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Abstract

Indicators have been proposed as critical elements for sustained climate assessment. Indicators
provide a foundation for assessing change on an ongoing basis and presenting that information
in a manner that is relevant to a broad range of decisions. As part of a sustained US National
Climate Assessment, a pilot indicator system was implemented, informed by recommendations
and (Kenney et al. 2014; Janetos and Kenney 2015; Kenney et al. Clim Chang 135(1):85-96,
2016). This paper extends this work to recommend a framework and topical categories for a
system of climate indicators for the nation. We provide an overview of the indicator system as
a whole: its goals, the design criteria for the indicators and the system as a whole, the selection
of sectors, the use of conceptual models to transparently identify relevant indicators, examples
of the actual indicators proposed, our vision for how the overall network can be used, and how
it could evolve over time. Individual papers as part of this special issue provide system or
sector-specific details as to how to operationalize the conceptual framework; these recommen-
dations do not imply any decisions that are made ultimately by US federal agencies.

Keywords Metrics - Global change - National Climate Assessment - Multidisciplinary - Decision
support - Sustained assessment

1 Introduction

There is a long history of the development of indicators in a wide range of environmental and

social issues—sustainable forestry, the state of ecosystems, sustainable development goals, and
economic performance (United Nations Statistical Commission 2017; National Research
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Council 2015; Heinz Center 2008; Hall 2001). The need for indicators is part and parcel of
decision-making about complex systems. It is not possible to know everything about such
systems, so a reasonable alternative is to select a subset of measures that provide information
on their state, extent, and changes—whether they are physical systems, social-economic
systems, or mixes of both.

As might be expected, the diversity of indicator systems is accompanied by a diversity of
processes by which indicators have been developed and selected. Just focusing on indicator
systems relevant to natural resource management, some have primarily been driven by user
input (e.g., the Heinz Center’s State of the Nation’s Ecosystems) that were later adjust based on
available data by a smaller expert groups. Others have been primarily expert-driven (e.g., the
Montreal process for sustainable forestry). Indicators in other domains, e.g., economic and
human well-being, similarly represent a diversity of processes for their formation and use. In
general, these indicator efforts, developed for different purposes, have emphasized grouping
indicators that exist instead of establishing an intellectual framework that allows for rigorous
identification of indicators that exist as well as those that need to be established.

In this special issue, we present the results from a national process that originated in the US
Third National Climate Assessment (NCA3; NCA when referring to the effort more broadly)
and recommended by the National Research Council (2009). The process by which the
indicators were derived and proposed to the US agencies of the U.S. Global Change Research
Program (USGCRP) has been described elsewhere (Kenney et al. 2016). The objective of this
paper is to recommend categories of indicators to be implemented, their intellectual framework
and scientific rationale, and our assessment of their readiness and where new research would
make a difference. This paper does not prescribe specific indicators that ought to be included,
specific papers in this special issue may provide such recommendations; instead, this paper
focuses on the groupings, consistent with the conceptual framework, that one would expect in
a more complete indicator system. These recommendations do not imply any decisions that are
made ultimately by USGCRP. The paper provides an overview of the system as a whole: its
goals, the selection of sectors, our use of conceptual models on which indicators have been
based, examples of the actual indicators proposed, and our vision for how the overall network
can be used, and how it could evolve over time. Individual papers as part of this special issue
provide system or sector-specific details as to how to operationalize the conceptual framework.

2 Overview and goals

There were several goals for this indicator network. Because episodic assessments by the
USGCRP are mandated by legislation, most importantly, we proposed to establish replicable
baselines for a sustained scientific assessment effort. We recommended establishing baselines
because ultimately, the USGCRP assessments must address three substantive science/policy
issues:

*  Are multi-stressor impacts related to climate change getting larger, more frequent, more
damaging, or less so?

* As the USA plans and implements adaptation actions, is it becoming more or less resilient
to a variable climate system and other related environmental stresses?

* Given sub-national, national, and international climate plans and commitments, is the
nation making progress on greenhouse gas emissions reductions?
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The indicator network is thus based primarily on the need to establish consistent baselines
against which change and variability can be measured. The information content is meant to
illuminate the scientific foundation (in the broadest sense, meaning physical/natural sciences,
economics, and social sciences) of discussions about adaptation and mitigation actions.
Establishing consistent baselines against which changes and variability can be measured is
clearly a basic scientific goal that needs to be fulfilled so that the hard work of evaluating
hypotheses about observed changes can be done. The simple fact of establishing baselines
does not, however, imply that there are a priori judgments about those hypotheses. The
proposed set of indicators does not presume a singular causal relationship between climate
change on global or regional scales or about the role of anthropogenic climate change in any of
the indicators that are tracked. And it does not imply that the indicators included in the system
are the only components necessary to evaluate management decisions or understand socio-
environmental system dynamics or that the goal is to develop a multi-stressor climate change
cause-and-effect network. Nor is the intent to develop an early warning system. Though these
other goals would have merit for climate-related decision-making, there is a separate, critical
need to assess and track whether or not the nation is becoming more resilient across a range of
nationally important natural and economic sectors, as intended by the Global Change Research
Act (S. 169 - 101st Congress 1990). This indicator system proposes to address this challenge.

3 Design criteria

The system was designed to be end-to-end (Fig. 1) with a focus on impact indicators for
national-to-regional sectors and resources of concern. Main criteria for sector inclusion were
those sectors or topics previously included in one or more of the NCA. The use of assessment
foci reflects the judgment of the federal agencies and their stakeholders about which topics are
important enough, and which scientific literature is mature enough, to be included.

A second criterion for selection is that indicators needed to be justified by a transparent
model of how each system is structured and how it functions. To aid experts in articulating
their knowledge of each system, a conceptual modeling process was utilized. Conceptual
models are not new numerical simulation models, but instead articulate the current under-
standing of each system’s complex state and dynamics, including the indicators that best
characterize those elements (National Research Council 2000; Cobb and Rixford 1998). Thus,
indicators should be traceable back to an interdisciplinary understanding of each system and an
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Fig. 1 Higher-level conceptual model of the indicator system (adapted from Kenney et al. 2014)
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understanding of how the information is meant to be used. The conceptual modeling process
also helps to support interdisciplinary team development by creating a shared understanding
and language for the most important components of the system.

A third criterion was that indicators needed to have a documented relationship to climate
change and variability. In some cases, the indicators directly represent a characteristic of the
physical climate system, e.g., radiative forcing caused by human-emitted greenhouse gases.
For other indicators, the impacts and responses are multi-stressor where climate is one factor
that results in the changes observed. Assessment of multi-stressor effects, impacts, and
responses is necessary and consistent with the NCA legislative mandate (S. 169 - 101st
Congress 1990) and reports (Melillo et al. 2014; Karl et al. 2009; National Assessment
Synthesis Team 2001) and norms of the IPCC scientific assessments (IPCC 1992, 1995,
2001, 2014a, b, 2007). Importantly, regular tracking of physical climate indicators has to
established a baseline by which to assess change over time; it is equally important to
consistently track multi-stressor indicators to better establish baselines and understand the
drivers of change more completely.

A fourth criterion is that the indicators must correspond to phenomena that are of
national importance. This is not the same as saying that an indicator must be
nationally representative in a statistical sense. Drought, for example, is intrinsically
a regional phenomenon, but persistent drought in agricultural regions can just as
clearly be a national problem. This criterion is admittedly subjective in some sense.
What constitutes a nationally important phenomenon, apart from a geographically
national phenomenon, is to some degree a matter of professional judgment of the
important system factors. But regardless of the degree of subjectivity involved,
applying this criterion means that one need not calculate average national values for
phenomena for which the calculation essentially makes no sense.

The final criterion is that the indicators ought to be used. The overall system,
because of its scale, cannot be a decision-specific support system. However, the
potential decisions where such indicators might be useful need to be considered. To
ensure that the indicators are designed to serve as boundary objects (Star and
Griesemer 1989), the process of developing indicators should explicitly consider co-
production processes that engage both information producers and users (Meadow et al.
2015; Biggs 1989). Coupling co-production with iterative indicator design and im-
provement allows for the indicators to evolve given rigorous evaluation and refine-
ment as a result of indicator use (Kenney et al. 2016; Gerst et al. 2017; Gould and
Lewis 1985). Presenting indicators with accessible metadata that includes the data,
methods, and justification allows end-users to customize indicators for their own
individual and decision-specific uses while designing a system to be broadly useful
for assessing change in nationally important indicators (Wiggins et al. 2018).

4 Intended use and iterative improvement of the indicator system

The indicator system is designed for national, long-term assessment of key indicators of
change to support climate assessments. The indicators are meant to be descriptive of nationally
important changes to climate, environmental, and economic sectors (Sabine 1912). What is
deemed nationally important is based on expert judgment, formalized through the conceptual
models for this indicator system (Kenney et al. 2016, 2014). The indicator system is initially
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recommended to consist of lagging or coincident indicators (indicators that represent past and
present conditions). For such indicators, a baseline would be based on a historical average.
Though the indicators are intended to be decision relevant, they are not designed to be
performance measures of policy effectiveness and should not be a direct function of any
specific proposed responses.

The development of the proposed indicators, as articulated in the companion papers in this
special issue, began with interdisciplinary teams of experts. Like many such exercises, there
was embedded knowledge in those teams about the important components of the system/sector
and how indicators in each individual sector are being or might be used. That knowledge is
expressed explicitly in the conceptual models for each sector. But while the embedded
knowledge and experience of the indicator design teams (Kenney et al. 2016) and best
practices were identified and applied to the initial prototypes (Lloyd et al. 2016; Gerst et al.
2017), it does not substitute for an iterative process involving new use cases and new users
(Gerst et al. 2017).

With the goal of iteratively improving indicator usability (Gould and Lewis 1985), we
engaged two different user groups—scientists and nonscientists. Initial results identified
elements (e.g., accessible metadata, text that easily identifies indicator key message, federal
agency products, citations) that lead to trust, credibility, and saliency of the indicators and
metadata as a linked boundary object (Wiggins et al. 2018; Bechhofer et al. 2010; Star and
Griesemer 1989). It additionally focused on the visual design of an indicator to increase
understandability and potential utility by diverse audiences (Gerst et al. 2017). Preliminary
results indicate notable improvements in understandability through simple design modifica-
tions (Gerst et al. 2017; Executive Office of the President 2016); however, additional data are
needed to definitively understand the magnitude of the trade-offs between understandability
and utility.

Beyond the design of individual indicators, the overall system should also enable combi-
nations of indicators to be developed to address a particular issue or concern on the part of
some user community. It is difficult to ensure this capacity exists without specific issues in
mind. The simplest case, of course, would be users who seek to understand at a gross level the
relationship between regional and/or global temperature changes and some putative response
indicator in particular sectors, e.g., coastal ocean color or heating/cooling degree days. There
are many possibilities.

We should anticipate that there will be users who will use combinations of
indicators from different sectors in ways that will provide information about their
own unique decision contexts. The system was designed to promote customization of
indicators or combinations of indicators by stakeholders for their own normative goals
(Sabine 1912), through linked metadata systems to transparently describe data,
methods, and reasoning. This provides the flexibility for the indicator system to meet
the assessment goals for the NCA while at the same time being decision relevant
through external customization.

5 Conceptual model of the indicator system
The overarching conceptual model for the indicator system is an end-to-end depiction
that considers each major component of climate change (Fig. 1). It stresses that the

system vision encompasses the creation of indicators for changes and variability in
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physical systems, in the socio-ecological systems that they affect, and in response
strategies. Importantly, arrows between components do not necessarily imply strong
cause-and-effect linkages. As detailed above in the design criteria, relationships among
indicators may instead represent partial causation, or a strong association that is accom-
panied by many other causal factors not included in the system.

Figure 1 is a hierarchical conceptual model. Lower-level conceptual models were con-
structed by 13 expert technical teams, which were roughly organized around the sectors and
areas of concern represented in the third National Climate Assessment chapters (Fig. 2;
relevant papers this issue: Anderson et al. this issue; Arndt et al. this issue; Butler et al. this
issue; Clay et al. in review; Hatfield et al. 2018; Lipp et al. this issue; Ojima et al. in review;
Peters et al. 2017; Rose et al. this issue; Stanitski et al. this issue; Wilbanks et al. this issue a,
b). As the boundaries between systems are fuzzy, some overlap occurred among teams with
respect to system limits and indicator recommendations. However, the system addressed by
each team can be thought of as its own coupled human-natural systems with individual
conceptual models that are informed by guidance given to the teams by the authors of this
paper.

Expert team guidance was structured around recent work on human-natural system con-
ceptual models that has pointed to the utility of combining two popular frameworks for
decision support, Drivers-Pressures-States-Impact-Response (DPSIR), and ecosystem services
(Rounsevell et al. 2010; Reis et al. 2015; Kelble et al. 2013; Poppy et al. 2014; Nassl and
Loffler 2015).

Atmosphere and Climate
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Fig. 2 Conceptual model of relationships among expert team systems. Solid shapes correspond to papers in
special issue (with the exception of adaptation). For the sake of visual simplicity, dotted boxes group similar
sectors or areas of concern, which are more likely to share indicator recommendations. Arrows indicate a link
between sectors that are a combination of services, drivers, pressures, and responses. Note that each team has
created their own conceptual model, which is detailed in the papers in this special issue
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DPSIR conceptualizes environmental change through a series of causal relationships (Smeets
and Weterings 1999). Environmental change is initiated by drivers such as industrial production to
meet a growing population and economy. These lead to pressures on ecosystems (e.g., greenhouse
gas emissions), which may change the state of ecosystems such as atmospheric gas composition and
temperature. Changes in states may lead to impacts, which may be reduced by responses,
specifically mitigation and adaptation. Mitigation acts on pressures (e.g., reducing greenhouse gas
emissions) and adaptation improves human-natural system resilience.

Ecosystem services are benefits that society recognizes as directly or indirectly coming
from ecosystems (Millenium Ecosystem Assessment 2003). They are generally categorized as
product provisioning (e.g., water and food), ecosystem process regulating (e.g., carbon
sequestration and climate regulation), supporting production of services (e.g., nutrient cy-
cling), or non-material cultural benefits (e.g., recreation or spiritual). They are linked to the
DPSIR framework by noting that change in ecosystem sfafes may lead to change in ecosystem
services, and hence impacts (Rounsevel et al. 2010). This is advantageous for an indicator
system because it emphasizes that what is ultimately being tracked are trends in services and
not impacts per se. Another advantage of this combined framework is that the concept of
services also applies to the goods and services produced by technological systems such as
infrastructure and human health.

As an example, consider the effect of changing precipitation patterns. Tracing the arrows through
Fig. 2, one can develop a narrative of this indicator category flowing through the conceptual model.
Pressure on atmospheric composition from emissions changes the state of atmospheric composition,
which leads to changes in physical climate state variables such as precipitation. Changes in
precipitation in turn put pressure on agriculture and water cycle management, leading to potential
impacts on these systems, impacts which might cascade to human health. These impacts might be
reduced in the agriculture, water cycle management, and human health systems by adaptation
responses. The indicators that would be used to understand precipitation trends or support decisions
given these changes are context specific. The ideal indicator representation may be changes in
average conditions for one system and extreme events for a different sector.

Using the literature as a point of departure, we provided the following simplified guidance to the
expert teams with respect to constructing and to revising their conceptual models. As shown in Fig.
2, teams were asked to consider where their system boundaries lie and how their system interacts
with others. Interactions can take the form of (i) providing or receiving ecosystem or anthropogenic
services, (ii) experiencing or being the source of drivers and pressures, or (iii) receiving or enacting
responses. Teams were also asked to consider internal system dynamics, such as services exchanged
among sub-components, especially supporting ecosystem services, as well as pressure and re-
sponses. This framework was presented as a way for teams to check the completeness of their
conceptual models and indicator recommendations, but not to dictate a template for conceptual
model construction. Given the diversity of topics addressed and expertise engaged, this was a
necessary and key feature of this effort. As a result, many teams chose to use more discipline-specific
frames. However, their recommendations are compatible with the overarching framework shown in
Figs. 1 and 2.

6 The human dimensions

Inspection of the conceptual models that have governed the selection of the indicators
represented in the subsequent papers reveals the close connections between the human
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dimension components of each sector and natural processes. For example, the indicators of
physical processes, like the summer-time extent of Arctic sea ice, or the release of radiatively
important greenhouse gases, consider the interaction of human perturbations with the physical
climate system, even if all the processes that modulate that interaction are imperfectly known.

For the indicators of socio-environmental impact sectors, however, the interaction of
human dimension elements and the natural processes in each sector are even clearer. For
example, the conceptual model used by the forest sector to determine their indicators
(Anderson et al. this issue) explicitly shows the interactions with economic demand and
management strategies as one of the determinants of forest status, structure, and pro-
cesses, along with climate and pests. The water sector explicitly considers water man-
agement for flood control and availability given seasonal variability (Peters et al. 2017).
The economic demand for food and fiber are features in nearly every impact sector.
Indeed, for the energy sector, or coastal regions, or health, the human dimensions could
be argued to be the most important factor of the proposed indicators (Wilbanks et al. this
issue-a; Clay et al. in review).

7 Indicators for the system

The conceptual models in Figs. 1 and 2 are silent on an important issue for the proposed
indicator system, which is the spatial/geographic domain that is meant to be covered. From a
decision-making perspective, as noted above, the indicators are meant to be relevant to
nationally important issues, even though the physical or economic phenomena themselves
may be regional. But indicators of certain components of the physical climate system, only a
global perspective makes sense.

Table 1 summarizes the overall proposal of indicator categories that should be included in a
complete US indicator system that takes into account all the issues outlined above. The
categories of indicators are detailed under the higher level conceptual model groupings (Fig.
2). The atmosphere and climate indicators include a set of global and climate impact indicators,
primarily for the state of the physical climate system and its anthropogenic forcing either at a
global (i.e., global context) or national scale (i.e., climate impacts). The other indicator
groupings are sectorally specific, most of which are constrained to either national or regional
geographic domains. More specific indicator recommendations are provided in Online Re-
source 1, Tables OR1-OR7, and in the special issue papers.

In the indicator groupings above, we have not been prescriptive about particular indicators
which ought to be included; instead, we have focused on recommending the types of indicators
that one would expect to see assessed under these groupings. The papers in this special issue
provide recommendations for specific indicators and a fuller representation of the aspirational
indicator set.

8 Iterative approaches to constructing the indicator systems

We described above an iterative approach for identifying and improving individual indicators
for each impact sector, moving from an initial expert-derived focus to a more inclusive process
that incorporates feedback from other stakeholders and decision makers. We envision the

initial construction of the overall system to proceed similarly.
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Table 1 Categories of indicators given major topical groupings presented in Fig. 2. Detailed indicator sugges-
tions given recommendations and indicators included in previous assessment reports are provided for each topical
grouping (see Online Resource 1)

Atmosphere and Climate: Global Context Atmosphere and Climate: Impacts

Sea Ice Temperature
Surface Temperature Precipitation
Sea Level Ice
Atmospheric Composition Air Quality
Ocean Heat Content Soil Moisture
Anthropogenic Emissions Humidity
Terrestrial Aquatic
Land Surface Access and Use
Productivity and C Storage Water Quality

Ecosystem Functioning and Conditions
Ecosystem Disturbance

Phenology

Surface Climate

Ecosystem Functioning and Conditions
Ecosystem Disturbance
Productivity

Human Health

Temperature Mortality / Morbidity

Hydrological Air Quality

Land Surface Extreme Events

Ecosystem Disturbance Vector-borne Diseases

Organismal Water-borne Diseases

Agriculture Food Safety, Nutrition and Distribution
Mental Health and Well-being
Vulnerable Populations

Built Environment Mitigation and Adaptation Responses
Vulnerability of Systems to Extremes Action Accounting
Energy Demand / Supply Effectiveness

Extent of Infrastructure

Iterative design is a well-established method to cyclically improve the design and
utility of user-focused products given user data (Nielsen 1993; Harold et al. 2016;
Gould and Lewis 1985). The initial step in the iterative approach applied to the
indicator system has been to implement a pilot system of indicators, i.e., a truncated
set of indicators representing all the major elements of the system described in Fig. 2.
The pilot recommended for this system was published (Janetos et al. 2012; Janetos
and Kenney 2015; Kenney et al. 2014; Kenney et al. 2016); the USGCRP considered
these recommendations in their implemented proof-of-concept indicator set
(https://www.globalchange.gov/explore/indicators).

The pilot is meant to be an experimental system, allowing the implementers to learn from
how the initial subset of indicators are accessed and used in order to improve the overall system.
This requires sustained commitment to research and evaluation to improve the understandabil-
ity of the individual indicators and understand stakeholder indicator needs. Subsequent steps
would use this evidence to make strategic decisions to build out the indicator system.

In this way, the entire indicator system would follow a similar logic to the develop-
ment of individual indicators—moving from a more expert-driven system model to a
more inclusive system that incorporates the insights, information needs expressed, and
uses demonstrated by early adopters. This paper represents a more inclusive set of
recommendations to more effectively build out a system of indicators, beyond the pilot
implementation, to support the NCA.
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9 Evolution of the indicator system and research priorities

The job is not done. There are many gaps in both fundamental understanding and in
understanding its usefulness that should be addressed.

We recommend building out the system in several ways. The first and most obvious is
adding additional indicators of status, extent, and functioning of important sectors, and
possibly even adding additional nationally important sectors to the system. The papers in this
special issue demonstrate that there are other possible indicators that are justified by the
conceptual models in each sector that could be added.

A second is that the collection of indicators will change as our underlying knowledge of the
sectors changes. Any such system is inevitably a function of the current state of our scientific
understanding, as much as it is a function of the decisions that face each sector. Thus, we
should expect some evolution of the overall system simply because of changes in our
understanding of each individual sectors. The indicators for water resources, for example, will
eventually need to include recent findings from orbital gravity field measurements, as the
scientific community and water managers gain more experience with them. Indicators for
adaptation and response strategies will need to take into account the growing experience that
cities and other municipalities have with their own climate adaptation plans. The overall
system has been intentionally designed to be flexible enough to accommodate new indicators
as they become scientifically justified, and as they acquire utility or are needed to support
decisions.

A third way the system can and should evolve is to fill a missing element—indicators of
responses. There are many individual examples in the literature of what would constitute
indicators of mitigation effectiveness and costs (Peters et al. 2017). Even though there are
many papers and syntheses of the underlying foundation of adaptation actions (e.g., Noble
et al. 2014; National Climate Assessment 2014), there has been no consensus, however, on
what summary measures would be required to assess the effectiveness or costs of regional or
national adaptation efforts (Moser et al. 2017). Indicators of response are a major need for any
system of indicators that seeks to establish baselines for societal effects, as our does, and must
be remedied.

Finally, leading indicators (indicators predictive of the future) could be established. The
NCA is required to project “major trends for the subsequent 25 to 100 years” (S. 169 - 101st
Congress 1990). Though the initial indicator recommendations focus on lagging and coinci-
dent indicators, the approach described and conceptual model developed in this paper provides
the flexibility to additionally include leading indicators. The inclusion of leading indicators
presents additional research challenges that are not trivial, such as the predictive method
selected, verification of forecasts, and the development of baselines using historic averages or
counterfactuals. However, since all decisions are focused on the future, thoughtful consider-
ation of such indicators could provide actionable information to support policymaking.

As mentioned previously, the process of building out a system can be done incrementally
over time. Indicators are foundational sustained assessment products (Buizer et al. 2013), and
thus are intended both to provide graphics that assess changes for nationally important sectors
and to support understanding and decision-making. At the same time, the evolution of the
system will need to be flexible enough to take changes in scientific knowledge and measure-
ments into account. Pragmatically, incrementally building out the indicator system can be
strategically prioritized by (1) implementing design theory approaches, (2) using the assessment
products to facilitate the development of new indicators, and (3) strategically deploying grants.
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First, design theory should be used to evaluate and to iteratively improve indicator design
and prioritize the development of new indicators (Harold et al. 2016; Gould and Lewis 1985).
The challenge of designing this indicator system is that the audience for, and thus the potential
uses of, the indicators is broad and diverse. Thus, like any decision support system (Moss et al.
2014), to ensure its utility, the system has to both be understandable and provide a useful
starting point for customizing indicators for specific management purposes. It is unlikely to be
perfect when initially constructed; thus, systematic evaluation allows for the components of the
indicators to be refined given evidence. In addition to improving indicators within the system,
engaging users can provide an approach to prioritize development of new indicators and
indicator features, such as web-based customizations or metadata, based on stakeholder
information needs.

Second, as new NCAs are planned and implemented, the authors will inevitably have
suggestions for new indicators and how existing indicators may need to evolve to keep up with
advances in knowledge or to keep pace with adaptation and mitigation responses. The
assessment process can capitalize on this expertise by utilizing the authors to provide indicator
recommendations for specific sectors and to help construct candidate indicators as part of the
development of assessment products. Additionally, because the NCA products are also meant
to support decision-making as well as summarize extant science, the audiences for those
products also deserve input into the future evolution of the indicator system.

Third, input from stakeholders and authors in the NCA processes should not be the only
sources of evolution for the indicator system. There will be a continuing need for innovation
from the broader research community, supported by competitively awarded grants and con-
tracts, as for any scientific enterprise. The goal of such activities should be to develop new
indicators that can be tested as part of the overall system, and either incorporated or not, as
demand and potential use warrants. Targeted solicitations for particular aspects of the indicator
system will also be an important tool in the developers’ toolkits. For indicators developed
through research to ultimately be operationalized, there needs to be clear guidance provided on
the indicator system goals, decision criteria, design considerations, and metadata and method
documentation. Otherwise, interesting indicators will be developed that are incompatible with
the goals and needs of this system.

10 Conclusion

The proposed system of indicators presented here and in papers in this special issue has been
developed to establish consistent, replicable baselines in important sectors against which
change can be evaluated. And the relationships between these systems and sectors have been
defined using conceptual models.

This indicator system is designed to be multi-stressor, where climate change is one of the
important stressors impacting the constituent parts of the sectors and systems. Thus, there is
not a predetermined bias for indicators that can be causally attributed to climate as this limits
the scope of the system such that it does not meet NCA requirements. Rather, the indicator
system should provide an unbiased baseline that can be used for subsequent hypothesis testing.
Subject matter experts have taken the lead in identifying potential indicators, but their work
will need to be augmented over time by emergent NCA goals and the needs of indicator
system users, thus enriching the overall value of the system.
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