollution and its
control. The research infrastructure for atmospheric research ACTRIS is the funding scheme to
ensure long-term sustainability of level-3 activities within EMEP. ACTRIS is central to providing the
required tools for calibrating measurements and harmonizing procedures throughout the EMEP
network by operating relevant calibration centers. When applicable, ACTRIS and EMEP data are
managed using identical procedures and accessible through the same data center. ACTRIS is also the
tool to providing guidance for optimizing the observation network by, for example, developing new
standard operation procedures for atmospheric parameters. This is a excellent example of integration
of existing programs and projects that will help building the European component of an evolving
Integrated Global Observing System and GEOSS in a coordinated and more sustainable way.

2.1.4 Examples of cross-cutting coordination

Copernicus:  'The — Buropean  Earth  Observation  flagship ~ programme,  Copernicus
(http://copernicus.cu/), encompasses three components: Space, In Situ and Services. In situ data are
an essential and integrated part of Copernicus, and are used extensively every day by the Copernicus
services and the space component to produce products, and deliver services requested by end users.
In the context of the Copernicus programme the term ‘in situ data’ covers a wide range of data:
observation data from ground-, sea- or air-borne sensors as well as reference and ancillary data
licensed or provided for use in Copernicus.

The primary objective of the Copernicus in situ component is to provide reliable and sustainable
access to in situ data to the Copernicus services, relying on existing capacities operated at national
and European level, and global observing systems. The component is primarily implemented by the
six Copernicus services, and, when overall coordination is required, by the European Environment
Agency.

The Copernicus services are mainly responsible for the day-to-day operational managing and
processing of data in accordance with their requirements, and for specific data access and
cooperation agreements with data providers. Whereas the European Environment Agency focuses
on maintaining an overview across all the services regarding in situ data requirements, in situ datasets
used by the services, and critical in situ data gaps. To avoid duplication of work, the European
Environment Agency is also supposed to deliver data access solutions targeted multiple services,
such as the Copernicus reference data access portal, CORDA.
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It is the joint effort of the Copernicus services and the European Environment Agency that
operationalise the Copernicus in situ component, but it is the indispensable in situ data contributions
from the EU Member States, International and European networks and other data provides that
make it possible for the Copernicus services to deliver high quality products to end users.

ENEON: The European Network of Earth Observation Networks (ENEON) is a network of
networks aiming to provide an integrated and harmonized perspective on EOs, forecasting and
projecting, helping to reduce redundancies and detect gaps in the European EO arena. ENEON is
funded by the EC through the H2020 ConnectinGEO project. Main goals are to better coordinate
mainly non-space networks, to provide integrated observations and products for resolving
interdisciplinary problems, to be a common voice for the observation networks, to facilitate a link
between the networks and policy and decision makers, and to improve the sustainability of network.
ENEON engages in gap analysis and the prioritization of gaps focusing on in situ data in Europe.
ENEON will improve the European in situ participation in GEO and focus the networks on
support for the implementation and monitoring of the UN Sustainable Development Goals (SDGs).
As an initial activity, dynamic in situ Earth Observation network topography is being compiled and
made available both as a JSON file and as a graphical interface available at
http://www.eneon.net/graph. Figure 1 shows the networks and their interrelations based on the
information currently in the ENEON network topography database.

ENTV/RI: In Europe, environmental research infrastructures provide key tools and instruments for
the researchers to address specific challenges within their own scientific fields. However, to tackle the
grand challenges facing human society (for example climate change, extreme events, loss of
biodiversity, etc.), scientific collaboration across the traditional fields will be more and more
necessary. The Earth system is highly interlinked and the area of focus for environmental research is
therefore our whole planet. Initiatives such as the Environmental Research Infrastructure (ENVRI)
EU project bring together Environmental and Earth System Research Infrastructures, projects and
networks together with technical specialist partners to create a more coherent, interdisciplinary and
interoperable cluster of Environmental Research Infrastructures across Europe. ENVRI was first
created in 2011 to avoid the fragmentation and duplication of efforts, making the Research
Infrastructures’ products and solutions easier to use with each other, improving their innovation
potential and cost/benefit ratio of the Research Infrastructure operations. ENVRIplus is another EU
project that continues the efforts in this direction.
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Figure 1: Topography of European Earth observation networks. The topography is continuously
revised and updated. For lower part of the diagram, see next page. See text for details.
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2.2 Asia

In this section, initially only two domains have been selected as examples. There are many
more areas that will be covered in a future version of the document.

2.2.1 Asia-Pacific Biodiversity Observation Network (AP-BON)

Responding to the call of GEO BON, AP-BON (Asia-Pacific Biodiversity Observation Network)
was organized in 2009, one year eatlier than CBD COP 10 in 2010. The history of AP-BON until
2012 is summarized by Yahara et al. (2014). The first AP-BON workshop was held from 21-22 July
2009 in Nagoya, and the second workshop was held from 10-11 December 2009 in Tokyo.

Through discussion in those workshops, participants agreed on the following AP-BON visions,
which are slightly modified from GEO BON visions:

e To establish a coordinated Asia-Pacific network that gathers and shares information on
biodiversity and ecosystem services,

e To provide tools for data collection, sharing/exchange, analysis, and synthesis/integtration,
and

e To contribute to improving ecosystem management, sustainable use of biodiversity, and
human well-being.

Participants also agreed on the following AP-BON missions:
e Observing and analyzing changes in biodiversity over time.

e Improving delivery of biodiversity information and services to users, particularly decision
makers.

e Facilitating linkages among many countries, organizations, and individuals contributing to
biodiversity observations.

¢ Identifying gaps between existing biodiversity observation systems and promoting
mechanisms/projects to fill them.

Since 2009, AP BON made good progress in achieving those missions including contributions to the
success of CBD COP10 in Nagoya in 2010. As for the first mission, significant progress has been
made from 2011 to 2015 through a project "Integrative observations and assessments of Asian
biodiversity" sponsored by the Environment Research and Technology Development Fund of the
Ministry of Environment Japan. An example of the progress is a series of plot-based surveys on
vascular plant richness in Vietnam, Cambodia, Thailand, Myanmar, Malaysia and Indonesia where a
total of 115 plots with the same size of 100 m x 5 m have been placed in collaborations with
botanists in those countries. In each plot, all the vascular plants including trees, shrubs, herbs,
climbers and epiphytes have been recorded, photographed, and collected. The specimens obtained
from those surveys have amounted to 24,259 and the number of operational “species” recorded is
approximately 19,000. For all specimens, silica-gel dried samples for DNA isolation have been
collected. Taxonomic studies of those specimens, using both morphological observations and DNA
barcodings, ate now in progress and studies until today have resulted in publications of more than 50
new species. In Cambodia, where 22% of forest coverage was lost between 1990 and 2010,
permanent plots with historical records were re-surveyed and significant species richness loss was
documented (Toyama et al. 2015).

Another example of observing biodiversity is a series of fish survey in Mekong Basin. Kano et al.
(2013) developed fish distribution data database that integrated information on freshwater fish
specimens collected between 2007 and 2014 from 1571 sites in Cambodia, Laos, Thailand, and
Vietnam. Using this database, Kano et al. (2016) assessed risks of hydropower dams and global
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warming on freshwater fish diversity loss. Projections from scenarios assuming the synergistic effects
of dams and global warming showed 10-20% higher impact on fish diversity than the scenatios
assuming additive effects.

As for the second mission, three volumes of books were published on states and trends of
biodiversity in the Asia Pacific region (Nakano et al. 2012, 2014, 2016). Volume 1 includes overviews
of biodiversity observations in the Asia-Pacific region, introductions to some useful databases,
reviews of new tools and methods, and summaries of states and trends in biodiversity and ecosystem
services in the Asia-Pacific region. Volume 2 includes documentations on achievements and
challenges of AP BON since Volume 1, introductions to advanced methods of integrated
biodiversity observations and reviews of socio-economic aspects of biodiversity. Volume 3 focuses
on states and trends of freshwater biodiversity in the Asia-Pacific region.

As for the third mission, an active network of biodiversity observation in the Asia-Pacific region was
developed through seven workshops and additional related meetings. Participants of those meetings
are from Japan, Mongolia, Korea, China, Taiwan, Vietnam, Laos, Cambodia, Thailand, Myanmar,
India, Nepal, Malaysia, Singapore, Brunei, Indonesia, Philippines, Fiji, Palau, Samoa, Papua New
Guinea and Australia (as an observet).

The seventh workshop was held from 19-20 February 2016. In this most recent workshop,
participants discussed about the following questions;

e Why, what, where do we observe?
o  What is APBON’s niche?
e How do we promote the organization of BONs in the AP Region?

e How do we strengthen the link of APBON to GEOBONP?

e How do we align the biodiversity initiatives that are in the region?

Also, the participants discussed about future plans of AP BON including the publication of AP
BON Book Volume 4, training courses of taxonomy and data sharing, summary of national red lists
etc. We will continue our efforts to achieve those plants by which we can strengthen our activity of
biodiversity observations in the Asia-Pacific region, including data collection, sharing, analysis, and
synthesis, and contribution to sustainable use of biodiversity.

2.2.2 AsiaFlux

AsiaFlux is one of regional research networks under FLUXNET (http://fluxnet.ornl.gov/, Figure 2)
bringing together scientists from universities and institutions in Asia to study the exchanges of
carbon dioxide, water vapor, and energy between terrestrial ecosystems and the atmosphere across
daily to inter-annual time scales. Its mission is to bring Asia's key ecosystems under observation to
develop and transfer scientific knowledge to ensure quality and sustainability of life in Asia. The
purpose of the network is to develop collaborative studies and datasets on the cycles of carbon, water
and energy in key ecosystems in Asia, to organize workshops and training on current and related
global change themes, and to cultivate the next generation scientists to become informed leaders and
stewards with skills and perspectives to address global climate change in Asia.

AsiaFlux was established in 1999, and up to now it has held 11 international scientific conferences
and workshops in Japan, Korea, China, Thailand, Taiwan, Malaysia, the Philippines, and India. One
of the highlighted activities within AsiaFlux is the capacity building program based on short training
courses, training workshops, and joint field practices. The program started in 2006 with financial
supports from two projects, namely “Standardization and Systematization of Carbon-Budget
Observation in Asian Terrestrial Ecosystems Based on the AsiaFlux Framework” by the Asia-Pacific
Network for Global Change Research (APN), and “Initiation of the next-generation AsiaFlux” by
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the Japanese Ministry of Education, Culture, Sports, Science and Technology (MEXT). The main
objectives of the program were originally to initiate eddy covariance measurements for energy, water
vapor, and COz flux sites and to grow research communities for the sites in each country and region.

Capacity building programs have been planned and conducted depending on each target and need
from different countries and regions. The targeted groups have been, among others, beginners in the
field, i.e., persons with observation experience of 2-3 years, and young scientists who seck to conduct
excellent science and write better papers. The training courses for beginners have been effectively
supported by sensor production companies attending the annual meetings of AsiaFlux. The training
workshops for students and researchers with limited observation experience have been usually
conducted with relatively small numbers of participants (< 15-20 persons) focusing on their own
needs, e.g. long-term measurements and data analysis. Such small-scale training courses have been
independently held in countries such as Malaysia, Vietnam, and Bangladesh, to raise the scientific
level of targeted regions.

Another essential part of AsiaFlux is data sharing based on the AsiaFlux database, which was
officially established in 2007, starting from sharing datasets provided by about ten flux sites in Asia.
The number of data shared in AsiaFlux database has steadily increased since then. Contributions
from domestic and international science projects for various kinds of synthesis studies are
indispensable. The participants have shared their quality-controlled datasets to the AsiaFlux database
after the synthesis had been completed. In particular, CarboEastAsia (2007-2012), the international
joint project among ChinaFlux, KoFlux, and JapanFlux (national networks for China, Korea and
Japan) has compiled datasets throughout Asia, and the number of sites has reached approx. 30
including forests, grassland, and agricultural fields. The project has also produced gap-filled datasets,
and almost all the data have been shared in the AsiaFlux database. So far, a total of 104 sites across

Asia have been registered in AsiaFlux, and the number of sites whose datasets have already been
shared in AsaiFlux database is 36 (as of July 2016).

¢ Continue expanding observation sites and communities in setious 'blank area' in Asia such as
in south and southeastern Asia, central Asia, Siberia, and etc.

e Improve new observation techniques and skills, and other trace gas emissions, and their
QC/QA, and standardization

e Improve scientific level of Asian-scale international synthesis studies and contribute to
global communities more directly.

For mote details, see http://asiaflux.net/.
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Figure 2: AsiaFlux registered site information (http://asiaflux.net/)

3. ACTIVITIES IN DOMAINS AND SOCIETAL BENEFIT AREAS

In this Section, activities related to in situ observations and their regional to global coordination for
selected areas such as Geodesy (Section 3.1) and Climate and Atmosphetic composition (Section 3.2)
are described as good practices. It is planned to add other areas, such as oceans, meteorology, and
land applications. Sections 3.3 to 3.5 describe emerging in situ implementation challenges, which
should meet requirements of GEO.

3.1 Geodesy
3.1.1 The Dynamic Earth

The Earth is a dynamic system—it has a fluid, mobile atmosphere and oceans, a continually changing
global distribution of ice, snow, and water, a fluid core that is undergoing some type of
hydromagnetic motion, a mantle both thermally convecting and rebounding from the glacial loading
of the last ice age, and mobile tectonic plates. In addition, external forces due to the gravitational
attraction of the Sun, Moon, and planets also act upon the Earth. These internal dynamical processes
and external gravitational forces exert torques on the solid Earth, or displace its mass, thereby
causing the Earth’s shape, gravity, and rotation to change. These dynamical processes also cause
natural hazards like earthquakes, tsunamis, volcanic eruptions, tectonic deformations, landslides,
deglaciation, sea level change, floods, desertification, storms and storm surges, global warming and
many others.
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The world’s growing population needs to cope with the consequences of the dynamic Earth system.
Towns and cities are spreading into areas of high risk from natural hazards. Major infrastructure is
being built in potentially hazardous areas, thereby increasing the vulnerability of society to natural
hazards. This infrastructure is increasingly being lost in natural disasters, affecting economies on
national and global levels, with severe societal impacts. In addition, the growing demand for access to
food, water, energy, and materials is stressing the finite resources of planet Earth. Clearly, dynamic
Earth system processes have a major impact on society, both now and in the future. In order to
minimize the impact of these processes and to preserve natural resources for future generations, a
better understanding of the processes is needed. This better understanding can only be achieved
through observations. Only through observations will the predictive capabilities of models be
improved, allowing impacts to be assessed and informed decisions to be made.

EOs are needed not only for scientific research but also for societal applications such as disaster
prevention and mitigation, managing resources like energy, water, and food, mitigating the effects of
climate change, and protecting the biosphere, the environment, and human health. Geodetic
observations provide the metrological foundation for EOs and provide the means to determine mass
transport in the Earth system. Geodetic observations are therefore a cornerstone of the Earth
observing systems needed for scientific research and societal applications.

3.1.2 Geodetic Observations

Geodesy is the science of the Earth’s shape, size, gravity and rotation, including their evolution in
time. A number of different measurement techniques are used to observe the geodetic properties of
the Earth including the space-geodetic techniques of Very Long Baseline Interferometry (VLBI),
Satellite Laser Ranging (SLR), Global Navigation Satellite Systems (GNSSs) like the US Global
Positioning System (GPS), and the French Doppler Orbitography and Radiopositioning Integrated
by Satellite (DORIS) system. These space-geodetic observations also provide the basis for the
realization of the reference systems that are needed in order to assign coordinates to points and
objects and thereby determine how those points and objects move in space and time. For this
purpose, the global network of tracking stations is crucial (Figure 3).

The International Association of Geodesy (IAG), a founding association of the International Union
of Geodesy and Geophysics (IUGG), is the international scientific organization devoted to the
advancement of geodesy. Its origin dates to 1862 when the Prussian General Johann Jacob Baeyer
formed the Central European Arc Measurement project with the ultimate goal of precisely
determining the size and shape of the Earth. Today, more that 150 years later, the IAG continues to
pursue this goal by collecting, analyzing, modeling and interpreting observational data, by advancing
geodetic theory through research and teaching, by stimulating technological development, and by
providing a consistent representation of the shape, rotation, and gravity field of the Earth and planets
including their temporal variations.

With the objective of determining global properties of the Earth like its shape and size, geodesists
have always cooperated with each other, both nationally and internationally. To determine global
Earth properties, observing stations must be globally distributed, by necessity requiring them to be
located in different countries. The organizations operating the stations in the different countries must
then cooperate with each other in order achieve the geodesists’ objective. This cooperation is
accomplished under the auspices of the IAG.
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Figure 3. The GGOS network. Locations of the currently operating GNSS (solid yellow circles),
SLR (hollow blue citcles), DORIS (hollow white circles), and VLBI (hollow red citcles) stations in
the GGOS network.

The IAG accomplishes its mission to advance geodesy through the activities of its operating
components, including its Commissions, Services, and the Global Geodetic Observing System
(GGOS). The Commissions represent the major fields of activity in geodesy and represent the IAG
in all relevant scientific matters, promoting the advancement of science, technology, and international
cooperation in these fields. The four IAG Commissions are: (1) Reference Frames, (2) Gravity Field,
(3) Earth Rotation and Geodynamics, and (4) Positioning and Applications.

The IAG Services organize the collection and reduction of geodetic observations and generate the
geodetic products needed for scientific research and societal applications. There are currently 14
Services spanning the relevant geometric, gravimetric, oceanographic, and related properties of the
Earth. Included amongst these Services are the geometric Services of the International GNSS Service
(IGS), the International DORIS Service (IDS), the International Laser Ranging Service (ILRS), the
International VLBI Setvice for Geodesy and Astrometry (IVS), and the International Earth Rotation
and Reference Systems Service (IERS). Figure 3 shows the locations of the currently operating
stations in the IVS, ILRS, IGS, and IDS networks.

Recognizing the increasingly important role that geodesy plays in scientific research and societal
applications, the IAG established the Global Geodetic Observing System (GGOS) in 2003, first as a
Project and then, in 2007, as a full component of the IAG. GGOS is meant to be the observing
system of the IAG, organizing its technique-specific Services under one unifying umbrella, thereby
forming a comprehensive geodetic observing instrument integrating the hitherto separate pillars of
geodesy (shape, rotation, and gravity) into one consistent observing system. GGOS works with the
other IAG components to provide unique, mutually consistent, and easily accessible geodetic
constants, data and products for science and society. In addition, GGOS represents the IAG in the
GEO and is IAG’s contribution to GEOSS that is being constructed by GEO.

GGOS provides the basis on which future advances in the geosciences can be built. By considering
the Earth system as a whole (including the geosphere, hydrosphere, cryosphere, atmosphere and
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biosphere), monitoring Earth system components and their interactions by geodetic techniques and
studying them from the geodetic point of view, the geodetic community provides the global
geosciences community with a powerful tool consisting mainly of high-quality services, standards and
references, and theoretical and observational innovations.

Observations of the Earth’s shape, rotation, and gravity provided by the IAG’s GGOS and its
Services show that they change on a wide range of timescales reflecting the wide range of processes
affecting them, from external tidal forces to surficial processes involving the atmosphere, oceans, and
hydrosphere to internal processes acting both at the core-mantle boundary as well as within the solid
Earth itself. Measurements of the Earth's shape, rotation, and gravity can therefore be used to gain
greater understanding of mass transport within the entire Earth system, from tracking water in its
various phases as it cycles through the atmosphere, oceans, and land, to crustal deformation
associated with tectonic motions and glacial isostatic adjustment, to torsional oscillations of the core.

3.1.3 Terrestrial Reference Frame

Geodetic observations of the Earth’s variable shape, rotation, and gravity also provide the
basis for realizing the reference systems that are required in order to assign coordinates to
points and objects in space and time and to describe the motion of the Earth in space. Two
such reference frames are realized by geodetic observations: the terrestrial reference frame
and the celestial reference frame. Since the terrestrial reference frame is attached to the Earth
and the celestial reference frame is fixed in space, these two reference frames are linked to
each other by the Earth’s rotation in space.

The most accurate global celestial and terrestrial reference frames available today are the
International Celestial Reference Frame (ICRF) and the International Terrestrial Reference
Frame (ITRF) that are produced under the auspices of the IERS. The ICRF is represented
by a set of estimated positions of extragalactic reference radio sources; the ITRF is
represented by a set of estimated positions and velocities of globally distributed reference
marks on the solid Earth’s surface associated with the VLBI, SLR, DORIS, and GNSS
observing stations.

The TRF determined by geodetic measurements is the indispensable foundation for all the
sustainable EOs that are used by science and society for so many purposes, including
navigation, mapping, surveying, construction, land development, natural resource
management and conservation—in fact, all decision-making activities that have a geo-related
component. It allows different spatial information, such as imagery from different space and
airborne platforms, to be geo-referenced and aligned with each other. And it plays a key role
in modeling and estimating the motion of the Earth in space, in measuring change and
deformation of all components of the Earth system, and in providing the ability to connect
measurements made at the same place at different times, a critical requirement for
understanding global, regional and local change. Providing an accurate, stable, homogeneous,
and maintainable terrestrial reference frame to support numerous scientific research and
societal applications is one of the essential goals of the IAG’s GGOS.

The advent of space-geodetic techniques enabled a rapid increase in the accuracy of at least
five orders of magnitude of the reference frames mentioned above over the last four
decades, and this has contributed to the economic and social development of a modern
global society. Many applications of considerable economic value are enabled by precise
positioning in a stable reference frame ranging from determining real-estate boundaries

75



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
Acronym:

connmﬁn m Project title:

Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,

natural resources and raw materials
efficiently and with high accuracy (particularly in high-value urban areas), mapping
subsurface infrastructure, operating heavy equipment (including mining equipment),
navigating human-controlled and autonomous vehicles, improving resource efficiency of
agriculture, increasing safety of air traffic, to the docking of large ships in harbours, to name
a few. Likewise, many scientific studies depend on observations that require high-accuracy
positioning, including, for example, studies of natural and human-made hazards and disaster
risk reduction, understanding global and climate change, monitoring sea level rise and
groundwater level changes. EO from space and in situ observations depend crucially on the
access to long-term stable, accurate reference frames. The importance of the reference
frames has been acknowledged in a number of national and international resolutions, most
recently in the United Nations General Assembly resolution on Global Geodetic Reference
Frames (69/260).

Geodesy uses a range of space-geodetic and traditional techniques with specific strengths
and weaknesses to maintain the reference frames. Co-location of in situ components
provides the means to interconnect the techniques and to reduce the individual weaknesses
and exploit the strengths. Of particular interest are geodetic core stations, which are
fundamental for the accuracy and long-term stability of the global celestial and terrestrial
reference frames and the Earth orientation parameters (including time keeping) that link
these two frames together. The core stations are those where several techniques are co-
located allowing the combination of the available techniques for the best possible products.
A global tracking network of several hundred stations with one or more of the geodetic
techniques is used to realize the global reference frames. The number and spatial distribution
of the core stations has a major impact on the overall accuracy and stability of the reference
frames and the performance of many societal applications and scientific studies.

Besides the need for co-location to interconnect the techniques, a unique aspect of the
geodetic in situ networks is that several techniques depend on coordinated observations of
instruments distributed globally and joint analyses of data from the global networks. This
need has made global coordination and data sharing an inherent characteristics of geodetic in
situ observations. Joint observations, data management, analysis, and product delivery are
coordinated by the global geodetic community active in the services of the IAG.

3.2 Climate and Atmospheric composition

The Global Atmosphere Watch (GAW) Programme was created by WMO in 1989 in
response to the growing concerns related to human impacts on atmospheric composition
and the connection of atmospheric composition to weather and climate. GAW’s mission is
focused on the systematic global observations of the chemical composition and related
physical characteristics of the atmosphere, integrated analysis of these observations and
development of predictive capacity to forecast future atmospheric composition changes.
These observations and analyses are needed to advance the scientific understanding of the
effects of the increasing influence of human activity on the global atmosphere as illustrated
by such pressing societal problems as: changes in the weather and climate related to human
influence on atmospheric composition, particularly, on greenhouse gases, ozone and
aerosols; impacts of air pollution on human and ecosystem health and issues involving long-
range transport and deposition of air pollution; and changes in UV radiation as
consequences of changes in ozone atmospheric content and climate, and subsequent impact
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of these changes on human health and ecosystems. The new GAW implementation plan was
published in 2016.

The mission of GAW is to reduce environmental risks to society and meet the requirements
of environmental conventions, to strengthen capabilities to predict climate, weather and air
quality, and to contribute to scientific assessments in support of environmental policy. For
this purpose, GAW supports global, long-term observations of the chemical composition
and selected physical characteristics of the atmosphere at different sites around the World,
emphasizing quality assurance and quality control, and delivering integrated products and
services of relevance to users, in particular for the study of climate change and its impacts.

In providing a comprehensive set of high quality and long-term observations of atmospheric
composition GAW supports the United Nations Framework Convention on Climate
Change (UNFCCC), especially by contributing to the implementation plan for the Global
Climate Observing System (GCOS), the Intergovernmental Panel on Climate Change
(IPCC) and to the development of Global Framework for Climate Services (GFCS).

The program is operated through the support of different stakeholders organized either at
WMO member state level or, at regional level, as in the case of Europe with the research
infrastructure consortia (ICOS, ACTRIS). The importance of atmospheric composition in
the above matters was emphasized in resolutions from the Seventeenth World
Meteorological Congtress, which stressed the need to enhance the capacity of NMHSs to
deliver on their mission by developing and improving competent human resources, technical
and institutional capacities and infrastructure; particularly in countries where the capability to
maintain high standards of observations, data and metadata is problematic. It also included
Resolution 60 of the 17th Congress, which urges members to strengthen their support to the
framework of the GCOS Essential Climate Variables (ECVs) in the collection and supply of
data and products to support the GFCS on a free and unrestricted basis. Among others,
GCOS ECVs include data on the composition of the atmosphere including aerosols and
their precursors, greenhouse gas and atmospheric ozone data together with climate relevant
cryosphere data, including glacial monitoring.

3.3 Food security

The growing global population - coupled with changing patterns of consumption - is
increasing the demand for food. Food security relies on various elements related to the
availability of safe foods, such as water abundance, vegetation stresses, yield variance and soil
quality. Today, with increasingly limited land available for agricultural activities due to it
depends mainly on soil fertility and its relationship with the other ecosystems, more intensive
food production is resulting in a heightened environment impact. To that end, severe threats
linked to agricultural production, as soil degradation and desertification, together with
deterioration of water quality and water balance, are widely reported.

Eliminating such effects and guaranteeing food security requires a sustainable intensification of
agricultural production that is beneficial in order to minimize yield gap, by identifying the potential
scope for raising average yields via optimization of spatially explicit irrigation, fertilization and
application of pesticides. Aligned with this rationale is the long-term monitoring of cultivations, soils
and food security essential parameters (e.g. soil degradation/acidification/moisture as well as their
protection against the water extremes regimes (floods & drought). The collection of high-resolution
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information about key soil properties, the amount of plant available water, nutrients and others
which largely affect crop growth remains a challenging task in order to facilitate reduced input
agriculture applications.

The improved provision of EO services and improved access to that data, should be at the core of
GEO activities. The systematic integration of EO data with high resolution (e.g. spatiotemporal and
spectral) relying also on adequate modelling will greatly impact the level of acquired information,
enable the evaluation of new service chains and methods and extraction of actionable agricultural
knowledge for assessing sustainable agricultural development and food security. As a concrete,
sustainable action towards improved access to space borne but also to in situ derived EO data, higher
level products, and descriptive metadata, as well as knowledge on existing service chains and
processing tools, could act as a catalyst for end-users to preserve soil and water resources from
further degradation and adapt the appropriate agro-technical activities accordingly to microclimatic
conditions, securing the abundance of healthy crops and yield production yeatrly. All these will
facilitate further the perspective of variable rate application, according to which, agricultural inputs
are applied in controlled amounts to the specific parts of the field that requires them.

3.4 Climate Change

Climate change is now affecting every country on every continent. People are experiencing the
significant impacts of climate change, which include changing weather patterns, rising sea level, and
more extreme weather events. The poorest and most vulnerable people are being affected the most.
It is disrupting national economies and affecting lives, costing people, communities and countries
dearly today and even more tomorrow. Climate Change is one of the sustainable development goals
of UNEA and the recent COP21 Paris climate conference adopted the first-ever universal, legally
binding global climate deal to set out a global action plan to put the wotld on track to avoid
dangerous climate change by limiting global warming to well below 2°C. The agreement is due to
enter into force in 2020.

The greenhouse gas emissions from human activities are driving climate change and continue to rise,
reaching every year unprecedented levels. Affordable technology-based or not solutions are now
available to enable countries/regions/cities to engage in more resilient economies: renewable energy
and other measures can substantially reduce emissions and better predicting capacity can lead to
efficient adaptation strategies.

Emissions of pollutants driving atmospheric composition are affecting climate Worldwide and
people everywhere. Solutions to reduce emissions therefore requite an international level of
coordination by widest possible number of countries. Some cooperation is already undertaken within
the International Panel for Climate Change and various international treaties. Recently, COP21
agreement in Paris in December 2015 called for “strengthening scientific knowledge on climate,
including research, systematic observation of the climate system and early warning systems, in a
manner that informs climate services and supports decision-making”.

A suitable observing system allows for informed decisions in a wide range of policy areas, including
climate change and air quality, but also for health, international protocols and research requirements.
Such an observation strategy therefore responds to political, societal and economic challenges and to
the development of scientific knowledge. The challenges in promoting an observation strategy for
the future are therefore tremendous and range from technical issues like the instrumentation to be
applied, how to treat data etc. to more political matters like funding and sustainability.

3.5 Sustainable Development Goals
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In 2015, the United Nations agreed on the Agenda 2030, which aims to reach seventeen SDGs
addressing almost all societal, economic and environmental issues impacting the sustainability of the
modern global society. Each of the goals comes with a set of up to ten specific targets. In order to
monitor progress, a monitoring framework consisting of currently 240 indicators has been developed
by the Interagency and Expert Group on SDG monitoring (IAEG-SDGs) and accepted by the
United Nations Statistical Commission in 2016 as a starting point for the monitoring. The
governments of the wortld are now challenged with the development of policies and the
implementation of actions that would lead to progress towards these ambitious goals and their
associated targets.

Science and technology support is needed to inform policy development and to monitor progress
(Figure 4). Geospatial data including observations of the natural and build environment and data on
the socio-economic system will be crucial for both the monitoring of progress towards the targets
and the planning of actions to make progress. The formal monitoring of progress towards the targets
is based on the monitoring framework defined by the IAEG-SDGs. The monitoring framework has
up to two indicators for each of the targets. A first review of the indicator framework by the GEO
Initiative 18 (GI-18) showed that many of the currently 240 indicators traditional EOs are required
for quantification (Figure 5), and GI-18 is developing methods for the quantification of those
indicators that depend on EOs for quantification (A in Figure 4). The Horizon 2020 Project
“ConnectinGEO” developed a goal-based approach to the identification of EVs (Plag et al., 2016a)
and applied this approach to the SDG indicators (A in Figure 4). This research revealed that a minor
fraction of the SDG Indicators requires traditional EOs of the natural environment for
quantification, while many of the EVs of the SDG monitoring framework are related to the built
environment (Figure 6). A considerable challenge is in the collection of more information on the
build environment. This brings up the question to what extent some of these EVs could be extracted
from available EOs or gathered by using Big Data analysis, in situ obsetrvations, citizen scientists, the
Internet of Things and other forms of crowd-sourcing. The Internet of Things, crowd-sourcing, and
citizen sclentists are promising developments to get the necessary observations. Creating
collaborations that lead to the integration of the new data, including data from human sensors, into
an integrated database available for analysis and models appears to be a necessity, but developing the
concepts and infrastructure remains a challenge.
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Figure 4: Earth observations and SDGs. Relevance of Earth observations and science and technology
support for the implementation and monitoring of progress towards the SDGs and associated
targets. See text for details. From Jules-Plag and Plag (2016a).

For many of the indicators, the integration of socio-economic statistical data with environmental
data, including in situ observations, is of importance (B in Figure 3). GEO has the convening power
to bring the communities together, but to actually achieve the integration, infrastructure is required
that provides tangible incentives for working in a cross-domain environment. It is anticipated that
GEO could use its convening power to facilitate this integration and develop GEOSS toward the
platform for this integration.
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Figure 5: Dependence of SDG indicators on Earth observations. From GEO (2016).

In the ConnectinGEO project, the goal-based approach was also applied to the SDG Target (C in
Figure 4), and this analysis revealed that many of the Targets would benefit from indicators that are
directly related to the environment. An example is SDG-3 “Ensure healthy lives and promote well-
being for all at all ages” and the associated Target 3.9: “By 2030, substantially reduce the number of
deaths and illnesses from hazardous chemicals and air, water and soil pollution and contamination.”
The Indicators included for this target in the current monitoring framework are 3.9.1 “Mortality rate
attributed to household and ambient air pollution” and 3.9.2 “Mortality rate attributed to unsafe
water, unsafe sanitation and lack of hygiene (exposure to unsafe WASH services).” These indicators
are focusing on the impacts and outcomes in terms of mortality. However, mortality is not a good
indicator for progress towards the target because there is an accumulative effect of air quality that
generates a huge time delay between changes in air quality and mortality rates. For example, a
decrease in mortality can happen even if pollution is increasing in the short term. The existing SDG
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indicators for Target 3.9 do not account for the time-lagged relation between pollution and mortality.
Adding indicators for the state of the system (e.g., long-term changes in air quality) would reduce the
time lag between actions taken to make progress towards the targets and a change in the indicators. A
similar situation is found for many other Targets. Many of the more environmentally focused
indicators would require in situ data for quantification. A revision of the monitoring framework
could take this finding into account and account for the linkage of the socio-economic and
environmental aspect reflected in the SDGs.

Besides supporting the monitoring, there is an urgent need to support the planning of actions and
the development of policies that would facilitate progress towards the SDG Targets (D in Figure 4).
For many of the SDGs, research is needed to better understand the causes of the current problems
and to develop options that could lead to more sustainability. Both space-based and in situ EOs are
important for most of this research. Tools to assess the impact of actions and policies are lacking for
most of the SDGs and models capable of answering “What if” questions need to be developed. In
order to capture the complexity, these models need to embrace a hybrid approach and require data
assimilation. To capture the complexity, agent-based models will be crucial. The development and
validation of these models depend on a number of factors. The former depends on how well the real
world has been modeled and applied to the agent-based model. It has to be ensured that the best
available modeling parameters and framework is applied by coupling the agent-based model with
existing environmental models. In applications associated with the built environment it would be
prudent to couple a Geo-Design model with the agent-based model. Data and knowledge integration
can be achieved using the already developed concepts of Geo-Design. A Geo-Design hub can be a
starting point for the integration of built and natural environment with socio-economic data and
support policy development. To promote such interdisciplinary and cross-domain tools, relevant
stakeholders need to see benefits that they cannot achieve on their own.
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Figure 6: Using the goal-based approach of ConnectinGEO to identify EVs for SDG indicators. For
several indicators, traditional EOs are required for quantification (e.g., Indicator 6.3.2; left example),
while most indicators require statistical data or observations related to the built environment (e.g.,
Indicators 6.3.1, left, and Indicator 1.4.1, right). Modified from Jules-Plag and Plag (2016b).

The GI-18 is strongly focusing on the development of training and capacity building programs
directly related to the use of EOs for the monitoring of the SDGs. The implementation plan of GI-
18 includes a number of tangible goals to be achieved by 2020. We are considering including also the
development of toolboxes supporting the implementation of SDGs. The global nature of GEO
allows for actions that lead to capacity building on a global scale. The role of in situ observations for
the quantification of SDG indicators should be emphasized in the capacity building activities.

An important aspect of the SDGs that is often ovetlooked is the interdependency of the SDGs.
Many of the individual SDGs depend on actions focusing on other SDGs, and capacity building
needs to take this into account. For example, restoring ecosystems under several Targets of SDG 15
may be in conflict with SDG1 and SDG2. The example of Mangroves shows that they are connected
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to several SDGs (Figure 7). As a consequence, cross-goal coordination of data collection and
integration, including the in situ observations, would have significant benefits for a cross-goal
consistent quantification of the indicators.

Mangroves link many of the SDGs ..

- . BEE_B8
5B

Mangroves

Figure 7: Cross SDG links. Many of the SDGs are linked to other SDGs and actions to improve
progress towards one target may have negative or positive impacts on others. The example of

mangroves shows that restoring ecosystems could negatively impact food security or increase
inequality or help to reach targets under SDG 14. Modified from Jules-Plag and Plag (2016b).

4 ISSUES REQUIRING GLOBAL COORDINATION

In this section, issues identified so far are summarized for a very limited set of selected areas. It is
planned to review more areas in the coming years. The issues addressed include sustainability of
existing observation infrastructure, investments for new infrastructure, and emerging technologies
and new approaches.

For in situ observation, many observational networks are initially established for research purposes
with a limited lifetime. Facilitating the transition from research to sustained long-term operation is an
issue recognized by GEO from eatly on but no process has been developed to identify suitable
candidate infrastructures and to facilitate the transition. Another issue requiring more attention is the
coordination of the integration of space-based and in situ observations. The analysis of requirements
resulting from SDG monitoring also revealed the need for integration of environmental and socio-
economic (statistical) data — a need recognized by GEO from the start, however, without sufficient
progtess being achieved for this integration. These issues will be addressed by GD-06 in the coming

years.
4.1 Sustainability of Existing Measurements for Climate

According to IPCC’s latest assessment report, the human influence on the climate system is clear and
continued emissions at the current rate will cause changes to all components of the climate system.
The universally accepted Sustainable Development Goal 13, calls for urgent actions to combat
climate change and its impact; the thrust area 13.3 talks about improved education, awareness and
human and institutional capacity for mitigation, adaptation, impact reduction and early warning. A
sound base of knowledge and information, derived from high quality climate data is key to tackle the
challenges associated with climate change. Systematic long term monitoring of the climate system is
not only a fundamental prerequisite to understand both the change and resulting consequences, but
is also a prerequisite for making decisions at all levels. The World Climate Conference in 2009
decided to establish the Global Framework on Climate Services (GFCS) as a UN initiative,
spearheaded by WMO. The five components (pillars) of GFCS are user-interface platforms, climate
service information systems, observation and monitoring, research, modelling and prediction and
capacity development. It is clear that the demand from governments, institutions and citizens for
more useful and reliable information, products and services is increasing, placing the World
Meteorological Organization (WMO) and its Members' National Meteorological and Hydrological
Services (NMHSs) in the forefront for the provision of these products and services. Conclusions
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from the Seventeenth World Meteorological Congress stresses the need for enhancing the capacity of
NHMSs to deliver on their mission by developing and improving competent human resources,
technical and institutional capacities and infrastructure, particularly in countries where capability to
maintain high standards of observations, data and metadata is problematic.

As mentioned in the report, the Earth global observing system has improved substantially in the last
decades but efforts still are needed to address current gaps and shortcomings, and to continue
building on existing observational, data management and exchange systems, adding enhancements
where needed to support provision of climate services. Analysis of gaps in the geographical coverage
of WMO/GAW climate observations shows that numerous in situ stations have been recently closed
or are facing difficulties in reporting information. Many of these stations are actually located in
regions where information is crucially lacking. It is important to address the reasons why long-term
programs for the provision of ECVs are rarely established in the long-term in many countries. Many
hydro-meteorological institutions in charge of weather prediction may not have yet integrated the
new GFSC framework in their priority actions, which is perhaps a cause for some of the difficulties.
Sustainability of the observing system will require that UN member countries, with their own climate
change policies, strategies and action plans, engage in concerted and systematic efforts for integration
of climate risk management in development efforts. Use of climate information at the national level
plays an important part in the capacity and willingness of countries to maintain and further develop
systematic observation and monitoring of climate variables.

The spread and intensity of this engagement varies depending upon the contexts, national
circumstances, programs, needs and capacities of different national entities to efficiently make use of
data and services provided by GFCS. For the sustainability of the in situ observing component, it
seems essential to ensure that climate observations are put to good use in the national level
communications on climate change (national adaptation plan, national adaptation plan of action,
national mitigation plan, national communications to UNFCCC etc.). This implies that stimulating
the demand for climate observations/climate information at the user level in the countries and also
raising the expertise of potential beneficiaries would be effective tools to motivate national support
of in situ observations for climate. Global cooperation and bilateral partnership between countries
are essential to achieving this goal.

4.2 Investigating new in situ measurements

The prioritization of new investments for new in situ measurements is a challenging task, given the
limited resources and rapidly increasing demands for new observations resulting from societal
challenges. An example is the problem of monitoring progress towards the SDGs, where the SDG
Indicators require additional information on the natural and built environment (see Section 3.5
above). Prioritization should be based on a thorough gap analysis and agreed-upon critetia to assess
the societal benefits of addressing certain gaps identified in this analysis. In GEO, a number of
approaches to gap analysis have been discussed in several Tasks and components, but a thorough gap
analysis has not be performed so far. The Task US-09-01 carried out a detailed survey of user needs
and identified a list of prioritized observational requirements (GEO, 2012). In Europe, several EC-
funded projects have attempted domain specific (e.g., GAIA-CLIM, see van Weele, 2015) and cross-
cutting gap analyses (e.g., ConnectinGEO, see Plag et al., 2016b).

In support of prioritizing investments for new in situ measurements, it is important for GD-06 to
facilitate a comprehensive gap analysis with respect to available and required in situ observations.
Such an analysis could be carried out step-wise for regions and specific societal and research
challenges.

Here we provide an initial description for selected areas including agriculture, global change, and
climate, and we discuss steps toward improved access to data, identifying gaps, and building capacity.
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4.2.1 Improving Agricultural Monitoring

Agriculture monitoring and yield assessment need low-cost efficient methods based on EO
technology in conjunction with agro-meteorological modelling. Therefore, new service specifications
have been given for deriving EVs relevant for food security. Diversified EO data sets (e.g. imagery)
and soil spectra libraries together with their metadata can be exploited for identifying soil and crop
attributes and their spatial interrelations in a rapid, precise and inexpensive way for the benefit of all
potential users.

Sensors based on visible, near- and mid-infrared spectroscopy enable the collection of encoding
values of soils that are represented in the spectra as absorptions at specific wavelengths of
electromagnetic radiation. These can be utilized to describe soil both quantitatively and qualitatively.
Currently, advanced technologies are being used to produce miniaturised instruments that are rugged
and cheap and that can be used to help extract useful information from the spectra and to enhance
our understanding of soil. These recently developed innovative sensors have the potential to be
applied to online scanning of soil by a tractor or robot mounted sensor-frame simplifying the
laborious and times consuming static sampling procedure. The advancements in utilising mobile
proximal soil sensing (PSS) for site-specific crop management show that there are advantages in the
PSS technologies, including their ability to enable a range of applications in a variety of operational
environments (e.g. ability to operate even during the night due to their own stable lighting
conditions). Moreover, the progressive miniaturisation and increased speed of the spectral sensors
will enable their use on small-sized airborne autonomous vehicles, such as quadcopters, making
spectroscopy even more attractive. Hence, soil and crop spectra can be recorded by imaging from
remote sensing platforms with typical super spectral, or hyper spectral capabilities (Figure 8).

static

Figure 8: Measuring soil and crops. Soil and crop vis-NIR spectra are measured at points or by
imaging from various developed platforms by i-BEC

Knowing the spatial and temporal variation of soil properties and nutrients and crop stresses through
the availability of hyperspectral georeferenced data allows the establishment of an integrated
monitoring and awareness system for assessing yield, water availability and food security via variable
rate strategies for crop production.

In this respect, the high spatial and spectral accuracy of the data recorded by the in situ sensors,
covering a wide region of the spectral range, can be used to calibrate sensors onboard planes
(airborne) or satellites (space-borne) that are used for the development of prescription maps. Hence,
the challenge of using multiple satellite missions, together with a large dataset of field spectral
measurements will be addressed in the near future.
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4.2.2 Coordinating observing strategy for measuring global changes: from networks to
flagship stations

Observations and monitoring are key elements of the emerging Global Framework for Climate
Services and, more generally, are fundamental support to climate research, assessment of climate
change, and development of policy responses. Observations are fundamental to advancing scientific
understanding of climate and to delivering timely and purposeful climate information needed to
support decision making in many sectors.

Progress in the understanding of atmospheric composition changes and its drivers is therefore
strongly linked to the availability of these observations. The coordinated efforts in the last decade to
facilitate access to data have been extremely beneficial but more needs to be done. While today
reasonable harmonization exists within specific networks, it is not necessarily the case between them,
even for networks measuring similar compounds. As a result, international networks sometimes
collect information in a relatively uncoordinated manner and the overall location of sites for
measuring atmospheric composition from the ground is not organized in the most optimal manner.
The Global Atmosphere Program of WMO has favoured coordination of networks worldwide with
the concept of Global, Regional and Contributing stations reflecting somehow the degree of
concurrent and co-located measurements of key atmospheric species of interest to air quality and
climate studies from background sites (Figure 9). This strategy was backed by regional programs such
as ACTRIS or ICOS in Europe, GMD-NOAA in the US, and others although some regions in the
Wortld do not have regionally organized programs. A similar approach was implemented in the USA
as part of the supersite program for urban areas that led to significant advancements in measurement
methods, atmospheric characterization, and understanding of source-receptor relationships.

A step further for GEO would be to address the need for a higher-level coordination across
networks relevant to different domains, i.e. atmosphere, terrestrial ecosystems, ocean, biodiversity.
The concept of a hierarchical in situ observation system consisting of networks of measurement sites
having increasing complexity from standard single-domain stations to flagship multi-domain stations
may be an interesting option. Flagship stations would consist of instruments making comprehensive
observations of the environmental character of the surrounding area from local to regional to global
relevance. Examples of flagship stations already exist in both natural and urban environments.
Operating a comprehensive observation station together with multi-scale modelling and satellite
remote sensing will provide unique data of relevance to global grand challenges and will enable novel
insights into their solutions.

4.2.3 Facilitating access to data including ECV's

In the 1990s, gaps in knowledge of climate and declining core observational networks in many
countries led to calls for systematic observation of a limited set of critical variables. To provide
guidance, the Global Climate Observing System (GCOS) program developed the concept of ECVs,
which has since been broadly adopted in science and policy circles as described by the IGACO
report more than a decade ago. Adequate observation capacity together with easy access to ECVs are
therefore essentials to implementing the IGACO strategy. Even if ECVs from single networks are
casily accessible, integration across networks or, worse, across domains is far from being
implemented. This is a clear limitation to inter-disciplinary research in the concept of GEOSS. This
will require common policies, models and e-infrastructure to optimize technological implementation,
define workflows, and ensure coordination, harmonization, integration and interoperability of data,
applications and other services between the different networks and programs providing observations
of ECVs. A key challenge for GEO will be to facilitate data discovery and use, and to provide
integrated end-user information technology to access heterogencous data sources. It is clear that
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implementing of the GEO e-environment will require addressing the necessary resources needed in
order to meet end-user requirements.

Figure 9: The network of operational in situ stations with the Global Atmosphere Watch program.

Global stations (square), regional (circle) and local (cross) stations are indicated. As discussed in the

report, while observation density is adequate for some World regions, there are still important areas
where provision of ECV is still crucially lacking.

4.2.4 Filling gaps in observations

Gaps in in situ observations have many different aspects: technological gaps, geographical coverage
gaps, gaps in computing resources, and more. Not all can be covered within this report.

Evolution of observation strategies will have to consider emerging technologies in sensors and their
suitability to respond to the needs of the users. The scientific community is facing technological
revolution with key-enabling technologies that will provide the basis for innovation in a wide range
of products.

Uneven global and regional coverage of climate observations is still limiting our ability to adequately
predict global change. This is due to a number of geogtraphical, economical and political/legislative
reasons. In the past, the main regions of focus of climate observations have been Europe and North
America, and the marine territories traditionally influenced by them. While the main problem in
Western and Northern Europe as well as in North America now appears to be one of network
integration, in other parts of the world the main problem is the very limited geographical coverage.
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Observations in continental Asia are improving but the area is still under-sampled. Clear gaps remain
in polar and equatorial regions, and generally in the southern Hemisphere. This is partly due to the
predominance of oceans there but also due to the lack of monitoring stations on land and to the
restricted number of dedicated field campaigns in many parts of the Southern Hemisphere. One of
the drawbacks of ground-based observations is the need to locate the instruments on land surfaces.
Although data are generated at a few island sites, monitoring over the oceans, which cover about
70% of the globe, is sparse. New technologies may contribute to fill these gaps in geographical
coverage.

4.2.5 Favouring regional cooperation, including training centres

Capacity building constitutes one of the strategic priorities for improving the observing system as a
whole. Developing and improving competent human resources, technical and institutional capacities
and infrastructure, particularly in developing and least developed states is crucially needed.
Developing the capacity to use and develop services provided with the GFCS is similarly important.
GEO must include elements of capacity building in its activities from providing assistance with
operational activities to otganizing topical/specialized wotkshops and formal training programs to
facilitating direct partnering or twinning between more experienced and less experienced countries
and encouraging the establishment of outreach programmes. A regional approach for cooperation in
training may provide the proper scale for organizing the training of technical staff on the operation
of instruments, data handling and data quality assurance. A strong recommendation is to promote
partnership between Europe and countries in the Southern part of Asia, America and Africa to
ensure joint implementation of monitoring networks in these areas.

4.3 Emerging Techniques and new Approaches

Aerial EO has been historically considered to be expensive. Even if it can provide better resolution
than satellite data, the revisiting time is much lower as it is limited by the costs of operation.
Unmanned Aerial Vehicles (UAVs), also called drones, are much easier to fly and can be
programmed to cover some areas automatically. They can carry small sensors, cameras or even
LIDAR scanners. They cannot provide the same data quality and coverage that aerial surveys using
precision sensors can but they can be very useful in emergency response, infrastructure and crop
monitoring.

There are an increasingly large number of citizen science projects active around the world involving
the public in environmental monitoring and other scientific research activities.

Many citizen science projects are grassroots initiatives formed in response to local concerns, but a
few have a more global scope. However, for citizen science to have maximum impact on scientific
research and public policy, data collected from local projects must also be re-usable on national and
global scales (beyond the purpose for which they were originally collected) and complement official
sources. In that respect, the EC is financing projects in the context of GEOSS that should
demonstrate the capacity of existing citizen observatories to achieve broader scope and to integrate
them as another source of valid EO. To do so, these projects have to base their systems on rigorous
data quality protocols, trusted and secure systems, standard data models, open data access and data
curation and preservation.

In the Internet of Things a deep network of sensors is automatically contributing information to the
network, mainly in populated areas (this time connected with is so-called smart cities) but also in
rural areas. These networks produce vast amounts of information that need to be analyzed and
integrated with other EO data types.
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Another form of citizen participation is crowd-sourced information. In some cases, systems are
harvesting the activities of citizens in social networks to, for example, generate eatly warnings of
hazards or to study human distribution and social patterns. More intrusive methods can record and
analyze the use of communication networks. This data is particularly useful for describing human
activities and monitoring infrastructures.

4.4 Coordinating the integration of space-based and in situ observations

The integration of space-based and in situ observations may be accomplished in at least two ways: a)
by using modelling to integrate and optimise the impact of combined and simultaneous use of space
and surface observations; and b) by applying the concept of Integrated Observing Systems when
designing and managing composite observing networks.

Effective integration of space-based and in situ observations is key for many application areas
including weather and air quality forecast models and operational oceanography. The combined use
of surface and space-based observations is considered essential to meeting end users requirements
for information about, for example, the environment, climate, and weather at national, regional, as
well as global scales. As a consequence, the European Earth Observation programme Copernicus is
composed of three components (space-based observations, in situ observations, and services) to
ensure proper integration and coordination of inter alia data availability, observational requirements,
and interoperability.

Integrated Observing Systems, consisting primarily of existing surface and spaced-based observing
capacities, may provide an over-arching framework for the coordination and optimised evolution of
these capacities that will continue to be owned and operated by a diverse array of national, regional,
and global actors.

The advent of Integrated Observing Systems may be viewed as fundamental to meeting future
observational requirements, avoiding duplication of work, achieving the necessary level of
interoperability, and ensuring cost-effective solutions.

The WMO Integrated Global Observing System (WIGOS) may serve as an excellent example of this.
The development of WIGOS is requirements-driven with a clear orientation to inter alia public
health, disaster risk reduction, water resource management and food security, renewable energy,
tourism, travel, and insurance. WIGOS is building upon and adds value to the existing surface and
space-based subsystems, while providing a foundation for the integration of new and emerging
observational technologies. Space-based components of WIGOS will play a key role in the composite
network design and in filling the gaps of data sparse areas, such as oceans and Polar Regions. The
interoperability of WIGOS component observing systems will be achieved through utilisation and
application of internationally accepted standards and recommended practices and procedures. Data
compatibility will also be supported through the use of data representation standards.

WIGOS is addressing all observational needs of the weather, climate, water and environmental
services of its members, and acts as an integrator of all WMO observing systems and WMO
contributions to co-sponsored systems. Together with the WMO Information System (WIS),
WIGOS is a WMO contribution to GEOSS.
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5. CONCLUSIONS AND RECOMMENDATIONS

The limited scope of the report, which is due to the limited time and resources available for the
preparation, does not allow for final conclusions concerning a comprehensive state of in situ
observations and the needs for improved coordination across national, domain, and sector
boundaries. However, the material presented in this report exemplifies the need for coordination on
regional levels and across disciplinary boundaries. It provides a basis for planning the future work of
an in situ working group in GEO that continues the work of GD-06 in the next Work Programme
and allows for initial recommendations to GEO and the identification of the building blocks of a
road map towards improved coordination and exploitation of in situ observations.

5.1 Benefits of Coordinating In Situ Earth Observations

There are many societal and research challenges that need to be addressed to make progress towards
environmental, social and economic sustainability and to support prosperous societies and the safe-
guarding of the Earth’s life support system (see e.g., Griggs et al, 2013). For many of these
challenges, information derived from in situ observations is crucial both for a better understanding of
the relevant processes, the development of policies, the planning of actions, and the monitoring of
progress, as well as a support for space-based observations. Examples are the implementation and
monitoring of the SDGs, the documenting of global change and its impact on humanity, the
sustainable use of resources, governance of risks and the reduction of disasters, and the prediction of
environmental conditions (such as air quality, weather, droughts, floods, seasonal climate in support
of agriculture, sea level, and changes in environmental health). Providing the full range of
information that could be derived from in situ measurements often would require cross-discipline
coordination and data integration and coordination across national boundaries. In the regions
surveyed so far, there is still a need to improve this coordination, despite considerable progress in
recent years. Without having performed a detailed analysis for other regions not consider in this
report, it can nevertheless be assumed that in those regions the lack of coordination limits the
exploitation of in situ observations significantly, too. Economic activities aiming to utilize the
potential of the available in situ observations by providing value-added services are often hampered
by factors such as use restrictions and the lack of access to data.

5.2 Challenges of Coordinating In Situ Earth Observations

The regional landscape of in situ observation networks, research networks, and research
infrastructures is complex and there are many stakeholders involved in maintaining networks,
archiving data, processing data and generating products, and using observations for value-added
activities. Many users are benefiting from information and knowledge derived from in situ
observations, and many more could benefit if the providers of this information and knowledge
would be better connected to the users and have better knowledge of their needs. The networks and
organizations are to some extent fragmented along national, disciplinary, and sectorial boundaries.
On global level, coordination is well developed for some discipline-focused networks (e.g.,
meteorological and geodetic networks) and to some degree by in situ components of the space
agencies, while for the rest no global coordination mechanisms exist. The increasing societal needs
for information detived from in situ observations is likely to also increase the need for in situ
observations complementing the classical expert collection with new and emerging technologies and
approaches such as the Internet of Things, citizen scientists, and crowd-sourcing. A particular
challenge with the increasing variety of in situ networks and the new methodologies/technologies is
in the integration and interoperability of the different data types, which requires special attention to
the coordination of semantics and standards as well as guarantying coverage that includes remote
areas.
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Continuity and long-term time series are key, but in some cases, the sustainability of observation and
processing infrastructure is not easily ensured, and decisions on discontinuing funding to networks
are often made without a thorough analysis of the societal and scientific benefits of the observations.
A coordinated, detailed gap analysis based on well-defined user needs could help to ensure that the
societal benefit of networks can impact the decisions to continue or discontinue the networks. A gap
analysis can also provide a basis for prioritization of investments on new infrastructure. In that sense,
defined sets of EVs provide a basis for a holistic cross-domain gap analysis and prioritization.
However, the approaches used to determine domain specific EVs show a broad range of variability
and a cross-domain coordination of the development of sets of domain-specific EVs is urgently
needed. GEO could play an important role in convening this coordination process.

5.3 Recommendations to GEO

The Task Team of GD-06 recommends that

a process to coordinate the development of sets of domain-specific Essential Variables be
convened by GEO and those EVs that require in situ observation be identified;

the need for regional trans-boundary and cross-domain coordination of in situ Earth
observations, including semantic harmonization, adoption of standards, processing of data
to generate information products of value for societal users and the adherence to GEO data
sharing and management principles, be emphasized and covered with the needed resources
in the GEO Work Programme;

a comprehensive gap analysis to identify gaps in the in situ networks vis-a-vis GEO
programmes’ requirements for in situ observations be convened by GEO with the goal of
providing guidance for the maintenance of existing and the development of new in situ
networks.

5.4 Recommendation to the GEO in situ working group in the next Work Programme

The Task Team of GD-06 recommends that

the sutvey of the state of in situ observations and their coordination be further detailed and

extended to include Affrica, the Americas, and Oceania and also add additional domains in
Asia;

existing and potential new coordination models be assessed;
the role of the private sector as provider and user of in situ observations be considered;

efforts be made to provide a more complete picture of the risks of loss of observational
continuity and issues that reduce the sustainability of in situ networks, impact the cross-
domain integration and coordination, and hamper the full exploitation of the societal
benefits of these observations;

the in situ working group take an active role in collecting relevant in situ data requirements
and a gap analysis and prioritization process that can provide guidance to the in situ
communities with respect to unmet user needs and the prioritization of existing and new
networks.

5.5 Road Map Toward Increase Coordination of In Situ Earth Observations

The following steps could facilitate progress towards improved coordination of in situ EOs:

Complete the descriptive analysis of the regional state of in situ observations with a focus on

91



H2020 Project Nr: 641538. Project start date: 01 Feb 2015
Acronym: ConnectinGEO

u
connmw Project title: Coordinating an Observation Network of Networks EnCompassing saTellite and IN-situ to fill the

Gaps in European Observations
Theme: SC5-18a-2014. Coordinating European Observation Networks to reinforce the knowledge base for climate,
natural resources and raw materials

(@) observation networks; (ii) data processing and access facilities; (iii) linkage between
providers and users.

e Analyse the coordination mechanisms in terms of capabilities to facilitate regional cross-
domain coordination and coordination across sectorial boundaries.

e If necessary, develop new coordination approaches and propose these to GEO.

e Convene regional and global conferences/workshop to promote coordination in the in situ
communities.

e Identify research observation networks that should be transitioned to an operational state
and the facilitation of this transition in GEO.
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ARTICLE INFO ABSTRACT

Article history: To meet collective obligations towards biodiversity conservation and monitoring, it is essential that the world's

Received 30 Mareh 2016 governments and non-governmental organisations as well as the research community tap all possible sources

Received in revised form 23 August 2016 of data and information, including new, fast-growing sources such as citizen science (C5), in which volunteers

:z‘g:}‘: iiﬁﬂ*::::r e participate in some or all aspects of environmental assessments. Through compilation of a database on CS and
community-based monitoring (CBM, a subset of CS) programs, we assess where contributions from €S and

Keywords: CBM are significant and where opportunities for growth exist. We use the Essential Biodiversity Variable frame-

Cittzen science

Community-hased monitoring

Databases

Essential biodiversity variables (EBV)

Global Biodiversity Information Facility (GBIF)
Group on Earth Observations Biodiversity Ob-
servation Metwork (GEO BON)

work to describe the range of biodiversity data needed to track progress towards global biodiversity targets, and
hsand gapsin ical and t. ic coverage. Our results show that existing CS and CBM
data particularly provide large-scale data on species distribution and population abundance, species traits such as
phenology. and ecosystem function variables such as primary and secondary productivity. Only birds, Lepidop-
tera and plants are monitored at scale. Most CS schemes are found in Europe, North America, South Africa,
India, and Australia, We then explore what can be learned from successiul C5/CBM programs that would facilitate
the scaling up of current efforts, how existing strengths in data coverage can be better exploited, and the strate-
gies that could maximise the synergies between C5/CBM and other approaches for monitoring biodiversity, in
particular from remote sensing, More and better targeted funding will be needed, if CS/CBM programs are to con-

tribute further to international biodiversity monitoring.
© 2016 The Authors, Published by Elsevier Lid. This is an open access article under the CC BY license (hty
creativecommons.org licenses,/by/4
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1. Introduction

global biodiversity. Moreover, one of the four main functions of the In-
tergovernmental Panel on Biodiversity and Ecosystem Services is to

International treaties such as the Convention on Biological Diversity,
the Convention on International Trade in Endangered Species of Wild
Fauna and Flora, and the Convention on the Conservation of Migratory
Species recognise the need to assess change in the status and trends of
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“perform regular and timely assessments of knowledge on biodiversity”
(IPBES, 2013).

Current biodiversity informatics programs allow for inferences
about the status and trends of global biodiversity, and gaps and priori-
ties have already been identified (Arifio et al., 2016; Meyer et al.,
2015; Peterson et al., 2015; Peters et al,, 2014; Ruete, 2015; Wetzel et
al., 2015). To help track global biodiversity change, the Group on Earth
Observations Biodiversity Observation Network {GEQ BON) proposed
a candidare set of Essential Biodiversity Variables (EBVs; Pereira et al.,
2013). EBVs represent the minimum set of measurements needed to
capture major dimensions of biodiversity change, and are now being
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Table 1

Examples of the coverage of Essential Biodiversity Variables (EBVS) by citizen science (C5) and ¢
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based monitoring (CEM)

1 indicate the scale of the

projects and the feasibility of daza collection by crizens and community members. Green indicates EBVS with Righ adequacy in terms of remotely sensed producs, yellow indicates me-
dium adequacy while red is low adequacy or no remozely sensed products that can monitor these EBVS ((FConnor ef al, 2015). References 1o CBM programs is available in Appendix 5.
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Most abundant ) . I Lo
Species Global, biodiversiy-relaed elurd Fee_da'w:nch India Identilication of multiple species in
distribution regional, local citizen science Biodiversity Poral, Madagascar and elsewhere {eg.
o ation iNaturalist, iSpot. Reef Life Andrianandrasana et al., 2005
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Bresding Bird Survey, Manitoring of hombills in India
m‘::;’;fﬂ"‘:“ :ﬂ Butterfly Conservation (Bachan et aL,, 2011) and
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P o - International Waterbird Tanzania and Nicaragua
populations stindies Census ( Danielsen et al. 2014d)
Monarch Larvae Sea urtle nest counts (Granek
" Monitoring Project, and Brown, 2005 ; piscivorous
:cm"". studied at Monitoring Avian and herbivorous reef fish
. al sites, but there s .
Regional, are several regional Productivity and (Uychiaoco et al, 2005 ); trophy
tocal M Survivorship (MAPS | size (Lyons, 1998)
m:cuu"axa North American Butterfly
M Monitoring Network.
several Earthwatch
projects
Monitoring of caribou migration
Most abundant trait Cimatewatch (Australia), timing in the Arctic (Huntington et
Resional, observation made by Nature's Calendar (UK), al., 2004 : migratory mammals in
Phenology th ' citizen science Phenoclim | France | ISA Tanzania (Topp-Jergensen et al,
volunteers; many National Phenology 2005); grazing seasons in
leng-term datasets Network. Project Budburst rangelands in Kenya Roba and
Oba, 2009}
Regional, m;::y :onec::e d Some Earthwatch projects, Surveying of fish populations in
local ot pect MAPS, OpenTreeMap Peru (Carvalho et al. 2009)
Cmly collected via
Local professional - -
monitoring
. = eRird. Hawk Count.
Species raits Pbunn:mtdau_lor Journey North, Menarch
obser “‘# ’1::;*‘ Watch, Hawhkwatch (Hawk Monitoring of timing of large—
Global, e nﬁrj ::m Migration Association mammal migrations { Huntington et
regional, local ;ném; X North America), al., 2004: Topp-Jergensen et al,
ek iowof v documentation of 20057
P . amphibian migrations to
individual organisms breeding ponds
MAPS; Nest Record
Scheme UK Nestwarch:
Regional, "“““-“’“’.“?" Projecte mﬁ. Assessment of the dutch size of
local mostly by specialized “Suallow Project” and turtles (Townsend et al, 2005).
projects Projecte Nius “Nests ’

Project”; Earthwatch
projects
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Scale of

EBV class EBV CS/CEM Feasibility Fxamples ftom Global Examples from CBM database
measurement
Cloud berry (Rubus
chantaemorus | damage due 1o
R are, collected — warm springs and summers
Lacal almost exclusively by m&ﬁ&n :;u. {Huntington et al.. 2004 ; fodder
specialized projects walue of plant species categories
for different livestock species in
Kenya|Roba and Oba, 20008
Generally observed
during specialized
Global events (e.g, Bioblitz} EBioBlitzes; Christmas Bird Reef fish monitering {Uychiaoce et
regional u; cal or incidentally Count; eRird; iNaturalist, al., 2005
B through checklist iSpot
projects (eg.
cm“m"_"ilw iNaturalist)
composition
Unusual data, Monitering of insect harassment of
Regiomal collected mostly by Great Sunflower Project; caribou (Huntington et al.. 2004
focsl specialized projects, iNaturalist; Nature's crop damage and livestock attack
but included in some Notebook (Stuart-Hill et al., 2005;1:;?&
. i species interactions in
arger-scale projects {Danielsen et al, 2014d )
&rs;ﬁem::ﬁ Monitoring of quality and quantity
Netimary Global, sensing, but alse Erlzhsgaler Warch; ggw;agumn [Romdaf:;d Otaa,
productivity regional, local  measured by some s many volunteer 009): aboveground forest
- N lake monitoring projects biomass in REDD+ programs
cuzen science (Brofeldeet al, 2014)
projects
Surveys of high-value species,
Ecosystem m:?n:::r meat, fish, shellfish and other non-
Tunction Local Some Earthwatch projects timber forest and wetland products
very commeon for N h
CBM programs (&g, Johannes, 1998; Uychiaoco
etal, 2005)
Nutrients frequently
Regional. measured in lakes FreshWater Watch; many Environmental monitoring of
”n’nw and streams, but lake monitori heds in Ontario (Savan et
rarely in terms of projects al., 2003
Tetention
Some €S programs MoniL.oﬁng o{bush fires {Lyons,
dedicated to 1998); poaching
particular -.Cl;;ralh\;\"au:_h; gmﬁa;;jndraslan;oeuls;L ZOC_IS: .
. apinvasives; tuart-Hill et al., curting o
AT Regional. disturbances (eg. Phytoplankeon Monitoring trees to obtain Malva nuts and
regime (g pest earthquakes, ) Lo . .
outreak) local invasives) and many Network; GISIN: fishing in rivers using poison
incidental EDDMaPS and GLEDN for {Poulsen and Luanglath, 2005);
observations. Many plants !Iawling pwnm_md ‘ghost’ nets
CBM programs in the Arctic [ Danielsen et al,
2014¢)
Rering Sea Sub-Network: Alaska
Ocean Observing Systems:
maonitaring of percentage of hard
coralfsand in reefs {Uychiaoce et
Primarily collected al. 2005} observations of sea ice
through remote conditions in the Alaskan Arctic,
sensing and . fluctuating levels in subsistence
Habitat structure IG!nbal, professional GI'OFE l‘_fannnal Plant hunting of specific species | Ficken
regional. local monitering. but some Mouitoring Scheme (UK) etal. 2014 and www.a005.01g |
5 and CBM historical records of snow
programs properties by Sami reindeer
herders to inform pasture
mﬁ" availability, temperature profiles

and herd ecology (Eira etal., 20M3)
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through remaote
sensing and
professional

citizen science

Primarily collecred

manitoring. but some

callection. especially
community-based

Annual extent of marshland
burmed seen from viewpoints
(Andrianandrasana et al, 2005);
fixed point photography of
Torested hillsides (Danielsen er al.,
2005 ), extent of burning of trees
when extracting yang oil in Laos
(Poulsen and Luanglath, 2005 )
and reel health (Granek and
Brown, 2005 )

GLOBE and commumnity
based projects, such as
Hampshire Landscape
Watch and some
Earthwatch projects

citizen science

used to set up frameworks for global monitoring of biodiversity {(e.g.
Kissling et al.,, 2015; O'Connor et al, 2015; Schmeller et al., 2015). A
list of EBVs is provided in Table 1. EBVs are intended to be general
enough for use across major taxa groups, across terrestrial, freshwater
and marine realms and across ecosystem types within each of these
realms {GEQ BON, 2015}, A list of widely agreed upon EBVs is unlikely
to be finalised for some years {Pettorelli et al,, 2016}, However, the
EBV concept represents a useful way to organise biodiversity indicators
and meet top-down global treaty obligations.

Many EBVs such as ecosystem composition by functional type, nutri-
ent retention, and ecosystem extent and fragmentation can be moni-
tored by large-scale sensors or Earth Observation systems. Earth
Observation refers to satellite remote sensing (e.g. Landsar, Sentinel}
and aerial imagery as well as land-based observation platforms {eg. Na-
tional Ecological Observatory Network, camera trap arrays; (fConnor et
al., 2015; Skidmore et al., 2015}, These systems can greatly improve ef~
ficiency, standardisation. and the value of monitoring data for many
uses. Yel Earth Observation systems cannot monitor all EBVs and still re-
quire human-assisted data collection {O'Connor et al., 2015; Froenga et
al., 2016} In other cases, human observations can supplement remotely
sensed data and derived models and assessments (e.g species distribu-
tion models, species habitat association models, seasonal productivity
models such as the Spring Index} by providing much needed calibration
and validation data (Evangelista et al, 2012}, There are not enough pro-
fessionals (or funding to support them}, however, to monitor EBVs at
large scale and adequate resolution. Citizen science (CS) offers an addi-
tional way to monitor EBVs, and also offers other benefits to conserva-
tion through public engagement (McKinley et al, 2016).

In this paper we use CS to refer to scientific projects that include the
participation of volunteers { novices or experts} in some aspect of the
projects (sensu Bonney et al., 2009; Miller-Rushing et al,, 2012}, We
also refer to community-based monitoring (CEM}—Le. a subset of C5
in which local stakeholders use their own resources to monitor natural
resources to achieve goals that make sense to them (Danielsen et al,
2014c). CBM is often contrasted with large-scale, top-down CS monitor-
ing projects, such as eBird, although the two approaches are not mutu-
ally exclusive and can be blended. For the purpose of this paper,
however, we consider CS and CBM as distinct approaches.

The aim of this paper is to examine how and to what degree €5 and
(BM might contribute to regional and global assessments in the trends
and status of biodiversity by undertaking: {1} a general assessment of
current strengths and gaps in using CS and CBM to monitor biodiversity
at large-scale; (2} an assessment of G5 and CBM dara that have contrib-
uted to global biodiversity databases to date, using the Global Biodiver-
sity Information Facility {GBIF} as a case study; and (3} a discussion of
the challenges, solutions and limitations of using C5 and CBM for mon-
itoring global biodiversity.

Primarily collected

collection, especially
community-based

through remate
sensing and Earthwarch and
Clabal, professional - Landscape grazing suitability
regional, local  monitoring, but some L':::::f:"wm atsome (Roba and Oba, 2009)

2. Methods and approach

For our analysis, we make a distinction between C5 projects, portals
and programs. We define a €5 project as a distinct, biodiversity record-
ing scheme or volunteer survey, often with a specific management team
and discrete goals and taxonomic or geographical focus. Sometimes
multiple €5 projects are aggregated together in an online portal,
which provides a single access point for citizen scientists. For example,
iNaturalist functions as a portal, with many related projects that collect
species presence data, but have different goals, and have different taxo-
nomic and geographic foci. The portal uses one online interface for all
the projects. We use the term CS program as a genenic term that covers
both C5 stand-alone projects and portals. For compiling our database,
wie used the largest appropriate unit, i.e. portals when possible, and pro-
Jjects when they were not a part of any portal, to avoid double counting.

‘We considered programs to be C5 when =50% of the data were col-
lected by volunteers.

2.1. Assessment af strengths and gaps in CS and (BM

We compiled two distinct databases—one on CBM and one on
CS—for our assessment of current strengths and gaps in using €S and
CBM to monitor global biodiversity. We coded each project for taxo-
nomic focus, geographic scope, and other factors that help to link
these projects to specific EBVs.

2.1.1. Community-based monitoring programs

CBM programs are distinct from other CS programs in that citizens
and community members not only participate in data collection but
also in program design, data interpretation, or implementation of man-
agement interventions emanating from the monitoring { Danielsen et
al., 2009, 2014¢; Kennett et al,, 2015). The CBM programs were found
by searching for publications in the databases BIOSIS PreViews (2004-
2012}, Biological Abstracts { 1990-2000} and Biological Abstracts Re-
ports, Reviews and Meetings (1989-2003). The primary search terms
were ‘monitoring’ and ‘conservation’, searched with the use of ‘and’ be-
tween the words. Schemes on environmental monitoring are often hid-
den in publications on traditional ecological knowledge (Huntington,
20007, Few examples of decentralised local approaches to monitoring
are found in the literature { Brook and McLachlan, 2008}, Therefore the
search term ‘traditional ecological knowledge® was also used. Most pub-
lications were in English but a few were in German. Each CBM program
was coded by two of the authors {FD and AB} by taxonomic focus, geo-
graphic scope, and EBV. FD coded 65% of the CBM programs and
reviewed all the data coded by AS for consistency.

tion (2016), http://dx.doi.org/10.1016/j.biocon.2016.09.004
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2.1.2. Gitizen science programs

To build the ‘Global CS Database’, we considered a breadth of CS ty-
pologies (Shirk et al, 2012; Haklay, 2015), which range from larger
crowdsourced CS5 projects in more extensive monitoring schemes
{Couvet et al, 2011} to smaller, more intensive monitoring efforts
{e.g field expeditions, Chandler et al, 2016a}. Because the primary ob-
jective for compiling this Clobal CS Database was to assess €S contribu-
tions to monitoring EBVs, we only considered CS programs that fulfilled
two minimum requirements. First the program is already (or likely to
be} contributing biodiversity data for monitoring purposes, and the sec-
ond is that these data contributions are substantial. We searched for
programs where the data are quality controlled and shared—e.g. verifi-
cation is made of the data collected; the metadata are made publicly
available; and there is evidence that the data are used in practice for
management actions or for scientific publications. Regarding the second
requirement, programs were considered to make ‘substantial data con-
tributions’ if = 100 observations were collected per year. We included
inactive projects if they collected data for the intention of sharing
them with existing monitoring programs.

To compile the database, we started by pulling together programs
from existing network portals, which house data from CS programs
not managed by the hosting organisation, and which usually provide
an assortment of sorting tools to help readers find the right CS program
{e.g the Atlas of Living Australia (ALA}, SciStarter, CitizenScience org ) or
serve as research infrastructures for managing and publishing the ag-
gregated data {e.g. GBIF, the UK National Biodiversity Network, the Na-
tional Defense Research Committee}. We also extracted programs from
similar previous publications on the same topic { Danielsen et al., 2014c;
Theobald et al., 2015; Kullenberg and Kasperowski, 2016; Valland,
2016; Chandler et al., 2016b; Groom et al, 2016}; see Table Al for the
guide used to code the data.

To this list we added C5 programs whose publishers share C5 data
with GBIF. We then supplemented the inventory through directed
web searches to discover programs that were not captured through
other sources. We used search terms that included synonyms to citizen
science, related words, and regions and taxonomic groups underrepre-
sented in our database—e.g. ‘volunteer monitoring’, ‘data sharing’,
‘open data’, ‘Africa’, ‘South America’ and ‘Asia’. Finally, we asked experts
in the field to identify programs that might fill gaps in the geography.
taxonomy, or EBVs that were poorly represented in our database.

Each program {i.e. project or portal} was scored using criteria and
associated metadata modified from Theobald et al. (2015}, If the pro-
gram was a portal, then the number of projects that were both devel-
oped and hosted by the portal was added to the database. Coding of
all initiatives apart from the ones taken from the Theobald et al
{2015} dara set was performed by four of the authors {MC, KC, BC,
and AMR} using material available from associated websites. MC en-
tered 90% of the criteria and reviewed >25% of the data coded by the
others for consistency.

Toour knowledge, the Global C5 Database that we developed for this
study represents the largest and most comprehensive database of C5
programs, yvet it is not complete. For example, we only included pro-
grams that made substantial data contributions for bindiversity moni-
toring purposes. It is also likely that we have missed programs
published in languages other than English, programs without an online
presence, and programs that describe themselves using terms other
than those used in our search { Kullenberg and Kasperowski, 2016},

2.2, Assessment of citizen science date in a global hiodiversity datobase

To assess the contributions of C5 data that make it into global data-
bases, we analyzed C5 contributions to the world's largest species occur-
rence database, GEIF.org. This open data research infrastructure gathers
hundreds of millions of records from =800 institutions worldwide and
covers >1.6 million species. Researchers have applied these data in
=1700 peer-reviewed journal articles since 2008, Several studies have

reviewed the gaps and limitations in GBIF-mediated data {Beck et al.,
2013, 2014; Samy et al., 2013; Garcia-Koselld et al., 2015; Meyer et al.,
2015; Troia and McManamay, 2016}; which may be representative of
other international databases on biodiversity {Amano and Sutherland,
2013; Troia and McManamay, 2016).

We conducted full-text searches of metadata to extract datasets
available through GBIF.org, as of March 1, 2016, whose records included
significant CS contributions. We reviewed and refined the list by con-
sulting contributors to the GBIF network. In the case of publishers
who are themselves networks that include many individual projects,
like the UK National Biodiversity Network, datasets with CS contribu-
tioms were disaggregated from those known or unlikely to contain few
il any CS-derived records, which are therefore not included in the
results.

We analyzed the contributions from CS projects by calculating the
total number of occurrences in these datasets according to taxonomy,
source country of data provider, and continent of species occurrence.
As a disproportionate amount of CS contributions to GBIF come from a
single source {(eBird}, we analyzed all GBIF-mediated data with and
without the eBird data. Although our study was limited to assessing
datasets that individually and collectively blend records gathered by
professionals and amateurs, we consider the magnitude of our esti-
mates and their relative proportions acceptable for the purposes of
this paper, although the individual figures on CS contributions to
GBIF-mediated data are subject to uncertainty.

3. Results
3.1. The database

We developed a database with 420 distinct CS programs, including
114 {27%) that are €5 portals serving multiple, distinct €5 projects
{Table A2}, Some portals serve dozens of projects, others hundreds or
more, resulting in 3603 €S projects represented by our dataset. Half of
this number are found within the iNaturalist portfolio of projects
(N = 1850}, The vast majority (88%} of the (S programs in the database
are projects that are currently known to be active (N = 374}, Most are
run by civil society organisations and only few by government agencies
or the private sector (N = 269; 64%). Most CS programs monitored ter-
restrial ecosystems (N = 347, 82% of total CS programs), with substan-
tial numbers monitoring freshwater (N = 139; 33%) and marine biomes
(N = 128; 30%}. The CBM database consisted of 40 programs { Table A3}
which were drawn from reviews of environmental monitoring pro-
grams extracted from 3500 monitoring publications since 1987 (de-
scribed in Danielsen et al, 2010, 2014c), all of which are distinct
projects. Most CBM programs also monitored all three biomes (N =
40; terrestrial 45%, freshwater 40%, marine 20%).

3.1.1. Status and gaps in essential biodiversity variables

Fig. 1, which summarizes the data found in Tables A2 and A3, dis-
plays the proportion of each EBV covered by CS programs {portals and
projects) and CBM programs, and shows that almost every EBV is cov-
ered by at least some CS or CBM programs. Natal Dispersal Distance
and most EBVs in the Genetic Composition Class are the only ones col-
lected by neither CS nor CBM programs across our two databases. One
EBV (Species Distribution} is monitored by 806 of CS programs and
68% of CBM programs. Of the remaining programs in the CS Database,
five other EBVs {Population Abundance, Phenology, Demographic
Traits, Migratory Behaviour, and Disturbance Regime} are collected in
=20 CS programs each (Fig 1; examples in Table 1}, Fig. 1 also shows
that CEM programs monitor EBVs in different proportions than CS pro-
grams. CBM projects contributed relatively more to Population Abun-
dance (90%} and Secondary Productivity {65%). Moreover, the
majority of C5 programs {70%) focused on only one EBV while most
CBM programs collected data on more than one EBV (95%; Tables A2
and A3}

tion (2016}, hitp://dx.dol.org/10.1016/j.biocon.2016.09.004
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Fig. 1. Distribution of citizen science [C5) and ¢ based (CEM) p Iy Essential Biod y Variable. C5 programs could either be online "portals” supporting

multiple CS projects, or single C5 projects {“non- pnna‘r] A full description can be found in Tables A2 and A3 ms;x:cl\wly Mote that some projects contribute to more than ane EBV,

A number of EBVs are not well covered by CS or CBM programs—i.e.
Nutrient Retention, Ecosystem Composition by Functional Type, Net Pri-
mary Productivity {NPP), Physiological Traits, Natal Dispersal Distance
and all of the EBVs in the Genetic Composition Class { Co-ancestry, Allelic
Diversity, Population Genetic Differentiation and Breed and Variety Di-
versity). Although some of these EBVs can be monitored by remote
sensing systems, Natal Dispersal Distance, Population Structure, Physio-
logical Traits and the four EBVs in the Genetic Composition Class, cannot
be measured well using existing remote sensing technology and so re-
quire ground-based measurements from either professional or 5/
CBM monitoring (Table 1).

3.1.2. Status and gaps in geographical coverage

Most of the CS programs that we found focus their monitoring activ-
ities in North America (184 programs or 43% of the total ) or Europe {136
programs or 32% of the total; Table 2). Relatively few C5 programs were
found in Africa, Asia, and Central and South America. Around 10% of the
CS programs incorporate observations of biodiversity from everywhere.
These programs included species observation programs (iNaturalist,
eBird, Naturgucker) as well as coordinated global networked schemes
{International Warterbird Count, BirdLife programs, and the Global
Coral Reef Monitoring Network of WorldFishcenter at http://www.
germn.org).

Actotal of 64% of the CS programs in Europe make their data available
to GBIF while only 9% of those in North America submit their data to

Table 2

Geographical distribution of citizen science programs [by location of headquarters and activities) and

GBIF {Table 2). The similar figures for CS programs in Asia and South/
Central America are 55% and 100% (N = 10 and 3, respectively). Of
the two programs in Africa, no data are made available to GBIF while
17% of the 42 programs in Oceania submit their data to GBIF. In contrast
to €5 as a whole, a relatively high proportion of CBM programs operate
in Africa {34%) and Asia (24%), often in low-income countries (65% in
countries with a Gross National Income per capita <2570 USD at the
tme of the assessment; World Bank, 2012). South and Central America
had the lowest coverage by either CS or CBM programs.

3.1.3. Taxonomic coverage of citizen science and community based moni-
toring programs

CS programs cover a wide taxonomic breadth of global biodiversity
(Table 3). The great majority of projects focus on animals (83%) while
20% of C5 programs collect data on multiple taxonomic groups. For
those CS programs with a taxonomic focus, most collect data on non-
lepidopteran insects {24%), birds (19%), plants (17%), Lepidoptera
(12%), or mammals {9%). In terms of the Population Abundance EBV,
birds are commonly counted as part of regular censuses (e.g. Christmas
bird counts, breeding bird surveys). One global model to assess popula-
tion trends is exemplified in the International Waterbird Census (IWC)
(see Box 1). The taxa most commonly surveyed by CEM are plants {24%)
and within the animal kingdom, mammals (37%), fish (32%) and birds
(32%).

based monitoring |

{see also Tables A2 & A3).

Continent Citizen science program headquarters Citizen science program Community-based
activities menitaring programs
HNumber % of total % who make data available to GBIF Number % of total Number % of total
Alrica 2 ox ox 2 1% 13 3%
Asia 10 x 55% 13 3% 9 23%
Europe 136 5% 65% 136 3% 5 13%
North America n 50% 9% 184 2% 8 20%
Central & South America 3 1% 100% 4 1% 2 5%
Oeeanta 41 10% 17% 37 9% El B
Global [ 1% 52% ) 0% o o
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Table 3
Distribution of ohservations fmm citizen scence (C5) and ity-based i (CBM] i and C5 nocurrence records in the Global Bindiversity Information
Facilicy (GBIF) by taxonomy (& of March 1. 2016). A full description of the €S and CEM initiatives can be found in Tables AZ & A3 respectively.

S project survey CBM project survey GBIF.org species records

(N = 420) [N = 40 projects)

Taxa Number  Proportion  Number  Proportion  Total GBIF records % contribution of taxon 1o # records from €5 €S asa % of tozal

per Laxon total records projects records

All taxa 640,465,555 349404699 55%

Mulli-taxa surveys &2 19.5% 5 13% - - - -

Animalia 449,595,895 T 316,557,034 ToE

Animals (muli-taxa surveys) 12 28 - - - - - -
Arachnida 5 1.1% 2140,148 o 4404973 21%
Insecta 1l nrE 4 o 46,552,525 KE4 12624550 7%
Lepidoprera 44 11.5% - - 18,072,050 3= 7785904 435
Mollusca g 1% BJE6L130 1% 300772 45
Crustacea 12 2B - -

Gastropoda 4 %
Amphibia 15 - - 3.864.189 1% 147.192 4%
Aves 80 12 £l 345408795 54% 301679747 ¥

Elasmobranchs 8
Mammalia 39 15 38% 10,766,217 25 588206 :24
Dsteichthyes 12 13 EEE 13,786,592 2% 126597 1%
Repilia 7 3 8% 4500221 15 25

Flantae o g 0% 170.391.526 FrEY S04 16%
Magroliophyta 151,349,644 245 24,581,185 16%

Gymnospermag 1,650,640 -1 247506 15%
Preridophyta 5,109,597 1% 715772 14%
Bryophyta 1 0.20% - - 6419902 1% GE6.085 10%
Vegetation (all) - - 2 i - - - -
Trees (all) 1 Ehd
Forest types 1 1%

Fungi 4 114 1 kY 10,497 206 2% 4947403 47%
Ascomycota 6446739 1% 2,502,232 39%
Basidiomycota - - - - 3568737 1% 1439452 625

Oeher/unknown kingdoms 9.8980.028 2 381350 4%

Archaea/bacieria/protists 5 L1% 1 3

Algas/chromista 10 i

Using country-level information available through GBIF, we exam-
ined the variation in data coverage for taxa across northern European
countries, since each has national-level recording platforms for observa-
tions of most taxa, and most make their data available to GBIF. We chose
to examine records for four taxa which are well-represented globally by
8 programs: Lepidoptera, non-lepidopteran insects, mammals, and
birds. Fig. 3 shows large disparities between these countries despite ac-

3.2 Case study enalysis: (5 contribution via GBIF to species distribution EBV

More than half { 349 M} of the =640 M species ocourrence data avail-
able through GBIF.org come from sources that include = 50% of the con-
tributions from CS {Table 3; Table A4},

3.2.1. Taxonomic coverage of GBIF-mediated data

Overall, the contributions of CS programs to GBIF-med iated data are
UNeven across taxa—some taxa are well represented by CS data, while
others are not {Table 3}, CS programs account for 70% of animal records
and 87% of bird records in GBIF. Birds are the most frequently recorded
taxon with close to 300 M records in GBIF. CS programs account for over
1 M plant, insect, and Fungi records and over 500,000 mammal records.
CS contributions represent a significant proportion of total GEIF records
for Fungi (47%} and insects {27%}.

3.2.2. Geographic coverage of CBIF-mediated dota

Geographic patterns of CS data shared through GBIF are similar to
those found in our survey of CS programs generally (Table 4 and Fig.
2}, =904 of €S records in GBIF are published by programs located in
North America and Europe, most likely due to a language bias. However,
the provenance of programs currently sharing their data through GBIF
does not necessarily reflect the geographic distribution of GBIF-mediat-
ed data. Data reported to a CS program headquartered in one country
could have been collected in another country. For example, data from
global CS programs such as eBird {USA) or Atlas of European Breading
Birds {NL} are collected from all over the world, but the provenance of
the program is listed as one country.

cess to similarly robust observation recording platforms and €5
programs.

3.2.3. Contributions of portals to GBIF

The great majority of C5 data available through GBIF comes from
programs with either narrow taxonomic focus but broad geographic
scope (e.g. eBird, antweb, Birdlife programs} or national network por-
tals that aggregate observations aaross multiple C5 projects and multi-
ple taxa {e.g UK National Biodiversity Network, ArtDatabanken; Fig. 3
and Table A4}. The single largest contributor of occurrence records is
the eBird Observation Dataset with 219 M observations. Contributions
from the 100 + different CS programs sharing with GBIF is strongly
skewed, as the top 10 CS programs contribute over 4% of the data.
‘When the S programs in the Global CS database were compared to
the C5 programs that contribute data to GBIF, less then = 10% were
found to be in common, indicating that there is a large gap in data shar-
ing. We could not identify any CBM programs that contribute data di-
rectly to GBIF.

€S programs associated with portals tended to contribute more fre-
quently to GBIF than €S programs that were not portals. Whereas 45%
(N = 52 of C5 115 programs) of portals contribute to GBIF, only 31%
(N = 95 of 310 C5 programs ) of stand-alone projects (ie. non-portals}
were found to contribute (Fig. 4. Geographically, this effect was most

tion (2016}, hitp://dx.dol.org/10.1016/j.biocon.2016.09.004
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pronounced in Oceania, where C5 programs were twice as likely to be
published if they were portals (76% vs 36%; Fig. 4).

The likelihood of publishing data to GEIF from CS programs operat-
ing as portals also increased when looking across several of the taxa
-3 with data collected by substantial numbers of programs (> 14 programs;
Fig. 5}. This ranged from large increases in proportions publishing mam-
mals {from 26% for non-portals publishing to GBIF to 65% for portals}
aned plants (from 23% for non-portals publishing to GBIF to 60% for por-
tals}. More modest increases were seen for birds, insects and Lepidop-
tera. Little or no increase in publishing to GBIF by €5 portals was seen
for amphibians or multi-taxa surveys (Fg. 6).
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4. Discussion: challenges, selutions and limitations
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Our review suggests that existing CS and (BM programs collect data
on nearly all EEVs and cover a very broad range of taxa and geographic
locations, but nevertheless CS and CBM programs have strengths and
weaknesses in terms of contributions to biodiversity monitoring at an
international scale (Fig. 1; Table 1; Pimm et al., 2014, Geijzendorfler et
al, 2015; Amano et al., 20016},

The majority of CS programs (70%) are focused on a single EBV, ie.
species occurrence, which is one of the main sources of data for biodi-
versity monitoring { Geijzendoriler et al, 2015}, C5 programs also have
a bias towards monitoring species distributions, particularly for birds
(86% of data from C5 programs in GBIF are for birds; Amano et al,
2016}, and in North America and Europe. Yet data requirements for in-
ternational biodiversity monitoring may be met by CS and CBM for
many more taxa, regions and EBVs, For example, C5 programs account
for a significant proportion of GBIF-mediated data for several taxa, in-
L cluding non-lepidopteran insects, Lepidoptera, arachnids and Fungi. De-

ining key global bio-indicators (see e.g. McGeoch et al., 20010} and
identifying data sufficiency thresholds will identify data requirements
- and help investigate where C5/CBM can play a key role.

Below we explore four questions in relation to meeting international
biodiversity monitoring obligations using C5/CBM: What can be learned
from successful C5/(BM programs that could facilitate the scaling up of
5 and CBM contributions from local to intemational biodiversity mon-
itoring? How do we make more from our existing strengths in data cov-
erage? What strategies maximise synergies between C5/CBM and other
approaches for monitoring biodiversity? What limitations exist in
expanding the coverage of CS and CBM programs?

First, the €S programs that contribute most to GBIF tend to serve
existing and vibrant communities of expert amateurs and hobbyists
(Lawrence, 2006; Bell et al., 2008; Lewandowski and Specht, 2015}, per-
haps best exemplified by the preponderance of data and CS programs
from birding communities and natural history societies {e.g. Botanical
Society of the British Isles). These programs tend to be large, linked (o
well-funded institutions, have academic scientists associated with the
programs, and are mainly found in Europe and North America where
English is a common language. However, two other types of C5/CBM
programs of note also compile large volumes of biodiversity data: (1}
programs that allow volunteers with little or no expertise to make ob-
servations of a variety of species, but which include expert verification
of data (e.g. iNaturalist, iSpot, iMaplnvasives, antweb, Earthwatch field
expeditions}; and {2} CBM programs {e.g. Conrad and Hilchey, 2011;
Danielsen et al., 2014a, 2014¢; Johnson et al, 2016) that can cover
many less well-represented EBVs {e.g. Species Interaction, Secondary
Production, Population Structure; Table 1).

The accomplishments of C5/CBM programs have been attributed by
behavioural psychologists to participants who appreciate the opportu-
nity to build on their existing interests, try something new with little ef-
fort, and participate in projects associated with place and community
(Lawrence, 2006; Bell et al,, 2008}. Successful programs leverage these
interasts by supporting and building communities of participants who
E share common interests. We propose that these types ol programs
2 could be developed for new taxonomic groups, EBVs, and geographic
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locations. However, we note that the model of successful €S programs
found in one place (e.g. Sweden) or for one taxon (e.g. Lepidoptera)
may be context dependent and thus may not be transferable to regions
without the same history or interest groups. Even across countries with
vibrant CS programs and well developed infrastructure, there are big
differences in which taxa are reported to GBIF (Fig. 3). While seeking
citizen experts may seem a short cut to addressing gaps, they may not
exist without importing them via travel programs. Instead, CS programs
such as iNaturalist, which connect communities of like-minded partici-
pants through online tools, or, CBM programs, which are often more
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collaborative and rooted to local issues and place (Danielsen et al.,
2014d; Funder et al., 2013), may be more likely to succeed in collecting
data for biodiversity gaps.

Another potential solution may be to expand the data fields (and
hence EBVs) collected by current global CS programs such as iNaturalist,
eBird, and antweb, thereby taking advantage of the growing audiences
these programs have, as well as their established workflows, and mech-
anisms for publishing to global databases. Some of these portals (e.g.
iNaturalist, eBird, iSpot) already enable CS/CBM program coordinators
to tailor the infrastructure to meet their specific needs, including

Publish o GBIF
-
™

Fig. 5. Proportion of citizen science programs by continent that contribute data available to GBIF further divided by whether they are portals or single project websites,
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language. In Mexico, local versions of both iNaturalist and eBird (i.e.
Narturalista (hep://conabio.inaturalistorg/) and Averaves {(htp://
ebird.org/content/averaves/acerca/) allow for local programming
(Ortega-Alvarez et al, 2012). Advances in technology - e.g. image recog-
nition software such as Image-Based Ecological Information System
(IBEIS, Berger-Wolf et al., 2015) - may also lower barriers to participa-
tion and expand the types of data (taxa identities and other EBVs)
that can be extracted from observations.

Second, in terms of how we can make more from our existing data
coverage, this review found only a small fraction (< 10%) of CS and CEM
programs contributing to global analyses of biodiversity, despite the fact
that many CS and CBM programs collect data on underrepresented taxa
in remote regions, or observe underrepresented EBVs. This is partly be-
cause these programs suffer from many disadvantages common to
other biodiversity monitoring efforts, namely, they are poorly resourced,
with limited communication and visibility to participants and researchers
{Costello et al, 2015, 2013; Michener, 2015; Johnson et al,, 2016). Increas-
ing the impact of C5 and CBM is now an active area of interest, including
the development of tools and networks to build capacity both for individ-
uals and institutions. Organisations such as U.S.-based Citizen Science As-
sociation (CSA), the European Citizen Science Association (ECSA), and the
Australian Citizen Science Association { ACSA) as well as national or re-
gional Biodiversity Observation Networks should help to improve com-
munication, integration, and scaling of C5 and CBM programs (Bonney
et al, 2014; Wetzel et al, 2015). Toolkits (e.g. BON in a Box - hrtp://
geobon.org/bon-in-a-box/what-is-bon-in-a-box/), online resources and
guidelines can also increase capabilities for sharing standardised data
{Schmeller et al, 2015; Johnson et al, 2016).

Data repositories for underrepresented EBVs should continue to be
established that can facilitate C5 and CBM programs monitoring EBVs
and to make their data available to international databases {Costello et
al, 2013; Peters et al, 2014; Michener, 2015; Kullenberg and
Kasperowski, 2016, e.g. EOL's TraitBank {Parr et al, 2015), GloBI
{Poelen et al., 2014), Ocean Biogeographic Information System {hrep://
www.iobis.org/OBIS), and TRY {www.try-db.org). Web-based portals
have been developed that collate data from multiple CS and CBM pro-
jects, and increase data interoperability {Schmeller et al., 2015) and
the amount of data submitted to biodiversity databases. Our analysis
of GBIF-mediated data indicated how effective data sharing can be in
the increased use of data in analyses (Kissling et al., 2015; Kullenberg
and Kasperowski, 2016; Figs. 4 and 5).

Networked portals or platforms can use resources more efficiently,
bundling tools, services and support for multiple projects while

directing investment towards processes and workflows that increase
sharing of accessible, discoverable and interoperable data (Wetzel et
al., 2015). These investments are difficult for individual CS and CBM pro-
Jjects to make on their own because of their cost and the technical exper-
tise required. Portals are emerging in both India and Africa (Table A4).

The positive effect of a regional portal is exemplified by the Atlas of
Living Australia ( ALA), which links numerous CS programs to GBIF. ALA
enables hundreds of small- to medium-sized programs to tap into a ro-
bust and easy-to-use infrastructure with workflows that automate data
syndication and synchronization with GEIF. Several members of the
GBIF network have either adopted or are considering the adoption of
ALA’s open-source tools to develop their national portals. This may rep-
resent a transferable model for regions currently without well-orga-
nized and self-sustaining CS programs.

Third, while addressing taxonomic and geographic data gaps for the
EBVs will take time and resources, there is great potential in leveraging
the synergies from combining CS/CBM and remote sensing approaches
{Pereira et al, 2013; O'Connor et al,, 2015; Skidmore et al,, 2015), partic-
ularly for EBVs well suited for CS and CBM (e.g. species distribution, spe-
cies abundance, and phenology) and in situations in which fine-scale
spatial or temporal heterogeneity is important {Danielsen et al., 2005;
Devictor et al., 2010). However, some EBVs can only be partially moni-
tored by remote sensing (Table 1), while others, such as Natal Dispersal
Distance, Population structure, Physiological Traits and the four EBVs in
the Genetic Composition Class, cannot be remotely sensed and thus re-
quire ground-based measurements (Table 1). In-situ monitoring by €S
and CBM can therefore help to fill the gaps in monitoring those EBVs
that are not easily remotely sensed,

Predictions of forest-level response to climate change would be im-
possible using either data type in isolation. Efforts are underway to com-
bine CS-derived species composition maps and other data with remote-
sensing data from satellites and cameras in forest canopies to improve
models of land surface phenology, carbon budgets, and ecosystem func-
tion {Melaas et al, 2016).

Additionally, there is great potential to connect C5 and CBM pro-
grams to other in-situ monitoring efforts—e.g. protected areas and
long-term ecological research sites (Tulloch et al., 2013) and, thereby
to cross-fertilize scientist-executed and community-based observations
and knowledge (Magnusson et al,, 2013). Connecting CS/CBM and sci-
entist-executed monitoring {e.g. Earthwatch field expeditions) can
allow for assessment of many EBVs including in underrepresented and
remote regions such as tropical forests and the Arctic (Chandler et al.,
2016b; Johnson et al,, 2016; Magnusson et al,, 2013).

tion (2016), http://dx.doi.org/10.1016/j.biocon.2016.09.004
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Finally. addressing the question regarding limitations of CS and CBM.
the most likely ones are the availability of funding and adequate
resources—CS and CBM are not free, and are not considered a high pri-
ority in many parts of the world. The primary obstacles to expanding
the taxonomic, geographic and EBV-relevant scope of CS projects are
whether volunteers can observe particular challenging taxonomic
groups and EBVs in new locations, and whether programs are devel-
oped with the necessary infrastructure to support this. Some taxonomic
groups may be too challenging although the abundance of €5 data onin-
sects and Fungi suggests that volunteer contributions to some groups
difficult for novices is indeed possible. Some EBVs—like Genetic
Composition—may become possible when field-based gene sequenang
technologies have matured (Thomsen and Willerslev, 2015}, EBVs deal-
ing with ecosystem functioning could be coverad by CBM programs but
by definition the primary focus of CBM programs is on affecting local
management with less interest in collecting standardised data useful
for other purposes (Conrad and Hilchey, 2011},

Concerns have also been raised that when scientists “assimilate local
ecological knowledge within Western worldviews” (Mistry and Berardi,
2016}, there is a risk that it may further marginalize indi and

Despite its potential, real limits remain for scaling CS/CBM contribu-
tions to international biodiversity monitoring. Chief among those limits
is the availability of resources. CS and CBM are not free. Relying on vol-
unteer contributions can make them seem cheap, and S and CBM are
frequently more cost efficient than paying professionals to do the
same monitoring (Danielsen et al, 2005; Theobald et al., 2015} Howev-
er, ultimately, C5 and CBM programs require investment to maximise
their potential contributions to intermational biodiversity monitoring.

Supplementary data to this article can be found online at http:
doi.org/10.1016/j biocon.2016.09.004.
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local people. For organizers of CBM programs to effectively share their
data with global repositories, suitable modus operandi of cooperation
must therefore be established. Agreements on cooperation between
CBM programs and the global repositories should address principles of
intellectual property rights, Free Frior and Informed Consent, respect
for knowledge holders, and reciprocity {Danielsen et al, 2014b;
United Nations, 2008}

Finally, there are issues of concern surrounding the bias of C5/CBM-
derived data {Riesch and Potter, 2014; Nature, 2015}. However, many
examples show that volunteer-collected data in well-designed studies
are no more problematic than those collected by professional scientists
{Newman et al, 2003; Danielsen et al, 2014a; Lewandowski and
Specht, 2015; Meentemeyer et al, 2015}, Maintaining high data quality
can be time and resource intensive (Buesching et al,, 2015} so project
managers must consider this expense when monitoring biodiversity;
CS/CBM is not always the most cost-effective monitoring approach, de-
spite the participation of volunteers and many other strengths
{McKinley et al, 2016},

5. Conclusions

Our findings suggest that CS already make substantial contributions
to large-scale international biodiversity monitoring. The EBVs currently
used at international scale include species occurrence, abundance, and
phenclogy. A few taxa and variables are also extensively monitored at
scale {e.g birds, Lepidoptera and plants/trees}, while other taxa garner
strong interest in selected regions including Fungi, amphibians, reptiles
and coral reef taxa. Some of these data already contribute to interna-
rional biodiversity monitoring databases,

The biodiversity monitoring community can expand the taxonomic,
geographic, and EBV coverage of €5 and CBEM programs, if they can
make citizens and community members interested in it. By building
on the interests and needs of participants and providing existing com-
munities {e.g. naturalists, concerned citizens and community members)
with the tools and services they need (Bell et al., 2008; Shirk et al.,
2012}, most EBVs and taxa could potentially be covered by €S and
CBM programs.

Several strategies can facilitate further scaling up of C5 and CBM con-
tributions to international biodiversity monitoring. One is to include
making better use of CS and CBM associations, online toolkits, data re-
positories, and networl portals that coordinate and support CS and
CBM projects and increase data interoperability. Another is to encour-
age successful existing projects to expand their data collection fields
to other EBVs. It would also be useful to develop further synergies be-
tween C5/CBM and remote sensing and scientist-executed monitonng
programs to expand and enhance the monitoring of EBVs,

possible without the input of many Earthwatch scientists who have
led citizen science expeditions and contributed to previous discussions,
as well as the thousands of participants who have helped shape our un-
derstanding of what is possible with €S and CBM. This paper contributes
to the work of GEQ BON and was partially supported by the German
Centre for Integrative Biodiversity Research {iDiv} funded by the German
Research Foundation (FZT 118},
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Abstract

The concept of EVs started in the GCOS community and it is being adopted by
other communities for their purposes. EVs represent a minimal set of variables
that determine a system's state and dynamics. They are crucial for predicting a
system's evolution. They also provide a base for defining metrics that measure
the trajectory of the system but a common definition is still a challenge. The ECV
for climate in support to the UNFCCC and the EBV for biodiversity are two
prominent examples. EVs have been selected using different criteria, such as: (1)
the impact of observations and (2) the feasibility of making such observations.
Thus, EVs are commonly defined using a process that includes both
measurement feasibility and expert insights on impacts. The impacts link to
societal benefits. The characteristics (e.g. resolution, coverage, accuracy...) of
the observations of an EV depends on the use of sensors and may not be fit for
use for specific applications.

While there are differences across the communities in the details of the criteria,
methodologies, and processes used to develop sets of EVs, there is also a
considerable common core across the communities, particularly those with a
more advanced discussion. There are areas with more mature development of
EVs such as Climate, Weather, Ocean and Biodiversity. Many communities are
currently focused in the use of EVs for their purposes. For the environmental
sustainability, it is crucial to address EV across disciplines. This requires
understanding the application of EV across all range of disciplines.

For this special issue we call for contributions to advance the definition and
realization of EVs, their application as process indicators and metrics towards
sustainable goals. We encourage contributions that offers an integrated view that
can support policies for sustainability.

Main topics include but are not limited to:

o Status of EVs for different communities.
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« Introduction of new sets of EVs following the methodology initiated by the
weather and climate community or with new innovative procedures.

« Integrative approaches for defining interdisciplinary EVs.

« Characterizing observations in the context of EVs.

« Innovative processes for deriving EV information from Earth observation
data.

e Procedures and best practices to validate EV measurements and
protocols to generate them operationally.

o Links between EV and the existing policy agendas.

« Combining EVs with socio-economic data to extract indicators of the Earth
and society status that can impact decision making (e.g. SDG indicators,
planetary boundaries...).

« The role of EVs in global and regional programs dealing with Earth
observation (e.g. GEO, Copernicus, Earthcube, Future Earth, ERA-NET,
Belmont Forum, etc.).

e The costs and impacts of continuous monitoring of EVs.
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