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Using Information From Global Climate Models to
Inform Policymaking—The Role of the U.S. Geological
Survey

By Adam Terando, David Reidmiller, Steven W. Hostetler, Jeremy S. Littell, T. Douglas Beard, Jr.,
Sarah R. Weiskopf, Jayne Belnap, Geoffrey S. Plumlee

Executive Summary

The U.S. Department of the Interior (DOI) and other government agencies (Federal,
State, local, and tribal) often must factor the potential impacts of climate change on natural
resources, natural systems, infrastructure, and society into their policymaking decisions.
Understanding these changes requires the use of models that can simulate the primary physical
processes governing the Earth’s climate system.

A core capability of the U.S. Geological Survey (USGS) is to provide objective scientific
information about the effects of past, present, and potential future climate change to decision
makers within and outside the DOI. This report provides an overview of model-based climate
science in a risk management context and summarizes how this science within the USGS will
continue to follow best scientific practices and when and how the results of this research will be
delivered to the DOI and other stakeholders to inform policymaking.

The key takeaways are as follows:

e To fulfill their missions, natural resource managers consider the risks associated with
climate change. Climate change is a risk management challenge for society because of
the uncertain consequences of that change for natural and human systems across decades
to centuries.

e (Climate-related science activities within the USGS emphasize research on adaptation to
climate change. This research helps inform adaptive management processes and planning
activities within other DOI bureaus and by DOI stakeholders.

e (lobal climate models are increasingly sophisticated numerical representations of the
Earth’s climate system. These models are able to simulate or replicate many important
aspects of Earth’s climate, including observed changes in global mean air temperature
and ocean heat content attributed to rising atmospheric greenhouse gas concentrations.

e Research groups from institutions around the world regularly participate in a coordinated
effort to produce a suite of climate models. The resulting outputs from the various
climate models are compared to each other and to observations. This global effort
provides a test bed to assess model performance, structural uncertainty, and projections of
future change under various prescribed climate scenarios.



A climate scenario describes a plausible future outcome associated with a specific set of
societal actions that captures the relationships between human choices, greenhouse gas
and particulate matter emissions, greenhouse gas concentrations in the atmosphere, and
consequent climate change as simulated by global climate models. Because scenarios are
developed in a risk-based framework with a high degree of uncertainty about future
societal developments, the primary scenarios used in policymaking contexts are usually
not assigned a formal likelihood of occurrence (that is, each scenario is considered to be
a “plausible” outcome without assuming the “likelihood” of the outcome).

Examining a range of projected climate outcomes based on multiple scenarios is a
recommended best practice because it allows decision makers to better consider both
short- and long-term risks and opportunities, while reducing the risk of ‘surprises’; that
is, negative outcomes that were never considered in the planning process.

In the near term (years to one to two decades in the future), natural climate variability is
the largest source of uncertainty in climate projections. For time periods approximately
30 to 50 years out, scientific uncertainty about the climate system is the largest source of
uncertainty in climate projections. Beyond 50 years, human decisions that affect global
greenhouse gas emissions are the largest source of uncertainty.

As part of its routine science practices, the USGS regularly reviews the state of
knowledge of climate science, develops and maintains best practices in using global
climate models to project climate change impacts, and provides data and interpretations
of potential impacts from USGS data sources to the DOI and other stakeholders at the
temporal and spatial scales that are the most relevant for planning and policymaking.

The USGS will report at least once every 5 years (or sooner, as needed) to the DOI on
significant new findings in climate science and advances in best practices for
incorporating climate information into planning and policymaking activities.

Examples of best practices that the USGS will continue to follow include:

e Model potential future impacts across a range of climate scenarios whenever feasible,
such as across the entire range of greenhouse gas emission scenarios developed by the
international scientific community;

e  When possible, use multiple climate models (also known as a “multimodel
ensemble”) to project future impacts resulting from specific scenarios.

e Model potential future impacts over timescales ranging from the near term out to a
century or longer, depending on the management decision under consideration.

e Articulate clearly the uncertainties associated with any analysis, including how the
uncertainties evolve over the modeled time period and the implications of these
uncertainties for interpreting the results.

¢ Ensure that both climate-related observations and projections continue to receive
rigorous peer review.

e As appropriate, revise future-looking impact analyses to incorporate new knowledge
and best practices.



e Specific management and policy decisions within the DOI will reflect different tolerances
for risk (for example, a decision affecting a critically endangered species versus one
affecting a wildlife refuge boardwalk in a tidal zone), which has implications for what
type of information should be considered and how that information should be used. It is
suggested that a followup document be produced that would describe in more detail how
these management decisions with differing risk tolerances can be made effectively and
consistently in light of an uncertain future.

Introduction

The Department of the Interior (DOI), other U.S. Government agencies, and State, local
and tribal governments often must consider the potential future effects of climate change on
natural systems, natural resources, infrastructure, and society in their decision making. These
changes are of interest because of the potential for negative (or positive) consequences that could
affect the ability of these government organizations to accomplish their missions. To assess the
likelihood of these future changes, scientists (including DOI and U.S. Geological Survey
[USGS] scientists) rely in part on global climate models (GCMs) that simulate the primary
physical processes governing the Earth’s climate system.

The development and ongoing improvement of climate models, however, still poses
significant scientific challenges, and simulations of future climate change are subject to several
distinct types of uncertainties (Hawkins and Sutton, 2009, 2012; Hawkins and others, 2016).
Significant advances have been made during the past several decades that help reduce these
uncertainties, including advances in (1) our understanding of the physical, chemical, and
biological processes that define and drive the Earth’s climate system; (2) the ability to
incorporate these processes in climate models; and (3) increased computational power that
enables the development of ever more sophisticated models to simulate the climate system and
how it responds to natural and anthropogenic perturbations. Rigorous analysis of the results from
successive generations of climate models has progressively increased confidence in the ability of
these models to simulate both known past and current changes in the climate and to project how
the climate and other Earth system processes are likely to respond to a given scenario of future
greenhouse gas (GHG) emissions (Flato and others, 2013). When applied appropriately, climate
models provide useful and reliable input for policymaking.

A core capability of the USGS is to provide unbiased scientific information about the
effects of past, present, and potential future climate changes to managers within and outside the
DOI. The USGS has no policy-setting or regulatory mission; instead, it serves in a science
advisory role for DOI and the Federal Government. Making climate information usable is often a
complex task because each natural resource management decision requires case-specific, and
frequently site-specific, information. The set of insights and best practices used by USGS
scientists to address the complexity and uncertainties associated with climate change continues to
improve, however, along with usefulness of the science for natural resource management.

This report discusses—

e How climate change is a risk management challenge;

e What climate models are, how climate scenarios are developed and used, and the
uncertainties associated with climate scenarios and climate model output;

e Best practices for using climate model output in the policymaking process;



e The roles of the USGS in climate science;

e The stated needs of the DOI and other stakeholders with respect to USGS climate impact
science, including the geographic and temporal scales over which projections are desired
to inform policy;

e How USGS climate science is provided to the DOI and other stakeholders for
policymaking purposes; and

e How the USGS updates its climate science in response to advances in understanding of
the Earth’s climate system.

Climate Change as a Risk Management Challenge

To fulfill their missions successfully, natural resource managers often must consider
future risks, including those stemming from climate change. Multiple and independent lines of
evidence clearly show that the world has warmed during the past 150 years, especially during the
past six decades, and that this warming is primarily attributable to human activities that emit
GHGs into the atmosphere (fig. 1). The observed warming, in turn, has triggered and continues
to trigger many changes in the planet’s physical and biological systems. Detailed descriptions
and documentation of observed changes and attribution to human activities are provided by a
number of highly vetted and peer-reviewed efforts, such as—

e “State of the climate in 2018,” (a special supplement to the Bulletin of the American
Meteorological Society; Blunden and Arndt, 2019);

e “Climate science special report—Fourth national climate assessment, volume 1”
(Wuebbles and others, 2017); and

e “Climate change 2013—The physical science basis. Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change”
(Stocker and others, 2013).

Risks can be explained in a qualitative sense as threats to life, health, and safety; the
environment; economic well-being; and other things of value to society. In some cases, risks are
described in quantitative terms, such as estimates of how likely a given threat is to occur
(probability) and the damages that would result if it did happen (consequences). Climate change
is a risk management challenge for society because it presents uncertain consequences for natural
and human systems across generations (that is, many decades to centuries; National Research
Council, 2010). Climate change results from many complex interactions, and the magnitude and
rate of change are associated with uncertainties in future conditions or societal decisions that can
serve as risk multipliers, create new risks, or alter existing risks (Clarke and others, 2018).

A significant challenge in managing the risks associated with climate change is the large
uncertainty associated with how future atmospheric GHG concentrations will evolve over
decadal to century timescales in response to emissions resulting from human activity, mitigation
actions, technological and socioeconomic developments, or feedbacks from natural carbon
cycling processes. Measuring risk encompasses an assessment of the likelihood and
consequences of specific management outcomes and involves judgments about what is of value,
what is the ranking of priorities, and what are the tradeoffs associated with different actions
and strategies.
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Figure 1.  Graphs comparing modeled changes (orange line in panel A and blue line in panel B) and
three independent estimates of observed changes (teal, red, and black lines in both panels) in the global
annual-mean air temperature since 1880. All the time series are presented relative to the average
temperature (in degrees Fahrenheit, °F) over the period from 1901 through 1960. The temperature
changes in panel A are from models that include both anthropogenic climate drivers (for example,
greenhouse gases [GHGs], ground level ozone, land use change) and natural climate drivers (for example,
solar output, orbital variability, observed volcanic eruptions). In contrast, modeled temperatures in panel B
include only the natural climate drivers. The thick orange and yellow curve (panel A) and thick blue curve
(panel B) each represent the mean across dozens of climate model simulations obtained from the Coupled
Model Intercomparison Project Phase 5 (CMIPS; Lawrence Livermore National Laboratory, 2008). The
shading indicates the standard deviation of all simulations. The outer dashed lines depict the absolute
range of temperature differences across all simulations. Panel B shows that after about 1970, the observed
global temperatures (green, orange, and black lines) diverge from the temperature simulated by the climate
models that consider only natural factors (blue line). The consistency between the trajectory shape and
magnitude of the modeled temperature changes and those of the observed temperature changes in

panel A show that the observed warming since 1970 is attributable primarily to anthropogenic factors. This
modeled response of temperature to GHGs was produced by the earliest versions of climate models that
were applied in the 1970s and continues to be produced as the models have undergone significant
refinements over the years through addition of many more natural and anthropogenic drivers (Hausfather,
Drake, and others, 2020). Figures modified from figure 3.1 of Wuebbles and others (2017); used with
permission.

USGS and other DOI scientists help managers assess risks associated with observed and
projected changes in climate so that adaptation and mitigation activities can be evaluated and
implemented. Adaptation and mitigation activities can be considered complementary strategies—
adaptation can minimize the consequences of changes that are already happening, whereas
mitigation efforts can reduce future risks (Martinich and others, 2018). Adaptation entails
proactive decision making, planning, and investments by individuals, businesses, and
governments to counter specific risks from climate change that vary from place to place. USGS
science activities emphasize research on adaptation to climate change. The USGS works directly
with other DOI bureaus to incorporate new knowledge into adaptive management processes and
planning. Climate risk management includes many approaches familiar to natural resource
professionals, such as protection and restoration of habitat and development of water
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management procedures and protocols for floods and droughts. Although the DOI is not the
primary Federal agency engaged in mitigation activities, the USGS is often involved in
developing and evaluating the efficacy of proposed mitigation actions. For example, the USGS
was tasked by the Energy Independence and Security Act of 2007 with developing estimates of
the geological and biological carbon sequestration potential for the United States; resulting
publications included, for example, Zhu and Reed (2014) and U.S. Geological Survey Carbon
Dioxide Storage Resources Assessment Team (2013).

Developing Future Climate Projections

Climate information over a range of timescales is useful for many different applications
across the U.S. Government. In some cases, Government agencies are legally required to look
forward multiple decades to centuries. For example, the Global Change Research Act of 1990
(Public Law 101-606, which is the legislation that established the U.S. Global Change Research
Program [USGCRP]) requires periodic completion of a national climate assessment (NCA) that,
among other things, must project major climate-related trends for 25 to 100 years.

Physically based climate projections must use models to quantify and assess responses of
the Earth system to an assumed set of future conditions—that is, a scenario. Significant time and
effort have been devoted to developing the process that is now used to deliver climate model
output to researchers and policymakers for use in decision making. This high level of effort
reflects the scientific community’s awareness of the complexity of the Earth’s climate system,
the complexity of societal actions that are now affecting the Earth’s climate system, and the
stakes involved in decisions affecting both.

Global Climate Models

Global climate models (GCMs), originally referred to as general circulation models, are
numerical representations of the Earth’s climate system based on knowledge of how the
fundamental laws of physics govern this system. The models originated from numerical weather
prediction models used for day-to-day weather forecasts and related activities (such as hurricane
tracking and prediction). GCMs account for the conservation of energy, mass, and momentum
and how these are exchanged among different components of the climate system. Using these
fundamental relationships, GCMs are able to simulate or replicate many important aspects of
Earth’s climate, such as large-scale patterns of atmospheric circulation, temperature, and
precipitation; and observed changes in global mean air temperature and ocean heat content that
result from atmospheric GHG concentrations (Flato and others, 2013; Hayhoe and others, 2017).

The complexity of climate models has increased over time as successive models have had
additional components of Earth’s climate system incorporated into them (fig. 2). For example, as
noted above, GCMs were originally referred to as general circulation models when they included
only the physics needed to simulate the circulation of the atmosphere or ocean. Today, GCMs
simulate many more aspects of the climate system, including atmospheric chemistry and
aerosols, land surface interactions, land and sea ice, and, increasingly, interactive
biogeochemical cycles. Models that include this last component are also referred to as Earth
system models (ESMs; Hayhoe and others, 2017). For specific applications, nested models (that
is, the application of a mesoscale regional climate model that is driven by the coarser scale GCM
output) that translate or “downscale” these processes to the region of interest are often used (for
example, Hostetler and others, 2018).
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A Climate Modeling Timeline
(When Various Components Became Commonly Used)
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Figure 2.  As scientific understanding of the climate system has evolved during the past 120 years,
increasingly complex details of physics, chemistry, and biology have been incorporated into climate models.
The diagram shows the decades when various processes and components of the climate system became
regularly included in models. The advances in the models are based on evolving scientific understanding of
global climate processes and, during the second half of the 20th century, also on the dramatic increase in
computing resources. From figure 4.3 of Wuebbles and others (2017); used with permission.

Coupled Model Intercomparison Project

Advances in climate science and computing resources have led to an increase in the
number of independently developed state-of-the-science models that are used to study the
climate system. Still, the models and model output produced by different research institutions
differ because of our imperfect knowledge of the climate system and the realities of
computational and data storage limitations.

The Coupled Model Intercomparison Project (CMIP) is an international effort begun in
the 1990s by multiple research organizations engaged in climate model development to produce,
study, and compare climate simulations (Meehl and others, 1997; World Climate Research
Programme 2019; Program for Climate Model Diagnosis & Intercomparison [2019]). “Coupled
models” refers to GCMs that include interactive atmospheric and ocean models. CMIP is led by
the World Climate Research Programme, with the goal of supporting improvements in climate
modeling and international climate science assessments. Within the United States, the National
Oceanic and Atmospheric Administration (NOAA), the National Aeronautics and Space
Administration (NASA), and the National Center for Atmospheric Research are the primary
participants in the CMIP, along with the U.S. Department of Energy (DOE), which serves an
important collaborative role through its Program for Climate Model Diagnosis &
Intercomparison (PCMDI; Golaz and others 2019; Program for Climate Model Diagnosis &
Intercomparison [2019]). All CMIP participants perform a predetermined suite of modeling
exercises that allow for intermodel comparisons. Through these comparisons, scientists assess
(1) the ability of the models to simulate past and observed aspects of the climate system, and
(2) the agreement among the models in simulating difficult-to-observe aspects of the climate
system. Together, such assessments advance understanding of climate processes, thereby
improving confidence in the ability to simulate future changes in the climate system accurately.
Beginning with the Fourth Assessment Report of the United Nations Intergovernmental Panel on
Climate Change (IPCC; Intergovernmental Panel on Climate Change, 2007), the CMIP output



became and continues to be the primary source of climate information used to project the
impacts of GHG emissions.

Each successive CMIP version (termed “phase”) reflects the latest scientific advances by
expanding the number of physical, chemical, and biological processes explicitly represented in
the models, while also incorporating improvements in the simulation of existing processes. In
addition, the total number of GCM simulations has increased because more institutions are
participating in the project and multiple versions of each modeling center’s GCM are being
released. Furthermore, the average spatial resolution and the number of vertical levels of the
atmosphere used to represent the climate system have also increased with increases in
computational capacity. The Coupled Model Intercomparison Project Phase 5 (CMIP5) currently
provides output from more than 50 GCMs with horizontal spatial resolutions ranging from about
30 to 200 miles (50 to 300 kilometers [km]) and vertical resolution on the order of hundreds of
meters in the lower atmosphere or troposphere (from the Earth’s surface to a height of 4 to
6 miles [6 to 10 km]; Taylor and others, 2012). The Coupled Model Intercomparison Project
Phase 6 (CMIP6), when fully completed, will likely contain twice the number of models
contained in CMIP5 (Eyring and others, 2016).

Climate Scenarios

A climate scenario describes a plausible future outcome associated with a specific set of
societal actions. Consequently, a climate scenario is not, strictly speaking, a prediction of the
future; however, a combination of scenarios can produce a reasonable range of plausible
outcomes. Climate scenarios are typically developed collaboratively by economists, experts in
energy policy, climatologists, and other researchers. These scenarios attempt to capture the
relationships between human choices, GHG emissions and particulate matter emissions, land use
change, GHG concentrations in the atmosphere, and consequent climate changes as simulated by
GCMs (Moss and others, 2010; Taylor and others, 2012). Some scenario trajectories are
consistent with continued or increased dependence on fossil fuels (including large GHG
emissions), whereas others reflect reductions in GHG emissions or adoption of technological
advances that reduce atmospheric GHG concentrations. The resulting range of climate model
projections, which use these scenarios as input for experiments—such as those defined in CMIP5
(see fig. 3)—reflects in part the uncertainty associated with future human activities and their
influence on climate. Because it is extremely difficult to predict accurately how human societies
will change across multiple decades or centuries, scenarios provide a means to understand the
risks associated with a range of possible future actions. The utility of using scenarios in climate
assessment activities as stated by the [IPCC on its Scenarios Background Information web page is
to “better understand uncertainties and alternative futures, in order to consider how robust
different decisions or options may be under a wide range of possible futures” (Intergovernmental
Panel on Climate Change, 2019).

International Research Collaboration in the Development of Climate Scenarios

The majority of the future climate projections presented in IPCC assessment reports and
the USGCRP NCAs are derived from standard sets of time-dependent scenarios that the climate
modeling community uses as inputs to GCMs. These scenarios are developed by the integrated
assessment modeling community and, with each new generation, the scenarios have generally
become more comprehensive. The original SA90 scenarios (Houghton and others, 1990) were
replaced by the IS92 emission scenarios of the 1990s (Leggett and others, 1992); the IS92



scenarios were in turn succeeded by the Special Report on Emissions Scenarios (SRES) in 2000
(Nakicenovic and Swart, 2000) and by the representative concentration pathways (RCPs) in 2010
(Moss and others, 2010; van Vuuren, Edmonds, and others, 2011).
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Figure 3. Graphs showing scenario trajectories of A, global annual carbon emissions (in gigatons of
carbon per year [GtC/yr]), B, carbon dioxide concentration in the atmosphere (in parts per million), and C,
projected surface air temperature change (in degrees Fahrenheit [°F]) relative to the annual average for the
period from 1950 through 1999. Observed historical values are shown as black lines, with the thickness of
the line in the temperature plot depicting the amount of observational uncertainty. For comparison, the gray
shading in panel A represents the range of scenarios used in the first Intergovernmental Panel on Climate
Change (IPCC) assessment report in 1990. The colored lines depict the means of all model results
calculated for each of the representative concentration pathway (RCP) scenarios. Colored shading has
been added to panel C to show the full range of climate model simulation results for each scenario. The
projections depicted in panel C illustrate that after 2050, the scenario choice becomes the primary factor
controlling variations in projected temperature. Sources of data from which the graphs were produced are
the Coupled Model Intercomparison Project Phase 5 (CMIP5; Lawrence Livermore National Laboratory,
2008), Houghton and others (1990), Meinshausen and others (2011), Morice and others (2012), Hansen
and others (2013), and Cowtan and Way (2014).



Representative concentration pathways (RCPs) are the climate change scenarios used in
CMIP5 (fig. 3). They are not fully integrated scenarios of future socioeconomic conditions and
resulting GHG emissions. Instead, as implied in the name, the focus of the RCPs is on the total
amount of GHGs—for example, carbon dioxide (CO2), methane (CH4), and aerosols—in the
atmosphere and the resulting change in the energy balance of the Earth measured at the top of the
atmosphere (van Vuuren, Edmonds, and others, 2011). The four most frequently used RCPs
(RCP2.6, RCP4.5, RCP6.0, and RCP8.5) are numbered according to the change in radiative
forcing! projected to occur by 2100 relative to the preindustrial period (circa 1750; Masui and
others, 2011; Riahi and others, 2011; Thomson and others, 2011; van Vuuren, Stehfest, and
others, 2011). Thus, RCP2.6 represents scenarios in which global mitigation of GHG emissions
is achieved and, based on modeling experiments, is still believed to be technically achievable.
RCPs with higher numbers correspond to higher emissions and resulting larger global
temperature change. Therefore, RCP8.5 represents a future that could be consistent with limited
or no climate change mitigation policies. The two middle scenarios were chosen to be roughly
equally spaced between the higher (RCP8.5) and lower (RCP2.6) scenarios.

The focus of RCPs on prescribing trajectories of GHG concentrations to drive climate
models includes a deliberately wide range of future assumptions about underlying
socioeconomic conditions. This range incorporates plausible global and national trends (for
example, population growth, technological innovation, and the carbon intensity? of the energy
mix), that are consistent with each scenario (Moss and others, 2010). For example, whereas
RCP8.5 is generally associated with higher population growth, less technological innovation, and
higher carbon intensities within the global energy mix, a wide range of future socioeconomic
assumptions could be consistent with its outcomes. In other words, RCP8.5 is not necessarily a
business-as-usual scenario (for example, Hausfather and Peters, 2020), but neither is it a worst-
case scenario. RCP8.5 is simply representative of a plausibly higher level of GHG concentrations
in the atmosphere, broadly consistent with “high warming” scenarios modeled by previous
global climate assessments.

Most recently, a set of shared socioeconomic pathways (SSPs; O’Neill and others, 2014)
were developed that, when combined with the RCPs, provide scenarios that better meet the needs
of the research groups studying impacts, adaptation, and vulnerability through a more explicit
description of socioeconomic inputs (that is, policy choices). The peer-reviewed climate
literature still relies heavily on the RCPs, but this matrixed approach to scenarios (RCPs plus
SSPs) is currently being used in CMIP6, the latest phase of the CMIP (Eyring and others, 2016)
and will likely be used more extensively in the future.

Because scenarios are developed in a risk-based framework with a high degree of
uncertainty about future societal developments, individual RCP scenarios have not been assigned
a formal likelihood of occurrence. Therefore, in the current framework used by the IPCC and the

'Tn accordance with the basic laws of thermodynamics, as Earth absorbs energy from the sun, it must eventually
emit an equal amount of energy to space. The difference between incoming (that is, sunlight-sourced) energy and
outgoing energy radiated back to space because of a change in atmospheric composition or solar input is known as
radiative forcing (RF) and is defined in units of watts per square meter (W/m?). In the same way as applying a
pushing force to a physical object will cause it to become unbalanced and move, a climate forcing factor will change
the climate system. When forcings result in incoming energy being greater than outgoing energy, the planet will
warm (that is, have positive RF).

2Carbon intensity is a metric to understand the overall CO, emissions for a given mix of energy resources. For
example, an energy mix that comprises coal and oil exclusively would have a higher “carbon intensity” than an
energy mix that is composed exclusively of natural gas and nuclear energy.
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NCA, each emissions scenario is considered to be a plausible outcome. As the choice of scenario
constrains the magnitude of future projected changes, best scientific practice generally involves
quantifying future change and corresponding impacts over a range of scenarios that reflect the
uncertainty in the consequences of human choices in the coming century. Without such practices,
or if scenarios are developed that are insufficiently representative of a range of plausible future
conditions, there is an increased chance of overconfident decision making, potentially leading to
a greater risk of unacceptable damages or even catastrophic outcomes. Figure 3 A illustrates an
example of what, in hindsight, could now be considered a set of scenarios that were not broad
enough to cover all plausible outcomes. The envelope of GHG emissions trajectories from
IPCC'’s first assessment report in 1990 are depicted in the gray shaded region. The observed
emissions (solid black line) in the intervening three decades have actually exceeded the upper
scenario range, suggesting that decision makers were operating under a less accurate risk
characterization, because at the time they were not able to consider the full plausible range of
emissions (and, therefore, climate) trajectories when developing response strategies.

Figure 3 also shows each RCP scenario’s modeled 21st century trajectory of carbon
emissions (panel A4), atmospheric CO> concentrations (panel B), and resulting global air
temperature changes (panel C). By the second half of the century, the differences between the
RCP scenarios are driving the majority of the differences in simulated temperature change,
although uncertainties associated with climate variability, climate feedback processes, and
imperfect knowledge of the climate system also contribute to the total range of projected
temperature change. Note that the CO> concentrations (panel B) and resulting temperature
changes (panel C) show continuing increases throughout the 21st century for all but the RCP2.6
scenario. In contrast, carbon emissions (panel 4), which are the driving agents of these scenario
trajectories, are shown to decrease or reach stabilizing levels in all scenarios by 2100. For time
periods beyond this, a limited set of model experiments were performed under the extended
concentration pathway (ECP) scenarios, which extend the RCPs through 2300 (Meinshausen and
others, 2011).

In keeping with the principle that scenarios should represent a plausible future (even if no
statement of the likelihood of the scenario is given), these ECPs assume that even under RCP8.5,
there is a finite amount of GHGs that can be emitted in the future. In other words, no scenario
assumes indefinite growth in GHG emissions in perpetuity. So, although RCP8.5 shows
continued increases in emissions throughout this century, the economic, technological, and
societal assumptions embedded in this scenario also suggest that emissions would stop increasing
by 2100, followed by a decline to near-zero emissions levels around 2250. Importantly, because
most GHGs have a multiyear to multicentury residence time in the atmosphere, atmospheric
concentrations of GHG will not stop increasing until emissions reach near-zero levels. By
extension, barring some technological breakthrough to remove large quantities of GHGs from
the atmosphere, air temperatures would continue to increase until anthropogenic GHG emissions
are negligible, but would likely stabilize soon after this time (Solomon and others, 2009). This all
indicates that the range of uncertainty in projected temperatures (and in most other climate
impacts), rather than continuing to increase as might be assumed in figure 3C, will stabilize at
some point beyond 2100.

The effects of these particular GHG emissions scenarios (fig. 3) on global climate
become most evident around 2050, when temperature projections based on each scenario begin
to diverge substantially. With large sustained reductions in GHG emissions (for example, those
consistent with the RCP2.6 set of scenarios), the increase in global annual average air

11



temperature relative to preindustrial times could be limited to less than 3.6 degrees

Fahrenheit (°F) [2 degrees Celsius [°C]). Without significant GHG reductions (for example,
following a set of scenarios like RCP8.5), the increase in global annual average air temperature
could reach 9 °F (5 °C) or more by the end of this century. Because the components of the
Earth’s climate system respond to the effects of atmospheric GHG concentrations over different
time scales, some responses, such as global mean sea level rise, would continue (at least to some
degree) for centuries, regardless of the future scenario (Solomon and others, 2009; Collins and
others, 2013).

Range of Air Temperature Response for the Conterminous United States

The response of the global climate system to GHG emissions varies both temporally and
spatially. To inform natural resource management strategies across the country, it is useful to
consider downscaled? air temperature projections for the United States (fig. 4). Compared with
RCP-driven projections of global annual average air temperatures (fig. 3), by the year 2095 the
projected air temperature changes over the United States range from 1°F (0.6 °C) warmer under
RCP2.6, to 3 °F (1.7 °C) warmer under RCP8.5 (fig. 4). Figures 4A-D illustrate the different
multimodel ensemble projections of warming under each of the RCPs and show that the range of
the spread of the individual models is similar among the RCPs. Going a step further, Figure 4F
illustrates that (relative to the base period of 1950 through 1999), after the cooling associated
with the eruption of Pinatubo around 1992, the ensemble mean changes in response to GHG
forcing under all the RCPs are statistically significant relative to the spread of the individual
models.

Figures 3 and 4 illustrate the difference in the range of projected global air temperature
changes versus the range projected for the conterminous United States only. Air temperature
changes over North America are expected to be larger than the global average because land
warms faster—and to a greater extent—than do oceans (and the Earth’s surface is greater than
70% ocean).

3Downscaling is the process of translating the lower spatial resolution output from the CMIP GCMs to a higher
spatial resolution through regional climate models or statistical methods. Downscaling is used to provide more detail
about local climate change impacts that capture the fine-scale influence of important features, such as mountains,
coastlines, and islands. Like many climate researchers worldwide, DOI and USGS scientists use downscaled climate
data extensively in climate impact assessments.
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Figure 4. (Figure on next page) Graphs showing projected changes in mean-annual air temperature
relative to the base period of 1950 through 1999 under the four representative concentration pathways
(RCPs) for the conterminous United States (panels A through D) and the standard error of the mean for
the individual model runs for each RCP (panel E). Each plot in panels A through D includes results for
multiple, individual model runs (shown in gray; the total number of runs within each scenario is indicated
by N) and the solid black lines represent the multimodel ensemble means of the N runs. The differences
in the number of individual model runs (that is, the N values) reflects the effort by the Coupled Model
Intercomparison Project (CMIP) modeling centers to simulate the various RCPs. The gray band in

panel E indicates the range over which the ensemble mean differences are not statistically significant
relative to the spread in the individual simulations for a given year. Ensemble mean differences that fall
outside the gray band are statistically significant at the 95% confidence level (Deser and others, 2012).
The mean-annual data were derived by averaging statistically downscaled 1-degree gridded monthly
data sets over land in North America between 24.5° N. and 53.5° N. latitude. The monthly data were
obtained from the Downscaled CMIP3 and CMIP5 Climate and Hydrology Projections archive at
https://gdo-dcp.uclinl.org/downscaled_cmip_projections/. The Bureau of Reclamation and the

U.S. Geological Survey are collaborators in the projections project.
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Uncertainty in Climate Projections and Model Accuracy

Uncertainty in century-scale projections of Earth’s climate stems from three primary
sources. These are (1) the natural variability in the climate system; (2) imperfect scientific
knowledge about the response of the climate system to changes in GHG emissions (which
manifests itself in structural differences in the ways that each climate model represents
processes, such as cloud formation and land-atmosphere feedbacks); and (3) uncertainty about
future trajectories of GHG emissions resulting from future human actions and policy decisions.

In the near term (years to decades), natural climate variability (shown in green and
labeled as “internal variability” in fig. 5) is the largest source of uncertainty in climate
projections. As a general practice in climate assessments, uncertainty from natural variability is
often addressed by assuming that the future will have at least the same range of natural
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variability over the medium to long time periods, and possibly a wider range than has been
observed historically (National Academies of Sciences, Engineering, and Medicine, 2016).

Over multidecadal timescales (that is, approximately the next 30 to 50 years),
uncertainties among climate model outputs tend to be most influenced by our imperfect scientific
knowledge of the climate system (scientific uncertainty, shown in blue in fig. 5; Hawkins and
Sutton, 2009). The climate models used in national and global assessments simulate plausible
and realistic representations of Earth’s climate, but differences in how the models are developed
and configured causes variation in model outputs and ultimately affects the sensitivity of any
given model to changes in atmospheric GHG concentrations. The IPCC’s use of the CMIP and
the Paleoclimate Modelling Intercomparison Project (PMIP) results illustrates one method to
account for this scientific uncertainty through the use of a range of climate models to represent a
broader range of simulated climates.

Over longer timescales (that is, approximately the next 60 to 100 years), human actions
and decisions that affect global GHG emissions (shown in orange in fig. 5) are the largest source
of uncertainty in climate projections (that is, scenario uncertainty). Atmospheric concentrations
of GHG in the near- and mid-term are primarily determined by current emissions and the average
time it takes for emitted molecules to break down chemically in the atmosphere. In the long term,
however, human choices regarding economic development, changes in technology, and
population trends will determine emission levels. To account for this uncertainty, most global
and regional climate assessments use climate model results from a range of emissions scenarios.

Which of these sources of uncertainty—natural variability, scientific uncertainty, or
scenario uncertainty—is most important in a policymaking context depends on the timeframe
and the climate variables that are relevant to the decision makers. As one looks farther into the
future to inform a particular decision, the difference between the range of emissions scenarios is
greater because of the increase in the range of what could reasonably be considered plausible.
For global air temperature, the scenario uncertainty (that is, the orange area in fig. 5) becomes an
increasingly greater factor in determining the magnitude and patterns of future warming about
25 years after the scenario begins. Importantly though, for some climate-related variables, most
notably sea level rise, there is significant inertia in the physical processes driving the response to
GHG emissions. This will cause a delayed response relative to a rise in GHG emissions, meaning
that scenario uncertainty may not become the largest source of uncertainty for many decades
beyond 2100 as the climate system slowly adjusts to past emissions. In summary, even though
natural variability and scientific uncertainty will continue to be factors in determining the
uncertainty of the overall projection, with a few important exceptions, most of the difference
between the present climate and the climate at the end of the century and beyond will be
determined by decisions made by policymakers today and during the next few decades. The
further out in time we look, the greater the influence these human choices will have on the
magnitude of future warming.

15



100

Natural
variability

90

Socioeconomic
uncertainty

80
70
60
50
40
30

20 Model uncertainty
10

Fraction of Total Variance (%)

2020 2040 2060 2080 2100
Year

Figure 5.  Graph showing the fraction of total variance in decadal mean surface air temperature
predictions explained by the three components of total uncertainty for the conterminous United States
(similar results are seen for Hawai'i and Alaska, not shown). Orange regions represent uncertainty
associated with human decisions (socioeconomic uncertainty), blue regions represent model (also referred
to as scientific or structural) uncertainty, and green regions represent uncertainty caused by natural
variability of the climate system. In interpreting this figure, it is important to remember that it shows the
relative contribution of each source of uncertainty through time; the total amount of uncertainty, however,
increases as time progresses. From figure 4.5 of Wuebbles and others (2017), which was based on
Hawkins and Sutton (2009) © American Meteorological Society; used with permission.

Evaluating the quality and accuracy (that is, “skill”) of climate model simulations is not a
straightforward process (Randall and others, 2007). Climate simulations such as those performed
as part of the CMIP are not attempting to replicate actual day-to-day weather patterns. Although
the output from each climate model simulation includes internal variability or “weather” under
the same constraints (or boundary conditions) as the Earth’s climate system, there is no reason
for the simulated weather to match the actual observed weather conditions for a particular day in
the past or the future, other than by chance. Thus a skillful climate model would be able to
reproduce the observed past, present, or future cl/imate (that is, the statistical properties of
meteorological variables), given the correct boundary conditions, such as atmospheric GHG
concentrations, but there is no equivalent expectation for a skillful climate model to be able to
reproduce the observed past, present, or future day-to-day weather. The CMIP results in figure 1
and figure 3C demonstrate that the current generation of GCMs is able to reproduce the evolving
historical trend in global surface air temperatures that is a result of large-scale changes in the
Earth’s energy balance (primarily human emissions of GHGs and aerosols, and volcanic
eruptions). But, as expected, the model results do not exactly match the year-to-year variations in
global temperatures because those variations are dominated by short-term weather patterns and
fluctuations in the climate system.
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Representative Concentration Pathways in a Policymaking Context

As simulated in CMIP35, all the RCP scenarios result in similar global temperature
(fig. 3C) and sea level rise outcomes for the next few decades. By mid-century and beyond,
however, projected differences in results between the RCP scenarios would have a substantial
effect on the climate and impact outcomes. Looking at the range of outcomes across scenarios
for analyses of impacts, adaptation, and vulnerability allows for an evaluation of both short- and
long-term risks and opportunities for the United States. For example, comparing outcomes under
RCP8.5 with those of RCP2.6 not only captures a range of uncertainties and plausible futures,
but also allows agencies the opportunity to implement decision-making processes that reflect
their risk tolerance to a wide range of plausible outcomes. Comparing outcomes under these two
pathways shows the degree to which significant emissions mitigation at the global scale can
prevent some impacts, while also allowing decision makers to assess the robustness of adaptation
strategies to diminish the risks that are present even under a scenario with less warming.

Roles of the U.S. Geological Survey in Climate Science

The USGS has a long history of working on scientific questions related to the impact of
climate change on natural resources. As early as 1986, USGS scientists were publishing results
showing the beginnings of rapid permafrost thaw in the Alaskan Arctic (Lachenbruch and
Marshall, 1986). The USGS’s work in climate science has been focused on the following:

e Examining the geologic record to reconstruct and understand the Earth’s climate in the
past;

e Integrating paleoclimate reconstructions with climate modeling experiments;

e Providing test cases and boundary conditions for assessing the skillfulness of climate
simulations of past climates (such as those of the Pliocene and early and mid-Holocene
Epochs) through participation in the PMIP (a parallel component of the CMIP);

e Using GCM output that has been downscaled (to achieve higher spatial resolution) for
making regional and local climate projections;

e Using both original and downscaled GCM output to examine the impacts of climate
change on natural resources; and

e Working with the management community to assist with adaptation planning.

The USGS does not develop any of the GCMs used by the international community. The
USGS primarily uses climate model output developed as part of internationally agreed-upon
structured experiments (for example, CMIPs) and carried out by modeling groups around the
world. As part of its routine science practices, the USGS will continue to:

e Review the state of knowledge of climate science;

e Develop and maintain best practices in using GCMs, ESMs, and regional climate models
(including efforts to evaluate the skill of downscaled climate model projections) to
project climate change impacts;
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e Provide data and interpretations of potential impacts based upon the best available
science to the DOI and other stakeholders at the temporal and spatial scales relevant for
policymaking; and

e Provide and improve paleoclimate data and boundary conditions to independently assess
the ability of climate models to simulate known past climate states.

Collecting, analyzing, and interpreting historical observations of how Earth’s climate has
changed, assessing the scientific basis for climate change, projecting future climate change and
its impacts and risks on a global scale, and identifying options for adaptation and mitigation are
also carried out by a number of entities other than the USGS. These include, but are not limited
to—

e Other DOI bureaus, offices, and programs;

e Other Federal Departments—for example, DOE, NASA, NOAA, U.S. Department of
Agriculture, U.S. Department of Transportation, and U.S. Environmental Protection
Agency;

e USGCRP, which is legally mandated to, among other things, provide regular assessments
of the scientific understanding of climate change and how it affects human and natural
systems;

e National Academies of Sciences, Engineering, and Medicine;
e International entities, such as the IPCC; and
e Academia—for example, University Corporation for Atmospheric Research (UCAR).

No single entity is adequately equipped to carry out all this work. Continued support for
ongoing collaborations among these entities—including the USGS—is essential if policymakers
are to be provided with the best available science.

Federal Government’s Need for Climate Science and
Climate Impact Science

DOI bureaus and other Federal Government agencies that have legally mandated
missions to manage natural resources and human systems for future generations use climate
information—including paleoclimate science, historical and current observations, and
projections—to help meet their missions. The National Park Service, Bureau of Land
Management (BLM), and U.S. Fish and Wildlife Service all protect and manage landscapes and
habitats for the long-term conservation of species. The BLM and the Forest Service also manage
lands and natural resources for the benefit of the public, including the extractive industries. The
Bureau of Reclamation manages, develops, and protects water and related resources in the
interest of the American public. The Bureau of Indian Affairs carries out the responsibility to
protect and improve the trust assets of American Indians, Indian tribes, and Alaska Natives.

Natural resources and human systems are affected by climate and climate change in
various ways across a range of time scales. To decrease the chance of unanticipated impacts on
the resources they manage, managers and policymakers benefit from an understanding of how
climate could evolve on timescales spanning decades to centuries. Climate changes, both
observed and projected, have implications for the missions of all Government agencies and the
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resources they manage. Some of the management challenges related to climate change include
but are not limited to—

e Wildfire and prescribed fire regimes;

e Preservation and restoration of wildlife habitat and native species;
e Invasive species;

e Fish and wildlife populations;

e Water availability and quality;

e Landscape change; and

e Wildlife disease.

Collectively, DOI bureaus and other Federal natural resource agencies with missions
related to natural resources face tremendous challenges and opportunities in managing
landscapes and infrastructure, planning for future changes in resource availability and integrity,
and investing resources wisely now to meet future needs and conditions. Given the long-term
consequences associated with many resource management decisions and actions, Federal
agencies also use long-term (50 to 100 years or longer) climate projections to obtain a more
comprehensive assessment of future long-term risks.

How U.S. Geological Survey Climate Science Is Provided to the
Department of the Interior to Inform Policymaking

Because the USGS provides climate impact and adaptation science for use in a variety of
DOl-related policymaking and decision-making processes, it is necessary for the USGS to follow
practices that ensure that its science is the best and most up-to-date possible. At the same time, it
remains the responsibility of the DOI and external stakeholders to decide Zow they will factor
climate change information and science from the USGS and other sources into their decision
making.

The following aspects will be considered when the USGS works with climate projections
and impact analyses:

e Potential future impacts will be modeled assuming a range of scenarios whenever
feasible, such as across the entire range of RCP-based scenarios. On decision-relevant
timescales greater than a few decades, the use of multiple emissions scenarios addresses
the largest source of uncertainty in understanding the potential magnitude of future
warming.

e When feasible, multiple climate models (that is, a multimodel ensemble) representative
of the entire range of the CMIP output over the area of interest will be used to
characterize scientific uncertainty. The specific multimodel ensemble used may vary with
the impact questions at hand. For example, some models have more sophisticated
representations of ocean or land surface carbon or sea ice than do others.

e Climate scenarios and models that project 100 years or more into the future can be useful
for understanding climate impacts that are sensitive to inertia in the Earth system.
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The decision whether to employ such long-term scenarios to inform policymaking will
give special consideration to whether the decision context is sensitive to—

e Delayed climate change impacts arising from past GHG emissions;
e Climate change impacts that are potentially irreversible;

e Crossing any thresholds occurring on these timescales that may cause major impacts
(Collins and others, 2013).

e Natural climate variability, particularly in projections from a few years to a few decades,
will be emphasized as an important source of near-term uncertainty.

e Impact assessments should:
e Consider the entire range of available scenarios;
e Use a range of widely tested models;
e Cover timescales ranging from the near term out to a century or longer.

e USGS studies will articulate clearly the uncertainties in their analyses, including how the
uncertainties evolve over the modeled time period and the implications of these
uncertainties for interpreting the results.

Ongoing Efforts by the U.S. Geological Survey to Improve Understanding
and Communication of Climate Science

To ensure that the USGS continues to rely on the best approaches and techniques when
developing and delivering climate model impacts output, USGS researchers will—

e Continue to follow established fundamental science practices.

e Stay abreast of new and developing climate datasets that are vetted by national and
international modeling efforts.

e  Where possible, explicitly evaluate model-simulated historical climate trends against
observations over the area of interest, endeavoring to describe uncertainties in model
projections.

e C(learly state the limitations of the science as it relates to climate information.

e Ensure that both the climate data used and the projections based on the data continue to
receive rigorous peer review.

The USGS will continue to work regularly with the international research community to
evaluate and improve our practices and techniques for collecting, developing, and using climate
data, including historic observations and projections of future conditions, with a view to
informing management decisions for the DOI and external stakeholders.

The USGS will report on significant changes in climate science and advancements in best
practices to the DOI at least once every 5 years. As appropriate, any specific future-looking
impact analyses by the USGS may be revised to incorporate new data, new best practices, and
new interpretations.
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