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Foreword

The North Carolina Climate Science Report is a scientific assessment of historical climate trends
and potential future climate change in North Carolina under increased greenhouse gas
concentrations. It supports Governor Cooper’s Executive Order 80 (EO80), “North Carolina’s
Commitment to Address Climate Change and Transition to a Clean Energy Economy,” by
providing an independent peer-reviewed scientific contribution to the EOS80.

The report was prepared independently by North Carolina—based climate experts informed by (i)
the scientific consensus on climate change represented in the United States Fourth National
Climate Assessment and the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, (i1) the latest research published in credible scientific journals, and (iii) information in
the North Carolina State Climate Summary.

An advisory panel (“Climate Science Advisory Panel””) was formed to provide oversight and
review of the report. This panel consisted of North Carolina university and federal research
scientists with national and international reputations in their specialty areas of climate science.

The report underwent several rounds of review and revision, including an anonymous peer
review organized by NOAA’s National Centers for Environmental Information (NCEI). The
report is available via ncics.org/nccsr.


https://statesummaries.ncics.org/chapter/nc/
https://ncics.org/nccsr
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Report Findings

Report Findings

These findings present key conclusions of this report about observed and projected changes in
the climate of the state of North Carolina.

Quantitative projections for temperature, precipitation, and sea level rise are provided for two
future scenarios: a higher scenario (RCP8.5), in which greenhouse gas emissions continue to
increase through the end of this century, and a lower scenario (RCP4.5), in which emissions
increase at a slower rate, peak around the middle of this century, and then begin to decrease.
Future increases in temperature are dependent on greenhouse gas emissions, with higher
emissions resulting in greater warming. Qualitative projections are based on expert judgment and
assessment of the relevant scientific literature and draw on multiple lines of scientific evidence
as well as model simulations.

Global average temperature has increased about 1.8°F since 1895. Scientists have very high
confidence that this warming is largely due to human activities that have significantly increased
atmospheric concentrations of carbon dioxide (CO2) and other greenhouse gases. It is virtually
certain that global warming will continue, assuming greenhouse gas concentrations continue to
increase. By the end of this century (2080-2099), global average temperature is projected to
increase by about 4°-8°F compared to the recent climate (1996-2015) under the higher scenario
(RCP8.5) and by about 1°—4°F under the lower scenario (RCP4.5).

Global average sea level has increased by about 7-8 inches since 1900, with almost half of this
increase occurring since 1993. It is virtually certain that global sea level will continue to rise due
to expansion of ocean water from warming and melting of ice on land, such as the Greenland and
Antarctic ice sheets.

Observed and Projected Changes for North Carolina

Except where noted, statements about future changes refer to projections through the end of this
century.

¢ Our scientific understanding of the climate system strongly supports the conclusion that
large changes in North Carolina’s climate, much larger than at any time in the state’s
history, are very likely by the end of this century under both the lower and higher
scenarios.

Temperature

e North Carolina annual average temperature has increased by about 1.0°F since 1895,
somewhat less than the global average. The most recent 10 years (2009-2018), however,
represent the warmest 10-year period on record in North Carolina, averaging about 0.6°F
warmer than the warmest decade in the 20th century (1930-1939). Recently released data
indicate that 2019 was the warmest year on record for North Carolina.
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Although regional changes in temperature can vary from global changes, it is very likely
that North Carolina temperatures will also increase substantially in all seasons. Annual
average temperature increases relative to the recent climate (1996-2015) for North
Carolina are projected to be on the order of 2°-5°F under a higher scenario (RCP8.5) and
2°—4°F under a lower scenario (RCP4.5) by the middle of this century. By the end of this
century, annual average temperature increases relative to the recent climate (1996-2015)
for North Carolina are projected to be on the order of 6°~10°F under a higher scenario
(RCP8.5) and 2°-6°F under a lower scenario (RCP4.5).

North Carolina has not experienced an increase in the number of hot (daytime maximum
temperature of 90°F or higher) and very hot (daytime maximum temperature of 95°F or
higher) summer days since 1900. However, it has seen an increase in the number of warm
(nighttime minimum temperature of 70°F or higher) and very warm nights (nighttime
minimum temperature of 75°F or higher).

It is very likely that the number of warm and very warm nights will increase.

It is very likely that summer heat index values will increase because of increases in
absolute humidity.

It is likely that the number of hot and very hot days will increase.

It is likely that the number of cold days (daytime maximum temperature of 32°F or
lower) will decrease.

Precipitation

There is no long-term trend in annual total precipitation averaged across the state.
However, there is an upward trend in the number of heavy rainfall events (3 inches or
more in a day), with the last four years (2015-2018) having seen the greatest number of
events since 1900.

It is likely that annual total precipitation for North Carolina will increase.

It is very likely that extreme precipitation frequency and intensity in North Carolina will
increase due to increases in atmospheric water vapor content.

Sea Level

Sea level along the northeastern coast of North Carolina has risen about twice as fast as
along the southeastern coast, averaging 1.8 inches per decade since 1978 at Duck, NC,
and 0.9 inches per decade since 1935 at Wilmington, NC.

It is virtually certain that sea level along the North Carolina coast will continue to rise
due to expansion of ocean water from warming and melting of ice on land, such as the
Greenland and Antarctic ice sheets. Under a higher scenario (RCP8.5), storm-driven

water levels that have a 1% chance of occurring each year in the beginning of the 21st
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century may have as much as a 30%-100% chance of occurring each year in the latter
part of the century. High tide flooding, defined as water levels of 1.6-2.1 feet (0.5-0.65
m) above Mean Higher High Water, is projected to become a nearly daily occurrence by
2100 under both the lower and higher scenarios.

Hurricanes

Storms

On a global scale, the intensity of the strongest hurricanes is likely to increase with
warming. The confidence in this outcome is high. For individual regions such as North
Carolina, the confidence in this outcome is medium. While confidence for North Carolina
is lower than for the entire globe, there is no known reason that North Carolina would be
protected from stronger hurricanes, and this potential risk should be considered in risk
assessments.

Heavy precipitation accompanying hurricanes that pass near or over North Carolina is
very likely to increase, which would in turn increase the potential for freshwater flooding
in the state.

There is low confidence concerning future changes in the number of landfalling
hurricanes in North Carolina.

It is likely that the frequency of severe thunderstorms in North Carolina will increase.

It is likely that total snowfall and the number of heavy snowstorms in North Carolina will
decrease due to increasing winter temperatures.

There is low confidence concerning future changes in the number of winter coastal
storms.

There is low confidence concerning future changes in the number of ice storms in North
Carolina.

Floods, Droughts, and Wildfire

1t is virtually certain that rising sea level and increasing intensity of coastal storms,
especially hurricanes, will lead to an increase in storm surge flooding in coastal North
Carolina.

It is likely that increases in extreme precipitation will lead to increases in inland flooding
in North Carolina.

It is likely that future severe droughts in their multiple forms in North Carolina will be
more frequent and intense due to higher temperatures leading to increased evaporation.
As a result, it is likely that the frequency of climate conditions conducive to wildfires in
North Carolina will increase.
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Other Compound Events

It is likely that future urban growth will increase the magnitude of the urban heat island
effect, with stronger warming in North Carolina urban centers.

There is low confidence concerning future changes in conditions favorable for near-
surface ozone formation in North Carolina because of counteracting influences from
increases in both temperature and water vapor.

Engineering Design Standards

It is very likely that some current climate design standards for North Carolina buildings
and other infrastructure will change by the middle of the 21st century. This includes
increases in design values for precipitation, temperature, and humidity. Several
professional societies, however, are actively working on methods to incorporate climate
change into national standards, and updated standards appropriate for use in a changing
climate may be available in the near future.
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Guide to the Content of the Climate Science Report
Below is a brief overview of the contents of this report:

Report Findings
Overarching findings of this report

Guide to the Report
Important background information, an explanation of the confidence and likelihood language

used in the report, and a list of additional resources

Introduction
Motivations and development process

Executive Summary
A more detailed discussion of the key conclusions and report findings

Chapter 1: Components of Physical Climate Change
An introduction to the physical science of climate change and observed projected changes at

the global, national, and regional scales

Chapter 2: Statewide Changes in Temperature, Precipitation, and Storms
Observed and projected changes in statewide averages for various aspects of North

Carolina’s climate, including temperature and precipitation averages and extremes, droughts,
hurricanes, winter storms, other severe weather events, and several other important metrics,
including changes in the growing (freeze free) season, heating and cooling demand, and
snowmaking conditions for the ski industry

Chapter 3: Regional Changes in Temperature, Precipitation, and Storms
As in Chapter 2, but for each of the three regions used in this report (see “Three Regions

Used in This Report” below for details). Note: Some information common to all three
regions is replicated in each regional section in order to provide a comprehensive picture of
trends for that region.

Chapter 4: Sea Level Rise and Coastal Water Levels
Observed and projected changes in sea level and related coastal impacts, including how

changes vary along the North Carolina coast

Chapter 5: Compound Events
Observed and projected changes involving multiple aspects of the climate system or

interactions between climate and other human or natural systems, including inland flooding,
wildfire, forest ecosystem changes, urban heat island effects, and air pollution
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Chapter 6: Engineering Design Standards
Assessment of changes in key temperature and precipitation metrics relevant for building and

infrastructure design standards

Appendix A: Datasets and Scenarios
Details on the observational datasets used in this report and the scenarios that form the basis

of projected changes

Appendix B: Supplemental Graphics
Additional figures showing observed and projected changes in statewide and regional

temperature extremes, including hot days, warm nights, and maximum and minimum
temperature

Appendix C: Acronyms and Abbreviations
Explanations of acronyms and abbreviations used in the report

Three Regions Used in This Report

In order to provide local and regional stakeholders with relevant information, this report presents
information on observed and projected climate trends for both the state as a whole and for three
distinct regions in North Carolina: the Western Mountains, the Piedmont, and the Coastal Plain
(Figure 1). The boundaries for the three regions were chosen based on the U.S. climate divisions

defined by the National Oceanic and Atmospheric Administration’s National Centers for
Environmental Information (NOAA NCEI; NCEI 2020).

Chapter 3 provides most of the region-specific information in this report, but other sections of
the report also provide regional perspectives where applicable.

Piedmont
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Figure 1. This map of North Carolina shows the counties that compose the three regions used in
this report: Western Mountains, Piedmont, and Coastal Plain. Source: NCICS.
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Sources Used in This Report

The findings in this report are based on analyses using well-established and carefully evaluated
observational and modeling datasets, national and international climate assessments (see
“Additional Resources” below), and an assessment of the latest peer-reviewed scientific
literature, complemented by other sources where appropriate. All of these sources were
determined to meet the standards of the federal Information Quality Act (NOAA 2014).

Observed Changes

The descriptions of historical climate conditions in this report are based primarily on analyses of
two observational datasets: NOAA’s National Centers for Environmental Information (NCEI)
Climate Divisional Dataset (nClimDiv) and NOAA NCEI’s Global Historical Climatology
Network-Daily (GHCN-D). Monthly data from nClimDiv were used for seasonal and annual
temperature and precipitation analyses for the period 1895-2018. Figures illustrating daily
extreme metrics of temperature and precipitation are based on GHCN-D, with data analyzed for
the period 1900-2018. Each of these analyses is presented as a bar graph with data averaged over
5-year periods, overlaid with annual time series. See Appendix A for additional details on these
datasets.

Projected Changes

Climate model projections in this report are shown for two hypothetical climate futures: a higher
scenario (Representative Concentration Pathway 8.5, or RCP8.5), in which greenhouse gas
emissions continue to increase through the end of the century, and a lower scenario (RCP4.5), in
which emissions increase at a slower rate, peak around the middle of the century, and then begin
to decrease. See Appendix A for more information on the RCP scenarios.

Global- and national-scale projections of future climate are based on results from the climate
models in the Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al. 2012).
State- and regional-scale projections use data from the Localized Constructed Analogs (LOCA)
statistically downscaled dataset, which is derived from CMIP5. The LOCA dataset (Pierce et al.
2014) makes it possible to provide projections at finer spatial scales than are available in CMIPS5.

The CMIPS5 and LOCA projections include historical simulations based on observed greenhouse
gas concentrations (and other factors that influence the climate) and future simulations based on
the projected greenhouse gas concentrations in the RCP scenarios.

Maps of mean (average) projected changes in temperature and precipitation across North
Carolina are shown for two mid-century time periods: 2021-2040 (under RCP8.5) and 2041—
2060 (under RCP4.5 and RCP8.5). These changes are relative to the 19962015 average.
Projections for 2021-2040 are given only for RCP8.5 because there is very little difference
between RCP8.5 and RCP4.5 until later in the century. The average projected changes are a
result of averaging all the climate simulations obtained from the CMIP5 archive for this report.
Additionally, each individual simulation was given a weight based on the climate model’s ability
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to reproduce the observed climate and the model’s similarity with other climate models—this
follows the methodology used in the U.S. Fourth National Climate Assessment. For more
information, see Sanderson and Wehner (2017).

Temperature and precipitation mean (average) time series figures include LOCA simulations for
the historical period of 1970-2005 and projections for 20062100 under both scenarios. An
envelope of model simulations is shown, indicating the 10% to 90% confidence intervals from
the set of climate models. Since the maps show average values, the 10% to 90% confidence
intervals on the time series can be used with the corresponding maps to give the reader a sense of
the possible range of values on the maps. In other words, since the maps are an average of a set
of model simulations, the actual value at a given location may be somewhat higher or lower than
the average. These time series figures also include observations for 1970-2013 derived from the
Livneh observational dataset. More information on LOCA, CMIPS5, and the Livneh dataset can
be found in Appendix A.

Assessments of Confidence and Likelihood

Where applicable, this report uses specific terms to convey information about the degree of
scientific confidence and certainty associated with important findings, observations, and
projections. The terms used are the same as those used in the Intergovernmental Panel on
Climate Change Fifth Assessment Report (IPCC ARS; Mastrandrea et al. 2010, 2011) and fall
into two categories: confidence and likelihood.

The confidence terms used are very high, high, medium, low, and very low and reflect the
overall confidence of the author team in the accuracy or validity of the associated statements,
based on their expert assessment of the relevant evidence. Higher confidence levels generally
indicate an abundance of evidence in the scientific literature and good agreement across that
evidence base. Lower confidence levels imply a more limited quantity of evidence, more
disagreement in the literature, or both.

The likelihood terms, shown in the table below, reflect a probabilistic assessment of the
uncertainty associated with a statement, including statements regarding observed changes or
events as well as projected future changes. These likelihood assessments may be based on
statistical analyses, modeling results, or expert judgments.

Likelihood Term Probability of Qutcome
Virtually certain 99-100%

Very likely 90-100%

Likely 66—-100%

\About as likely as not 33-66%

Unlikely 0-33%

Very unlikely 0-10%

\Exceptionally unlikely 0-1%
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Figure 2 provides an overview of the process used to arrive at assessments of confidence and,

where applicable, likelihood.

Evaluation and communication of degree of certainty in AR5 findings

1. What evidence exists?

”ﬂ Statistics
Models
& Observations
& Experiments

2. Evaluate evidence

Type Quality

Quantity Consistency

and scientific agreement

3. Sufficient evidence and
agreement to evaluate confidence?

[t |

!

| Yes I—

> 4. Evaluate confidence based on

evidence and agreement

High agreement
Limited evidence|

High agreement
Robust evidence

Low agreement
Limited evidence

Low agreement
Robust evidence

Agreement ——>»

Evidence

Very high confidence
High confidence

Medium confidence

Low confidence
Very low confidence

5. Sufficient confidence and quantitative
or probabilistic evidence?

] D=

Y

— 6. Evaluate likelihood

Virtually certain that there has been a
change (99-100% probability)

Before After
Likelihood Outcome probability
Virtually certain 99-100%
Extremely likely 95-100%
Very likely 90-100%
Likely 66-100%
More likely than not ~ >50-100%

About as likely as not 33-66%

Unlikely 0-33%
Very unlikely 0-10%
Extremely unlikely 0-5%

Exceptionally unlikely 0-1%

Y

Present evidence and agreement
Behavior, lifestyle, and culture have a
considerable influence on energy use and associated
emissions, with high mitigation potential in some sectors, in
particular when complementing technological and

Present confidence
In many regions, changing preciptiation or melting
snow and ice are altering hydrological systems,
affecting water resources in terms of quantity and
quality (medium confidence).

Present likelihood
It is very likely that the number of cold
days and nights has decreased and the
number of warm days and nights has
increased on the global scale.

structural change (medium evidence, medium agreement).

Figure 2. This figure illustrates the process used in Intergovernmental Panel on Climate Change
assessment reports to determine i) whether to assign a confidence level to a given finding, ii)
whether or not a likelihood can be assigned, and iii) if so, what that likelihood should be. This
report uses a very similar approach. Source: Mach et al. 2017 [Creative Commons CC BY NC
ND].

Peer Review Process

The Climate Science Advisory Panel members provided input and review of the report outline
and intermediate drafts of the report. The report was then subject to a final, formal two-phase
review process. First, the Climate Science Advisory Panel members were given a final
opportunity to provide individual comments on the report material, and seven members provided
comments. Second, a set of twelve climate scientists from around the United States with
extensive climate research experience were identified as potential anonymous reviewers. A
federal employee of NOAA’s National Centers for Environmental Information who was not
involved with the report was tasked with contacting each of the twelve potential reviewers to
solicit their help in reviewing the report. This process established a layer between the report
authors and the reviewers to ensure anonymity of the reviewers if they so desired. Of the twelve
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potential reviewers, five provided anonymous review comments, and one additional reviewer
provided a signed review. This resulted in just under four hundred review comments that have
been addressed. The comments and responses will be made publicly available.

Additional Resources

The resources listed below served as valuable inputs for this report and are all recommended as
reliable sources for additional information on climate change, including technical details on the
science of climate change as well as discussions of impacts and options for responding to climate
change at global, national, state, and local scales.

The Fourth National Climate Assessment, Volumes | and Il
The legally mandated National Climate Assessment (NCA) serves as the official federal

government assessment of climate change in the United States, including observed and projected
trends, impacts, adaptation, and mitigation. The Fourth NCA consists of Volumes I and II,
released in 2017 and 2018, respectively:

e Volume I: Climate Science Special Report
https://science2017.globalchange.gov/

e Volume II: Impacts, Risks, and Adaptation in the United States
https://nca2018.globalchange.gov/

State Climate Office of North Carolina
The State Climate Office provides a wide range of tools, information, and other resources related

to climate and weather in North Carolina.

e http://climate.ncsu.edu/

NOAA State Climate Summaries—North Carolina
NOAA’s state climate summaries, produced by scientists from the North Carolina Institute for

Climate Studies (NCICS), NOAA NCEI, and other experts from around the country, provide an
overview of observed and projected climate trends and analyses of key climate-related events for
all 50 states and Puerto Rico and the U.S. Virgin Islands. The North Carolina summary, available
at the link below, has been updated to include data through 2018.

e https://statesummaries.ncics.org/chapter/nc/

NOAA National Centers for Environmental Information (NCEI) “Climate at a Glance”
NCETI’s Climate at a Glance site provides interactive tools for viewing maps, time series charts,

and tables of observed data and trends at global, national, regional, state, climate division, and
county scales and for selected cities in the United States.

e https://www.ncdc.noaa.gov/cag/
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Intergovernmental Panel on Climate Change (IPCC)
The IPCC provides periodic global-scale assessment reports consisting of contributions from

three working groups. Working Groups I, II, and III focus on the physical scientific basis;
impacts, adaptation, and vulnerability; and mitigating climate change, respectively. The
contributions to the Fifth Assessment Report were published in 2013 and 2014. The Sixth
Assessment Report cycle is currently underway, with three special reports released already—one
on global warming of 1.5°C, one on climate change and land, and one on the ocean and
cryosphere in a changing climate.

e https://www.ipcc.ch/
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Background/Context

On October 29, 2018, North Carolina Governor Roy Cooper issued Executive Order No. 80,
which outlines North Carolina’s commitment to addressing climate change and transition to a
clean energy economy. In Section 9 of the Executive Order, Governor Cooper directed North
Carolina’s cabinet agencies to “integrate climate adaptation and resiliency planning into their
policies, programs, and operations (i) to support communities and sectors of the economy that
are vulnerable to the effects of climate change and (i1) to enhance the agencies’ ability to protect
human life and health, property, natural and built infrastructure, cultural resources, and other
public and private assets of value to North Carolinians. DEQ [the Department of Environmental
Quality], with the support of cabinet agencies and informed by stakeholder engagement, shall
prepare a North Carolina Climate Risk Assessment and Resiliency Plan [the “March 2020 NC
Risk Assessment and Resilience Plan™] ... to submit to the Governor by March 1, 2020 (North
Carolina Office of the Governor 2019).

The order also states that the North Carolina Climate Change Interagency Council “shall support
communities that are interested in assessing risks and vulnerabilities to natural and built
infrastructure and in developing community-level adaptation and resiliency plans” (North
Carolina Office of the Governor 2019).

Cabinet Agency Roles

Department of Environmental Quality, with Support of Other Agencies
e March 2020 NC Risk Assessment and Resilience Plan—provide a scientific assessment
of current and projected climate impacts on North Carolina and prioritize effective
resiliency strategies.

All Cabinet Agencies—Assess and Address Climate Change
¢ Evaluate the impacts of climate change on agency programs and operations
e Integrate climate change mitigation and adaptation practices into agency programs and
operations
e Support communities and sectors vulnerable to climate change impacts

This report, the North Carolina Climate Science Report (NCCSR), represents one component of
the March 2020 NC Risk Assessment and Resilience Plan and provides the science basis to
assess current and projected climate impacts on North Carolina. The broad objectives for the
NCCSR were as follows:

e Represent the best and most comprehensive synthesis of climate science information for
North Carolina across its regions (the Western Mountains, the Piedmont, and the Coastal
Plain)
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e Provide and describe data on variability, change, and projections for select climate and
meteorological variables of relevance to the various cabinet agencies across the regions

e Serve as input to, and integrate with, the vulnerability and risk assessment activities and
other aspects of the March 2020 NC Risk Assessment and Resilience Plan

e Support the State, local governments, and planners in understanding the information in
the report to enable decision-making, policy-making, and identifying innovative
opportunities for economic and societal growth

The Process

Starting in early 2019, North Carolina State University’s North Carolina Institute for Climate
Studies (NCICS) worked closely with DEQ and other cabinet agencies to determine the approach
and plan for providing a scientific assessment of current and projected climate impacts on North
Carolina. DEQ and the other agencies provided information related to climate hazards and
stressors, based upon available historical and current reports, assessments, and the state of
knowledge to develop a user-driven perspective on the climate science report.

A Climate Science Advisory Panel (CSAP) was established to provide scientific oversight of
contents of the report. The panel consisted of climate scientists from North Carolina research
universities and federal centers (see front matter for the list of members).

The input, needs, and requirements provided by the cabinet designees were reviewed and
validated together by DEQ, cabinet designee members, NCICS, and the CSAP through a series
of workshops, webinars, conference calls, and discussions. This iterative engagement process
with key stakeholder input informed the development of the NCCSR.

The author team comprises NCICS scientists and some members of the CSAP. Additional review
of the report contents was provided by nationally known climate science experts.

Technical, editorial, documentation, and scientific support for the report was provided by the
U.S. National Climate Assessment Technical Support Unit (TSU), hosted at the National
Oceanic and Atmospheric Administration’s National Centers for Environmental Information
(NOAA NCEI) in Asheville, NC. The TSU is staffed mainly by NC State University personnel
who are supported by NOAA through the Cooperative Institute for Climate and Satellites—North
Carolina under Cooperative Agreement NA14NES432003. Any use of trade, firm, or product
names is for descriptive purposes only and does not imply endorsement by the U.S. Government.
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Our scientific understanding of the climate system strongly supports the conclusion that North
Carolina’s climate has changed in recent decades and the expectation that large changes—much
larger than at any time in the state’s history—will occur if current trends in greenhouse gas
concentrations continue. Even under a scenario where emissions peak around 2050 and decline
thereafter, North Carolina will experience substantial changes in climate. The projected changes
with the highest level of scientific confidence include increases in temperature, increases in
summer absolute humidity, increases in sea level, and increases in extreme precipitation. It is
also likely that there will be increases in the intensity of the strongest hurricanes.

A full appreciation for past and future changes in North Carolina’s climate requires a global
perspective. Earth’s climate has warmed substantially since the late 19th century, with most of
that warming occurring in the last 50 years. This warming trend is clear from global temperature
records and many other indicators, including rising global sea levels and rapid decreases in arctic
sea ice cover. Scientists have very high confidence that this warming is largely due to human
activities that have significantly increased atmospheric concentrations of carbon dioxide (CO2)
and other greenhouse gases. Extensive research has examined other potential causes of this
warming, and the increase in greenhouse gas concentrations is the only plausible cause that is
consistent with the observed data and the physics that govern the climate system.

Observed Changes

In North Carolina, annual average temperature has increased about 1°F since 1895, compared to
the global average increase of about 1.8°F during that period. Annual average temperatures have
been consistently above normal since the 1990s, with the most recent 10 years (2009-2018)
representing the warmest 10-year period on record—about 0.6°F warmer than the warmest
decade of the 1900s (1930-1939). Data for 2019, which were released during the review of this
report, indicate that 2019 was the warmest year on record for North Carolina.

Most other temperature indicators also show warming. Average temperatures have increased in
all four seasons. There has been an increase in the number of very warm nights. The length of the
growing season has increased and is now about 1.5 weeks longer than the long-term average.
There is an upward trend in the number of cooling degree days (a temperature indicator related to
air conditioning demand) and a downward trend in the number of heating degree days (an
indicator of heating demand)—both changes are consistent with a warming climate. However, a
few indicators that would be expected to change with warmer conditions have not. For example,
the number of very hot days has not increased, and there is no overall trend in the number of cold
days and cold nights.

There is no long-term trend in annual total precipitation averaged across the state; however, 2018
was the wettest year on record, in part due to the torrential rainfall from Hurricane Florence.
There has been an upward trend in the number of heavy rainfall events (days with more than 3
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inches of rain), indicating that a larger portion of the annual total precipitation is occurring in
heavy events. Temperature and precipitation trends in the three regions of the state (Coastal
Plain, Piedmont, and Western Mountains) are generally similar to statewide trends.

Most observing stations outside of the mountains have experienced a downward trend in
snowfall. In the Western Mountains, there is no century-long trend in snowfall, although stations
in the southern mountains have seen decreasing trends over the last 50 years. Conditions
favorable for snow-cover maintenance and snowmaking in the Western Mountains have been
highly variable since 1981, but recent years have seen below average percentages of time when
conditions are favorable.

Global average sea level has increased by about 7-8 inches since 1900, with almost half of this
increase occurring since 1993—a rate of about 1.2 inches per decade. Sea level along the
northeastern coast of North Carolina is rising about twice as fast as along the southeastern coast,
averaging 1.8 inches per decade since 1978 at Duck, NC, and 0.9 inches per decade at
Wilmington, NC, mainly due to different rates of land subsidence.

Projected Changes

The projections of North Carolina climate conditions presented in this report are based on the
virtual certainty that greenhouse gas concentrations, particularly CO2, will continue to rise. It
may take decades for non-carbon-based sources of energy to replace most of the production
based on fossil fuels. The basic principles of physics dictate that increases in greenhouse gas
concentrations will have a warming effect, with virtual certainty, due to the increase in
atmospheric absorption of infrared energy.

Quantitative projections for temperature, precipitation, and sea level rise are provided for two
future scenarios: a higher scenario (RCP8.5), in which greenhouse gas emissions continue to
increase through the end of this century, and a lower scenario (RCP4.5), in which emissions
increase at a slower rate, peak around the middle of this century, and then begin to decrease.
RCP8.5 and RCP4.5 are Representative Concentration Pathways—scenarios used in climate
model simulations to examine how Earth’s climate would respond to differing levels of
greenhouse gas concentrations. The numbers 8.5 and 4.5 refer to the magnitude of the energy
imbalance in the climate system (in units of watts per square meter) that would result in the year
2100 from the increases in greenhouse gas concentrations specified by the respective scenarios.
By comparison, the increase in concentrations since the initiation of the Industrial Revolution has
resulted in an imbalance of approximately 2.3 watts per square meter.

A very low scenario (RCP2.6) is also used occasionally in this report, but this scenario is very
unlikely because there has been no slowdown in the annual growth rate of CO2. Qualitative
projections are based on expert judgment and assessment of the relevant scientific literature and
draw on multiple lines of scientific evidence as well as model simulations. Except where noted,
statements below about future changes refer to projections through the end of this century.
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By the end of this century (2080-2099), global average temperature is projected to increase by
about 4°-8°F compared to the current climate (1996-2015) under the higher scenario (RCP8.5)
and by about 1°—4°F under the lower scenario (RCP4.5). The warming is projected to be greater
in the middle and high latitudes and less at tropical latitudes.

Regional changes in temperature can differ from global changes, at least temporarily, as shown
by the historical lower rate of warming in North Carolina compared to the global average.
Seasonal and annual average temperatures, however, have been rising in North Carolina in recent
decades, and it is very likely that North Carolina temperatures will continue to increase
substantially in all seasons.

By the middle of this century, annual average temperature increases relative to the current
climate (1996-2015) for North Carolina are projected to be on the order of 2°-5°F under
the higher scenario (RCP8.5) and 2°—4°F under the lower scenario (RCP4.5).

By the end of this century, annual average temperature increases relative to the current
climate (1996-2015) for North Carolina are projected to be on the order of 6°—10°F
under the higher scenario (RCP8.5) and 2°—6°F under the lower scenario (RCP4.5).

Temperature extremes are also projected to change:

It is very likely that the number of very warm nights will increase, continuing recent
trends.

It is likely that the number of very hot days will increase, although the level of confidence
is lower than for very warm nights because of the lack of recent trends.

It is likely that the number of cold days and very cold nights will decrease, but again the
level of confidence is lower than for very warm nights because of the lack of recent
trends.

Several additional climate features directly tied to temperature are also projected to change, with
a high level of certainty:

It is very likely that extreme precipitation frequency and intensity will increase because
global ocean surface temperatures will continue to increase gradually. In turn, near-
surface air temperature and absolute humidity will increase over the oceans because

maximum water vapor content is strongly related to temperature, increasing by about
3.5% per °F.

It is virtually certain that global sea level will continue to rise due to both the expansion
of ocean water from warming and from the melting of ice on land, including the
Greenland and Antarctic ice sheets. It is virtually certain that sea level along the North
Carolina coast will also continue to rise. Under the higher scenario (RCP8.5), storm-
driven water levels having a 1% chance of occurring each year in the beginning of the
21st century may have as much as a 30%—-100% chance of occurring each year in the
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latter part of the century. High tide flooding is projected to become nearly a daily
occurrence by 2100 under both the lower and higher scenarios.

o It is very likely that summer heat index values will increase because of increases in
absolute humidity.

o It is likely that the probability of snowfall and snow cover will decrease nearly
everywhere in North Carolina because of warmer temperatures.

For climate variables where the temperature dependence is more complex, projected changes are
less certain:

¢ Inland flooding depends not only on extreme precipitation but also on characteristics of
the land surface, including land use, land cover, and soil moisture conditions. It also
depends on whether deliberate adaptive measures are implemented proactively. It is likely
that the frequency and severity of inland flooding will increase because of increases in
the frequency and intensity of extreme precipitation. This lower level of certainty
compared to projections for changes in extreme precipitation stems from the additional
factors that determine flooding.

o It is likely that annual total precipitation in the state will increase, but there is less
certainty for annual total precipitation than for projected increases in extreme
precipitation because total precipitation is a function of both atmospheric water vapor and
the frequency and intensity of weather systems that cause precipitation. Future changes in
the intensity and frequency of such weather systems are more uncertain.

Hurricanes have some of the most important impacts on the state, often catastrophic (storm
surge, wind, and flooding damage) but sometimes beneficial (rainfall recharging soil moisture
and groundwater aquifers). An understanding of future changes in hurricanes has been the
subject of extensive research by climate scientists. While that understanding continues to evolve,
a recent assessment of the science leads to the conclusion that the intensity of the strongest
hurricanes is likely to increase with warming, and this could result in stronger hurricanes
impacting North Carolina. Confidence in this result is kigh for tropical cyclone changes on a
global scale. For individual regions such as North Carolina, the confidence in this outcome is
medium. While confidence for North Carolina is lower than for the entire globe, there is no
known reason that North Carolina would be protected from stronger hurricanes, and this
potential risk should be considered in risk assessments.

It is virtually certain that rising sea level and increasing intensity of coastal storms, especially
hurricanes, will lead to increases in storm surge flooding in coastal North Carolina. There is low
confidence concerning future changes in the total number of hurricanes. The total number of
hurricanes depends on a variety of meteorological factors, such as vertical wind shear (changes
in wind speed or direction with height in the atmosphere), and not just ocean surface
temperatures, and there is considerable uncertainty about changes in these other factors. Heavy
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precipitation accompanying hurricanes is very likely to increase, increasing the potential for
freshwater floods.

Severe thunderstorms (hail, tornadoes, and strong winds) are a regular occurrence in North
Carolina, particularly in the spring. Severe thunderstorms require two primary atmospheric
conditions: an unstable atmosphere and high vertical wind shear. It is very likely that vertical
instability will increase, but it is also likely that vertical wind shear will decrease. These may
counteract one another. Recent research suggests that the increases in atmospheric instability will
dominate. While this remains an active area of research, it is likely that there will be increases in
the frequency of severe thunderstorms.

Other important weather systems include snowstorms, winter coastal storms, and ice storms.
There is considerable uncertainty about future changes in the number and severity of
extratropical cyclones—the weather phenomenon that causes each of these winter storm types. In
the case of snow, temperature is an important factor, and it is likely that total snowfall and the
number of heavy snowstorms will decrease because of increasing temperatures. There is low
confidence concerning future changes in the number of ice storms and winter coastal storms.

Drought can have major impacts on the state, including agricultural production, water
availability in rivers, lakes, and aquifers, and wildfires. The impacts on these different sectors
and systems vary depending on the duration and spatial scale of the precipitation deficits.
Although overall precipitation is projected to increase, this is principally a result of larger
amounts during heavy rain events. Intervening dry periods are projected to become more
frequent, and higher temperatures during those dry periods will more rapidly deplete soil
moisture. Thus, it is likely that major droughts in their multiple forms will become more frequent
and severe because of higher temperatures that will increase evaporation rates. As a result, it is
likely that the climate conditions conducive to wildfires in North Carolina will increase in the
future.

The major urban areas of the state have expanded substantially over the past few decades, and
this trend shows no signs of abating. The urban heat island effect results from the conversion of
vegetated surfaces (such as forests and farmland) to urban and suburban landscapes with
substantial percentages of impervious, non-vegetated surfaces, reducing the amount of natural
cooling from evapotranspiration (the combination of evaporation of water from the surface and
transpiration of water vapor from vegetation) and increasing the amount of heat retained in
darker, paved surfaces as compared to natural land cover. It is likely that future warming in urban
areas will be enhanced by future growth of those areas.

Near-surface ozone is a major component of air pollution, and harmful levels of near-surface
ozone result from a combination of climate conditions and human-caused emissions of
compounds necessary for the formation of 0zone, including nitrogen oxides, carbon monoxide,
and volatile organic compounds (referred to as ozone precursor compounds). Near-surface ozone
concentrations tend to increase with temperature. However, changes in other climate conditions,
such as increased precipitation, can counteract the temperature effect. Overall, it is uncertain
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what the net effect will be. Thus, there is low confidence concerning future changes in the
conditions favorable for near-surface ozone concentrations.

Climate design values, which provide information on the average and extreme climate conditions
experienced in a given location, are important for planning and designing many types of
infrastructure. Many climate design values are projected to change because of warming. Because
of the high level of confidence in increased temperature and extreme precipitation, it is very
likely that some current climate design standards for building and other infrastructure will
change by the middle of this century. This includes increases in design values for precipitation,
temperature, and humidity. In fact, current design values are based on historical data and do not
incorporate recent trends; thus, some standards may already be out of date. Several professional
societies, however, are actively working on methods to incorporate climate change into national
standards, and updated standards appropriate for use in a changing climate may be available in
the near future.
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Chapter 1: Climate Change

1. Components of Physical Climate Change

1.1. Introduction

Earth’s climate is changing faster now than at any point in modern history, and the impacts of
these changes are being felt around the world, across the Nation, and locally in North Carolina.
Our understanding of the causes of past and present climate change and our confidence in
projections of future changes depend on our ability to understand and model Earth’s climate
system. That understanding is challenged by the complexity and interconnectedness of the
components of the climate system: atmosphere, land, ocean, and cryosphere (the frozen water
part of the Earth system; USGCRP 2017, USGCRP 2018).

Despite the complexity of the climate system, the drivers of climate change—both natural and
human-caused—are well understood. Observational evidence does not support any credible
natural explanations for the amount of warming seen across the globe since the middle of the last
century. Instead, it consistently points to human activities, especially emissions of greenhouse
gases, as the dominant cause of the rapidly changing climate (USGCRP 2017, USGCRP 2018).
This observational evidence is consistent with our understanding of the physics of the climate
system (see Section 1.4).

1.2. Physical Drivers of Climate Change

1.2.1. Energy Balance and the Greenhouse Effect

Earth’s global climate is governed by the balance between incoming and outgoing energy. Earth
gains energy from the sun (in the form of incoming shortwave radiation), and some of that
energy is reflected back to outer space by clouds, by tiny particles in the atmosphere (known as
aerosols), and by reflective land surfaces such as ice and snow. The remainder of the incoming
energy is absorbed by Earth’s surface and atmosphere and is then re-emitted (lost to outer space)
in the form of infrared, or longwave, radiation. These flows of energy—sunlight in and infrared
out—are in approximate balance.

Greenhouse gases in the atmosphere—including water vapor, carbon dioxide (COz), nitrous
oxide, methane, ozone, and others—absorb infrared radiation coming from Earth’s surface and
emit some of that energy to space and some back towards the surface. In so doing, they act like a
blanket, trapping energy near the surface and making surface temperatures significantly higher
than they would be were these gases absent. This warming is known as the greenhouse effect,
and without it, Earth would be almost 60°F colder.

Global average temperature remains stable when the outgoing flow of energy balances with the
incoming flow of energy. However, human activities have changed this “radiative balance” of
the planet, primarily by adding greenhouse gases and aerosol particles to the atmosphere and
through changes in the way land is used. Changes in the planet’s radiative balance (or climate
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forcings) result in changes in various aspects of the climate, such as temperature and
precipitation (Fahey et al. 2017).

1.2.2. Climate Feedbacks and Sensitivity

Climate feedbacks are processes that either amplify or diminish the effects of climate forcings. A
process that increases total warming in response to an initial warming is called a positive
feedback, and one that decreases warming in response to an initial warming is a negative
feedback (NASA n.d.). One of the most powerful positive feedbacks is the water vapor feedback.
As air temperature increases—for example, in response to increasing CO2 concentrations—
evaporation increases and so does the maximum amount of water vapor that can be held in the
atmosphere. Since water vapor is a strong greenhouse gas, greater amounts of water vapor in the
atmosphere will lead to more warming. Thus, water vapor functions as a positive feedback: the
initial warming from the COz increase causes an increase in water vapor, which causes an
increase in temperature, which leads to additional increases in water vapor, and so on.

The term “climate sensitivity” refers to the amount by which a given aspect of the climate system
(such as temperature) changes in response to a given climate forcing (such as increases in
greenhouse gas concentrations). This sensitivity is determined by the net effect of positive and
negative feedbacks in the climate system. Climate sensitivity is commonly defined as the amount
of warming that would eventually occur as a result of an instantaneous doubling of COz from
preindustrial levels (e.g., from 270 parts per millions to 540 parts per million) once the climate
reaches equilibrium with the new COz levels (an estimate referred to as “equilibrium climate
sensitivity”). There is uncertainty in the exact value of the equilibrium climate sensitivity owing
to the interconnected nature of the ocean—atmosphere—land system; however, it is generally
thought to be in the range of about 2.5°-8°F (IPCC 2013).

1.2.3. Natural Climate Forcings

Global climate change results from climate forcings (also called radiative forcings), which are
factors that change the planet’s energy balance. These forcings are both natural and human
produced. The only significant natural climate forcings in the industrial era are changes in the
sun’s irradiance (or brightness) and volcanic eruptions (Fahey et al. 2017).

The brightness of the sun changes due to cycles and fluctuations in its internal dynamics. For
example, the number of sunspots visible on the solar surface varies in a cyclical way, with the
length of the cycle averaging around 11 years. Since the advent of satellites in the 1960s, solar
brightness has been measured with high accuracy and precision. The sun’s output varies by only
a small amount, with just a 0.2% difference between the brightest (solar maximum) and least
bright (solar minimum) points in the sunspot cycle. Scientists are confident that the effects of
these changes are small compared to the effects of the increase in greenhouse gas concentrations
since the preindustrial era (Fahey et al. 2017).
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Over thousands of years, the seasonal and regional distribution of solar heating varies due to
fluctuations in Earth’s orbit and the tilt of its axis of rotation. Such variations are primarily
responsible for the cooling and warming of the planet in ice-age cycles. However, changes in
Earth’s movement occur over these geologic timescales and are too slow to hold relevance for
climate change on historical timescales or as projected into the next few centuries.

Another natural forcing comes from volcanic eruptions. The timing of eruptions is determined by
tectonic processes deep within the Earth and appears to be random, with several major eruptions
typically occurring within each century. Volcanic eruptions affect the climate primarily by
injecting sulfur dioxide into the stratosphere—the stable layer of the atmosphere above clouds
and rain. In the stratosphere, the sulfur dioxide gas is chemically converted to tiny droplets of
sulfuric acid. These form a haze layer that can remain in the stratosphere for a few years,
scattering sunlight that otherwise would reach Earth’s surface and thus cooling the climate. The
most recent eruption with a strong cooling impact was Mount Pinatubo, in the Philippines. Its
1991 eruption is estimated to have cooled Earth’s surface (in the global average) by up to 0.5°F
for a period of around two years (Parker et al. 1996).

1.2.4. Anthropogenic Climate Forcings

Human-generated (anthropogenic) climate forcings include the emission of greenhouse gases and
aerosols and the reworking of Earth’s surface in ways that change the amount of energy received
from the sun that is reflected from Earth’s surface back to space. All available scientific evidence
points to greenhouse gases emitted by human activity as the source of most of the recent global
warming. Among these, CO2 is most important, but methane, nitrous oxide, and some other
chemicals are also significant. When fossil fuels (coal, oil, and natural gas) are burned, carbon
that was stored within Earth by natural processes that occurred over hundreds of millions of
years is released to the atmosphere in the form of COz. Thus, by extracting and consuming these
fossil fuels, the release of this carbon is accelerated by a factor of roughly a million. Carbon
dioxide is also released by some changes in land use, such as the irreversible destruction of
certain types of forests, as well as land clearing and agricultural practices that release the carbon
stored in the organic components of soils. It is worth noting that growing and consuming food
does not, in and of itself, release CO2 to the atmosphere, since there is a balance between the
carbon removed from the atmosphere during photosynthesis, when crops are grown, and the
carbon released by plant and animal respiration and by the decay of organic matter. Land-use
change also alters the Earth’s albedo (reflectivity)—the global effects of these changes are small
relative to other forcings, but they can have an impact on the climate, particularly on a local or
regional basis.

Continuing increases in atmospheric CO2 concentrations are expected to be the principal cause of
future warming. COz levels have already increased from about 284 parts per million (ppm) in
1850 to 411 ppm in 2019 (Tans and Keeling 2020), and are currently growing at about 0.6% per
year. If this growth rate continues, the concentration of CO2 would double to 800 ppm by 2130.
Concentrations of other significant greenhouse gases are also increasing due to human activities.
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Methane is released by livestock, by flooded rice paddies, and, to a largely unknown extent,
inadvertently in the production of natural gas. Nitrous oxide is released during industrial and
agricultural activities, fossil fuel and solid waste burning, and wastewater treatment. Other
manufactured greenhouse gases that serve as fire suppressants and refrigerants also end up in the
atmosphere from a variety of industrial processes.

The overall climate influence of a given greenhouse gas depends on its atmospheric
concentration, its effectiveness in absorbing infrared radiation, and its lifetime in the atmosphere,
as well as the time span of climate change being considered. Because CO: is removed from the
atmosphere both geochemically and biologically, it has an ill-defined atmospheric lifetime,
although some fraction of human-produced CO2 will remain in the atmosphere for centuries.
Methane is much more effective at absorbing infrared radiation than CO2, but it is destroyed
chemically in the atmosphere on a timescale of just over a decade, while nitrous oxide, which is
also more effective at trapping heat than COz, remains in the atmosphere for more than a century.
As a result, the effects of any efforts to reduce emissions of greenhouse gases will have differing
near-term and long-term impacts on warming, depending on which greenhouse gases are
targeted.

The tiny aerosol particles produced by certain human activities can have either a cooling or a
warming effect, depending on their makeup. The most common of these substances, especially in
the past, are sulfuric acid aerosols, produced in much the same way as a volcanic aerosol except
that the sulfur dioxide is released by the combustion of sulfur-containing fossil fuels, especially
coal. Even a thin layer of these particles in the atmosphere reflects a significant amount of
sunlight back to space, and therefore they are believed to have had a substantial cooling effect on
the climate since the dawn of the Industrial Revolution. Soot particles, on the other hand, which
are also released in combustion (e.g., in diesel engines), absorb solar radiation and therefore
warm the climate. Most particles released into the lower atmosphere are, however, rapidly
removed by rain, so they have no long-term effect once they are no longer being generated.

In the last century, the Clean Air Act and its amendments greatly reduced sulfate emissions from
coal burning in the United States, and similar regulation had a like effect in Europe. At the same
time, sulfate emissions have increased in other areas, such as China, leading to mixed effects on
global and regional temperatures. Two factors render past estimates of aerosol radiative forcing
highly uncertain. First, we have no direct measurements of the concentrations of these particles
prior to the last few decades. Second, an important way in which some types of particles cool the
climate is by making clouds reflect more sunlight. This is called the aerosol indirect effect, and
its magnitude is neither well understood nor well measured. If the past cooling effect of particles
was large, it implies that there is a strong “hidden” warming that will be manifested when the
release of particles is further reduced by efforts to mitigate unhealthy air pollution.

Approximate values for the relative importance of these different forcings are provided by the
Intergovernmental Panel on Climate Change (IPCC). In its Sth Assessment Report (IPCC 2013),
the panel finds that since the beginning of the Industrial Revolution, circa 1750, CO2 accounts
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for well over half of the positive human-induced climate forcing and that the cooling effect of
particles has offset approximately a third of the net positive forcing (see Figures 8.15 and 8.17 in
Myrhe et al. 2013). These estimates, especially for aerosols, are accompanied by large
uncertainties. On a global level, other forcings, such as changes in land cover that alter Earth’s
reflection of solar radiation, are small.

1.3. Observed Changes

1.3.1. Global Climate Variability

The global climate undergoes intrinsic, or unforced, variations that appear as bumps or wiggles
in any time-series depiction of the observed global temperature record (Figure 1.1). Some of
these can be attributed to well-characterized phenomena, such as the slight global warming
associated with El Nifio events (see below), but most are best described as “noise.” The
exchange of heat between the atmosphere and the ocean is driven by weather and so is highly
variable in space and time. In a given year, if more heat flows from the ocean to the atmosphere,
a slight global warming results; if less heat flows from the ocean to the atmosphere, a slight
global cooling results. For example, in an El Nifio event, there is a net flow of heat from the
ocean into the atmosphere; as a result, the global temperature typically increases in El Nifio
years.

The most publicized fluctuation of this sort is the so-called global warming hiatus at the turn of
this century (1998-2013). The appearance that warming had slowed or stopped can be attributed
to the fact that following the record high global temperature of 1998, which was associated with
a very strong El Nifio event, it was not until 2013 that global temperatures were consistently
above the 1998 record. Because there is noise in the system, however, even in a persistently
warming climate, we should not expect to see record warmth in every new year. “Hiatuses” are
an inevitable consequence of intrinsic noise in the climate system (e.g., Easterling and Wehner
2009).
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Observed Changes in Global Annual Temperature
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Figure 1.1. The graph shows the global annual average surface (land and ocean) temperature
for 1880-2019, shown as differences from the 1901-1960 average. Temperatures vary from
year to year throughout the record, but with a warming trend from around 1900 through the
1940s, relatively stable temperatures through the mid-1970s, and then a strong warming trend
since the late 1970s. Temperatures have been more than 1.6°F above the long-term average in
each of the last five years. Source: adapted from NCEI 2019.

1.3.2. Regional Climate Variability

Global average climate conditions are not what people experience from day to day. For most
decision-makers, stakeholders, and individuals, information on regional and local climate
averages and variability are more salient than global-scale information. But climate records at
smaller scales—cities, states, or regions—are inherently noisier than records averaged across the
globe, because natural variability in the climate system has more noticeable effects at these
smaller scales. This makes it difficult or, in some cases, impossible to confidently attribute past
variations in local climates to either natural or external causes.

From year to year, many local or regional variations are truly random, resulting from the
occurrence or absence of one or two weather systems of a given type. At the same time, there are
organized structures of variability that act over years or even decades and arise from the internal
dynamics of the climate system. Known patterns of natural variability include the North Atlantic
Oscillation (NAO), the Atlantic Multidecadal Oscillation (AMO), the Pacific Decadal Oscillation
(PDO), and the El Nifio—Southern Oscillation (ENSO), among others.
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For North Carolina, ENSO is the most significant known mechanism of year-to-year natural
variability. During an El Nifio event, ocean temperatures warm in a belt straddling the equator,
stretching from the International Date Line to the west coast of South America. This ocean
warming releases great amounts of energy into the atmosphere, raising (as noted above) the
global temperature and affecting weather patterns over much of the world. El Nifios are
associated with droughts and wildfire in Australia and Indonesia and with flooding rains in
California. In North Carolina, El Nifio winters tend to be cooler and wetter than normal. In
addition, the North Atlantic Oscillation—an atmospheric pressure pattern with centers near
Iceland and the Azores—also has a major impact on winter in North Carolina. The NAO varies
such that when air pressure is low over Iceland, it is high over the Azores (NAO positive) and
vice versa (NAO negative). Recent research by the State Climate Office of North Carolina
suggests that North Carolina has milder winters during a positive NAO, while a negative NAO
results in an increased potential for wintry weather (State Climate Office of North Carolina n.d.).

1.3.3. Regional Climate Change

Regional variations also occur across decades. Figure 1.2 shows annual average temperature
changes for the United States. With the exception of the southeastern United States, all areas
show warming, including Alaska, Hawai‘i, and Puerto Rico (not shown on map). Warming is as
much as 3°F in some areas of the western United States and Alaska. The southeastern United
States and extending into Oklahoma is one of the few areas that shows slight net cooling over the
20th and into the 21st century. The reasons for this have been the subject of much research, and
hypothesized causes include both human and natural influences (Vose et al. 2017, Meehl et al.
2012, Walsh et al. 2014, Pan et al. 2004, Partridge et al. 2018). A closer examination of
temperature data reveals further detail about the observed cooling. The Southeast region
experienced high annual average temperatures in the 1920s and 1930s, followed by cooler
temperatures until the 1970s. Since then, annual average temperatures have increased to levels
above the 1930s, and the decade of the 2010s through 2018 has been warmer than any previous
decade, both for average daily maximum and average daily minimum temperature. Seasonal
warming has varied. The decade of the 2010s through 2018 is the warmest for average daily
minimum temperature in all seasons and for average daily maximum temperature in winter and
spring but not in summer and fall. Thus, based on the current warming trend in the Southeast, the
small areas of cooling seen in Figure 1.2 are projected to disappear in the next 10-30 years.
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Observed Changes in U.S. Annual Temperature
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Figure 1.2. The map shows observed changes in annual average temperature (°F). Changes are
the difference between the average for present day (1986-2016) and the average for the first
half of the last century (1901-1960) for the contiguous United States (1925-1960 for Alaska
and Hawai‘i). With the exception of portions of the southeastern United States, all areas show
warming. Source: Vose et al. 2017.

1.3.4. Observed Changes in Climate

Surface temperature (land and ocean) in Earth’s climate has increased by about 1.8°F (1°C) since
the start of the 20th century, and surface temperature continues to increase (Figure 1.1).
Although there is a distinct long-term trend, global temperatures do not increase smoothly. There
is year-to-year natural variability—due to natural factors such as volcanic eruptions or the El
Nino—Southern Oscillation—superimposed on the long-term trend. However, 18 of the 19
warmest years on record have occurred since 2001. Only 1998 was among the 19 warmest prior
to 2001, and as noted above, that was mainly due to a powerful El Nifio event that typically leads
to warm global temperatures.

Spatially, the greatest warming has occurred at the higher latitudes, with some areas of higher-
latitude Canada, Alaska, and parts of eastern Russia warming over 3.6°F (2°C), more than twice
the change in the global average. However, not all parts of the globe have warmed over this
period. In addition to the small net cooling of the southeastern United States discussed above, sea
surface temperatures southeast of Greenland also show slight cooling since the start of the 20th
century.

Annual average precipitation across global land areas exhibits a slight rise over the past century.
However, a statistically significant trend cannot be detected due to a lack of data coverage early
in the record (Figure 1.3). Interannual and interdecadal variability is clearly found in all
precipitation evaluations, owing to factors such as the North Atlantic Oscillation and El Nifio—
Southern Oscillation. Unlike surface temperature, which is expected to increase everywhere,
annual average precipitation is not expected to increase or decrease in a consistent manner across
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the globe. Some studies have identified a climate change pattern of wet areas getting wetter and
dry areas getting drier (e.g., Greve et al. 2014, Skliris et al. 2016). This pattern is expected with a
poleward expansion of the general large-scale tropical circulation (known as the Hadley cell) that
should lead to more drying in the subtropics and a poleward shift of storm tracks that should lead
to increases in annual average precipitation in wet regions. While this high/low rainfall behavior
appears to be valid over ocean areas, changes over land are more complicated (Figure 1.3).

Global Precipitation Trends
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Figure 1.3. The map shows changes in annual average precipitation (in inches) over land for the
period 1986-2015 relative to 1901-1960. The data are from land-based stations with long-term
records, so precipitation changes over the ocean and Antarctica cannot be evaluated. The
trends are not considered to be statistically significant because a lack of data coverage early in
the record increases the uncertainty of any trend. The relatively coarse resolution (0.5° x 0.5°)
of these maps does not capture the finer details associated with mountains, coastlines, and
other small-scale effects. Source: Wuebbles et al. 2017.

Warming of the atmosphere has led to changes in other parts of the climate system. In particular,
warming leads to increases in atmospheric water vapor. Increasing temperature results in a
greater saturation vapor pressure of about 3.5% per °F of warming. Global observations of near-
surface atmospheric water vapor show that it has increased, consistent with the observed
warming of the climate (Seneviratne et al. 2012).

As atmospheric water vapor has increased, observations of extreme precipitation in many parts
of the world have also increased (Seneviratne et al. 2012). In the United States, a clear signal of
increases in heavy precipitation events has emerged (Easterling et al. 2017). Figure 1.4 shows
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regional changes in different measures of heavy precipitation for two different time periods,
1901-2016 and 1958-2016. Averaged across the United States, all measures show an increase
over their respective time period (not shown). Regionally, the largest increases have occurred in
the northeastern and midwestern United States. However, other regions show much smaller
increases, and for the 48-hour accumulation definitions, the southwestern United States shows a
small decline, and Hawai‘i and Puerto Rico both show declines for the time periods for which
there are enough data to analyze.

Observed Changes in U.S. Heavy Precipitation
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Figure 1.4. These maps show regional changes in several metrics of extreme precipitation. The
upper left map shows the percent change in maximum daily precipitation in consecutive 5-year
blocks (e.g., the largest amount for each 5-year block rather than the annual maximum values),
calculated over 1901-2016. The upper right map shows the percent change in the amount of
precipitation falling on days with precipitation totals exceeding the 99th percentile of all non-
zero precipitation days, calculated over 1958-2016. The two bottom maps show the percent
change in the number of 2-day events with a precipitation total that exceeds the amount
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expected to occur once every 5 years; the bottom left is calculated over 1901-2016, and the
lower right is calculated over 1958-2016. Source: Easterling et al. 2017.

1.3.5. Other Indicators of a Changing Climate

There are many different types of physical observations, or indicators, that can be used to track
how climate is changing. These indicators include changes in temperature and precipitation, as
well as observations of arctic sea ice, snow cover, alpine glaciers, growing season length,
drought, wildfires, lake levels, and heavy precipitation. Some of these indicators, especially
those derived from air temperature and precipitation observations, have nearly continuous data
that extend back to the 1800s at a few locations in the United States (e.g., the Blue Hill
Meteorological Observatory in Milton, MA; Conover 1990) and the 1600s in Europe (the Central
England Temperature Record; Parker et al. 1992). These long-term datasets document century-
scale changes in climate. Satellite-based indicators, on the other hand, extend back only to the
late 1970s but provide a comprehensive record of the changes in Earth’s surface and atmosphere
over the past four decades.

Taken individually, each indicator simply shows changes that are occurring in one aspect of the
climate system. Taken as a whole, however, in the context of scientific understanding of the
climate system, the cumulative changes documented by each of these indicators paint a
compelling and consistent picture of a warming world. For example, arctic sea ice has declined
since the late 1970s, most glaciers have retreated, the frost-free season has lengthened, heavy
precipitation events have increased in the United States and elsewhere in the world, and sea level
has risen. Each of these indicators, and many more, are changing in ways that are consistent with
a warming climate (see Figure 1.2 in Jay et al. 2018).

1.4. Detection and Attribution

Detection and attribution studies are used to determine whether a human influence on certain
observed changes in climate can be distinguished from natural variability. These studies are
performed through the systematic comparison of climate models and observations using various
statistical methods, and they can be performed on a variety of scales from global to regional.
Detection and attribution studies can help determine whether model simulations of historical
climate conditions are consistent with observed climate trends. Results from these studies can
help inform decision-making on climate policy and adaptation (Knutson et al. 2017).

Detection and attribution studies of several types can be used to examine the cause of changes in
long-term climate trends (such as changes in average temperature or precipitation), changes in
extremes (such as extreme heat or heavy precipitation), specific weather or climate events, and
climate-related impacts. These studies can also be used to estimate the climate sensitivity by
using observations to constrain climate models. Paleoclimate data (derived by analyzing natural
sources including tree rings, ice cores, and corals) can provide a much longer-term record against
which recent observations can be compared (Knutson et al. 2017).
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Figure 1.5 shows a comparison of observed global annual average temperatures (calculated as
annual differences from the 1901-1960 average) with historical simulations from climate
models. The spread of different individual model simulations (the blue and orange shading)
arises both from differences in how the different models respond to the various climate forcing
agents (natural and anthropogenic) and from internal (unforced) climate variability. Observed
annual temperatures after about 1960 are shown to be inconsistent with models that include only
natural forcings (blue shading) but are consistent with the model simulations that include both
human and natural forcing (orange shading). This implies that the observed global warming is
attributable in large part to anthropogenic forcing. Furthermore, these studies—as well as the
consistency of observed changes in other variables such as increases in sea level, atmospheric
water vapor, and heavy precipitation events and decreases in arctic sea ice cover—Iled the
Intergovernmental Panel on Climate Change to state in their 5th Assessment Report of 2013, “It
is extremely likely that more than half of the observed increase in global average surface
temperature from 1951 to 2010 was caused by the anthropogenic increase in greenhouse gas
concentrations and other anthropogenic forcings together” (IPCC 2013). More recently, the
IPCC report on global warming of 1.5°C concluded that the amount of human-induced warming
matches the observed warming to within £20% (the likely range; IPCC 2018).
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Figure 1.5. The figure compares observed global surface air temperature, computed as
differences from the 1901-1960 average, to global climate model historical experiments from
the Coupled Model Intercomparison Project 5 (CMIP5) for the 1880-2016 period using (a)
human forcings (greenhouse gas increases and land-use and aerosol changes) and natural
forcings (solar variations and volcanic eruptions) and (b) only natural forcings. In (a), the thick
orange line shows the average from 36 CMIP5 models, while the orange shading and outer
dashed lines depict the £2 standard-deviation and absolute ranges, respectively, of annual
differences across all the model simulations. In (b), the blue line and shading depict the same
information, but for results from 18 CMIP5 models using only natural forcings. Because the
modeling of natural forcings alone, shown by the blue line, exhibits no net change in
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temperature from 1800-2016, it is clear that the observed warming is not explained by natural
variability alone. Source: Knutson et al. 2017.

Another area of attribution deals with individual extreme events, such as droughts or hurricanes.
When an extreme weather event occurs, people often ask whether the event was caused by
climate change. A more appropriate framing for the question is whether climate change has
altered the odds of occurrence of an extreme event. Extreme event attribution studies to date
have generally been concerned with answering the latter question. The European heat wave of
2003 and Australia’s extreme temperatures and heat indices of 2013 (e.g., Arblaster et al. 2014,
King et al. 2014, Knutson et al. 2013, Lewis and Karoly 2014, Perkins et al. 2014) are examples
of extreme weather or climate events where relatively strong evidence for a human contribution
to the event has been found. In a new twist on event attribution, and highly relevant to North
Carolina, recent research into Hurricane Florence in a forecasting sense predicted in advance that
the storm would be slightly more intense, have increased rainfall, and would be a larger storm
than what would have occurred without anthropogenic forcing (Reed et al. 2020). Post-storm
analysis showed that, indeed, all three changes did occur and could be attributed to climate
change, although none of the three were as large as predicted.

1.5. Climate Models

Climate models are the main tool scientists use to examine how the climate will change in
response to future changes in greenhouse gases, land use, and other forcing factors. They are also
useful for examining how much impact humans have already had on the climate. Climate
models, which are similar to the computer models used to forecast weather, are complex
computer programs based on equations that represent fundamental laws of nature and the many
processes that affect Earth’s climate system. These models represent the atmosphere, land, and
ocean system as an aggregate of adjacent small boxes. The equations are solved for each box to
represent the global weather patterns. By stepping forward sequentially in time, the climate
models capture the evolving short-term (e.g., daily) patterns of atmospheric pressures, winds,
temperatures, and precipitation. Over longer time frames (e.g., weeks to months), these models
simulate wind patterns, high- and low-pressure systems, ocean currents, ice and snowpack
accumulation and melting, soil moisture, extreme weather occurrences, and other environmental
characteristics that make up the climate system.

Some important processes, including cloud formation and atmospheric mixing, are represented
by approximate relationships, either because the processes are too complex to model given
current technologies or they operate at scales that are too small to represent directly. These
approximations lead to uncertainties in model simulations of climate. In addition to uncertainties
due to model formulation, there are uncertainties related to how greenhouse gases, land use, and
other forcing factors will change in the future.
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1.6. Climate Projections and Scenarios

Human production of greenhouse gases has already increased the natural greenhouse effect,
resulting in a planet that is in a state of energy imbalance, in which infrared radiation escaping to
space does not match the incoming flux of solar radiation. This extra energy goes primarily to
warming Earth’s oceans. How much climate change occurs over the next few decades will
mainly depend on the amount of greenhouse gases that are emitted to the atmosphere; how much
is absorbed by the biosphere, oceans, and other sinks; and the sensitivity of the climate to those
emissions (Hawkins and Sutton 2009).

Since the Earth’s climate system takes time to fully respond to changes in greenhouse gas
concentrations, even if greenhouse gas levels stabilized today, it is virtually certain that the
climate will continue to warm. Further, it is virtually certain that other changes in the climate
system, such as sea level rise, will continue (Allen et al. 2018). In short, the climate system has
inertia, and this would need to be accounted for in order to avoid certain climate thresholds.
Much as a ship must reverse its engines long before it strikes a dock, emissions must be reduced
long before climate thresholds are reached.

Continued warming is virtually certain if greenhouse gas concentrations continue to increase
from human activities, including fossil fuel combustion and large-scale deforestation (Figure 1.6;
Hayhoe et al. 2018). With additional emissions, the projected changes in global average
temperature for the end of this century (2080-2099) relative to 19962015 are 3.6°-8.2°F under
a higher scenario (RCP8.5) and 1.1°—4.1°F under a lower scenario (RCP4.5; see the Guide to the
Report for more information on these scenarios; following Hayhoe et al. 2017). If society were to
reduce net emissions to near zero over the next decade to two, the climate would still warm but
by smaller amounts. Further, given the very long times needed for the oceans to absorb excess
heat, emissions of greenhouse gases through the rest of this century will have a lasting legacy of
warming that will persist for more than 10,000 years (Friedlingstein et al. 2011).

Virtually all model simulations show the greatest warming occurring at the highest latitudes in
both hemispheres. As discussed above, with the expected warming of the climate, an increase in
atmospheric water vapor is also expected. However, model projections of heavy precipitation
remain problematic because heavy rainstorms are too small in spatial extent to be captured by
current climate models (Hayhoe et al. 2017); models universally show large increases in heavy
precipitation events in both low- and high-emissions simulations for the 21st century.
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Global Average Temperature Change
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Figure 1.6. The figure shows observed and multimodel simulations of globally averaged surface
temperature change relative to the 1986—2015 average. Observations (heavy black line) are
shown for the 1901-2016 period. Model simulations for the historical period (1900-2005) are
based on observed changes in greenhouse gases, aerosols, and land-use change, and
projections (2006—2100) are based on three Representation Concentration Pathway scenarios
(see Guide to the Report). The burnt-orange, blue, and green lines for the model simulations
show the averages from multiple climate models, and the shaded ranges show the 5% to 95%
confidence intervals for the respective simulations. Note that the projected temperature
changes described in the main text above are relative to the average for 1996-2015, which is
the primary reference period used throughout this report. The base period in this figure differs
because the figure comes from another publication. Source: adapted from Hayhoe et al. 2018.
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Chapter 2: Statewide Changes

2. Statewide Changes in Temperature, Precipitation, and
Storms

2.1. Introduction

North Carolina has a humid climate with very warm summers and moderately cold winters. The
climate exhibits substantial regional variation due to the state’s diverse topography, which
includes the Appalachian Mountains in the west, the Piedmont Plateau in the central region, and
the Coastal Plain to the east. Elevations across the state range from sea level along the Atlantic
coast to over 6,000 feet at the peak of Mt. Mitchell, the highest point east of the Mississippi
River. In summer, the state’s elevation and proximity to the ocean keep temperatures relatively
cooler in the mountains and along the coast compared to inland. In winter, temperatures are
somewhat moderated by the Appalachian Mountains, which partially block cold air coming from
the Midwest (Frankson et al. 2017, 2019 update).

There are no distinct wet and dry seasons in North Carolina. However, summer precipitation is
normally the greatest and most variable, owing to shower and thunderstorm activity, and fall is
generally the driest season. The mountains show large spatial variability in rainfall due to
orographic (mountain) effects on precipitation. For example, Lake Toxaway and Asheville are
the wettest and driest places in the state, respectively, in terms of average annual precipitation,
and they are separated by only about 40 miles (State Climate Office of North Carolina n.d.).
Lake Toxaway is close to where the mountains rise up from the Piedmont, so it gets a lot of
upslope rainfall, which is where moist air rises up the slope and cools, causing the moisture to
condense into clouds and rain. Asheville is east of the Smokies and in a rain shadow, meaning
much of the rainfall is blocked by the high mountains to the west.

See Appendix A for details on the datasets and scenarios used in this chapter.
2.2. Temperature Changes in North Carolina

2.2.1. Averages

North Carolina’s annual average temperature has increased by about 1°F since 1895, which is
less than temperature increases in northern and western portions of the United States. North
Carolina is part of a larger region of the southeastern United States that has exhibited less overall
warming in surface temperatures than the rest of the United States over the 20th century. During
the 40-year period of the 1920s through 1950s, a majority (25) of the years were warmer than the
long-term average, followed by a cool period in the 1960s and 1970s, when only 3 years were
above average. Since that time, temperatures have steadily increased, with average temperatures
being consistently above normal since the 1990s (Figure 2.1) and with 20 out of the last 29 years
being above the long-term (1895-2018) average. Summer average temperatures have been the
warmest on record over the last 14 years (Figure 2.2), including the first (2010), second (2011),
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and third (2016) warmest summers. Winter average temperatures have been warmer than normal
over the last 14 years (Figure 2.2) but not record breaking, with two earlier historical 14-year
periods (1989-2002 and 1921-1934) being equally warm.

Climate models suggest the current warming trend will continue and project significant increases
by the middle and end of the century. Projected values are shown for two climate futures: a
higher scenario (RCP8.5), in which greenhouse gas emissions continue to increase, and a lower
scenario (RCP4.5), in which emissions increase at a slower rate (Figure 2.3). By 2050, models
project that the annual average temperature in North Carolina will increase by 2°—4°F under a
lower scenario and by 2°-5°F under a higher scenario, compared to the average temperature for
1996-2015. By 2100, the average temperature is projected to increase by 2°—6°F under a lower
scenario and by 6°—10°F under a higher scenario, compared to the average temperature for 1996—
2015. Figure 2.3 also shows the observed average temperature value for the period 1970-2013
(this average is based on a different observational dataset than the one shown in Figure 2.1 in
order to provide the most consistent comparison with model simulations—see Appendix A for
details).

The observed temperatures have tended to be on the lower end of the range of historical model
simulations (Frankson et al. 2017, 2019 update), which suggests that the lower end of the
projected values is a more likely outcome for the future. However, since the causes of the lesser
warming observed in the Southeast are not yet fully understood and recent years have exhibited
substantial warming, the higher end of the projected values should not be discounted as a
possibility.
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Observed Annual Average Temperature
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Figure 2.1. The bar graph shows the observed annual average temperature for North Carolina
for 1895-2018, as averaged over 5-year periods, with the last bar representing a 4-year period
(2015-2018). Dots show annual values. The horizontal black line shows the long-term average
of 58.7°F for 1895-2018. Source: Frankson et al. 2017, 2019 update.

45



Chapter 2: Statewide Changes

Observed Summer Average Temperature Observed Winter Average Temperature
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Figure 2.2. The bar graphs show the observed summer and winter average temperatures for
North Carolina for 1895-2018, as averaged over 5-year periods, with the last bar representing a
4-year period (2015-2018). Dots show annual values. The horizontal black lines show the long-
term summer average of 75.6°F and winter average of 41.3°F for 1895-2018. The 1930s and
1950s were some of the warmest periods in North Carolina’s history, while the 1960s—70s was
a cool period for the state. The summer multiyear averages over the last 14 years (2005-2018)
have been the warmest on record. The winter multiyear average of 2005-2018 ties for the
warmest on record with 1921-1934 and 1989-2002. Source: Frankson et al. 2017, 2019 update.
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Observed and Projected
Annual Average Temperature (1970-2100)
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Figure 2.3. These time series show the simulated historical and projected annual average
temperature for North Carolina from the LOCA data and the observed climatological value
averaged for the period 1970-2013 (black line). Historical simulations (gray shading) are shown
for 1970-2005. Projected changes for 2006—-2100 are shown for a higher scenario (RCP8.5; red
shading) and a lower scenario (RCP4.5; green shading). The shaded ranges indicate the 10% to
90% confidence intervals of 20-year running averages from the set of climate models. Sources:
NCICS and The University of Edinburgh.

2.2.2. Extremes

The frequency of very hot days (maximum temperature of 95°F or higher; Figure 2.4) was
highest in the 1930s through early 1950s. This was followed by a period of very low occurrences
in the 1960s and early 1970s. Since the late 1970s, the number has fluctuated around the long-
term (1900-2018) average of 10 days per year with no trend. By contrast, the number of very
warm nights (minimum temperature of 75°F or higher) has been well above average since 2005,
with 2010 setting a record w