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A4.1. The Importance of Indicators

To evaluate the impacts of climate change, it is essential to first understand the many ways in which our
climate is changing. Indicators characterize how environmental conditions are changing over time to

help communicate climate impacts, risks, and vulnerabilities. Indicators provide foundational science in
support of the US Global Change Research Program’s (USGCRP) sustained assessment process, including
the National Climate Assessment (NCA). In the NCA, indicators are defined as data (presented as charts or
maps) based on historical observations and measurements that are used to track conditions, trends, and
impacts related to our changing climate. Indicators show changes in physical, ecological, or societal systems
and can represent data at varying scales, from global to local (Figure A4.1). Indicators are of most value when
maintained and updated on a regular basis so that users and stakeholders can make informed decisions
based on the most up-to-date information. Taken individually, each indicator depicts a specific change over
time, while a broad set of indicators helps to show interconnections among the many components of global
change and a warming world (Box A4.1).! While each indicator has an important relationship to climate,? it is
beyond the scope of this appendix to explore these connections in detail. Attribution and causation related
to a changing climate are discussed in other chapters throughout NCAS (e.g., Chs., 2, 3, 15).
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Changes in Temperature at Multiple Scales

Who? Who?
United Nations, Federal Government,
global policymakers, ;. : b national businesses,
epidemiologists w . . -7 scientific researchers

Change in Summer Nighttime

Change in Annual Average Temperature (°F) Minimum Temperature (°F)
-15-1.0-0500 05 10 15 20 -1.5-1.0-0500 05 1.0 15 20 25
Example Example
Global average temperature data inform international policy State governments use trends in seasonal temperature to
decisions and reports such as the IPCC Assessment Report. develop state and national climate assessments and climate
action plans.
Regional Local
W Phoenix, AZ

Who? J Who?

Public health officials, Utility managers, city planners,

state governments, natural e farmers, engineers, insurance
L] §
resource managers il b | companies
Change in Number of

Change in Annual Cocling Degree Days Extremely Hot Days per Year

CT T [
Example -400-200 0 200 400 600 800 1,000 1,200 Example 30 3 6 9 12
Cooling degree days are used as a proxy for energy demand The number of extremely hot days is a metric used by city
and can be valuable for planning utility and infrastructure projects. planners to develop heat action plans.

Presenting indicators at different scales allows stakeholders to obtain information relevant to their needs.

Figure A4.1. Many people use climate-related indicators for resource and management decisions, from small-
scale farmers to global policymakers. Different indicators are relevant at different geographic scales, depending
on who uses the information and for what purpose. In this figure, temperature indicators are shown at four scales,
with each map depicting spatial patterns in the amount of observed change: (top left) global annual average
temperature for the period 1993-2022, relative to 1901-1960; (top right) national (contiguous US and Alaska)
summer nighttime minimum temperature for 1993-2022, relative to 1901-1960 (relative to 1926-1960 for Alas-
ka; data are not available for the US Caribbean, Hawai'i, or the US-Affiliated Pacific Islands); (bottom left) regional
(Southwest region) cooling degree days for 1993-2022, relative to 1951-1980; and (bottom right) local (Mar-
icopa County, Arizona) number of days with maximum temperatures of 110°F or higher for 1993-2022, relative
to 1951-1980. Data used for the regional and local indicators are available only from 1951 onwards. In general,
increases in each metric have occurred since the start of their respective records, with important variations that
are relevant to decision-makers at each scale (see Section A4.2 for additional explanation). Figure credit: North
Carolina State University and NOAA NCEI.
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Indicators are needed to support decision-making and describe and monitor impacts on people. Combined
with other data, such as demographic and socioeconomic information (e.g., Figures A4.4, A4.14, 11.13), their
utility is ever-growing, with many advancements being made in recent years (e.g., Di Napoli et al. 2022;*
Kenney et al. 2020;* Walsh et al. 2020°). Indicators are being developed by USGCRP agencies (Box A4.1),
their partners, academic institutions, and state, local, and Indigenous communities. The form, complexity,
breadth, and design of indicators vary based on their intended uses, but effective indicators clearly convey
information to advance understanding related to changes in key aspects of climate and the impacts on
people and ecosystems. Measuring the health and societal effects of climate change is challenging because
of the complex, often indirect relationships among climate drivers, environmental and social factors, and
health outcomes.%” Increasingly, physical, ecological, and socioeconomic data are being linked together to
better track impacts on human systems, allowing communities to assess risks and make informed response
and adaptation decisions. In the context of human health, identifying sets of indicators along exposure
pathways can help track the related nature of exposures and the prevalence of health outcomes.”® This
holistic approach can provide insights into the extent to which changes in climate affect people and help
identify opportunities for public health actions to reduce or prevent exposures and adverse health effects.
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Box A4.1. Federal Indicator Resources

The US Global Change Research Program (USGCRP) coordinates efforts to highlight climate-relevant indicators from
across federal agencies. The USGCRP Indicators Interagency Working Group guides this effort through advancing the
research, development, and integration of indicators into USGCRP activities and products and highlights a subset of these
on the USGCRP Indicators Platform (Figure A4.2).° Indicators hosted on the platform consist of peer-reviewed observa-
tional data and methods from federal entities and are routinely updated. They meet the standards set forth by the Informa-
tion Quality Act regarding data quality, transparency, and traceability (App. 2).

USGCRP Indicators Platform

"\@ U.S. Global Change
(* Research Program v OurWork v Reports v

USGCRP Indicators Platform

The USGCRP Indicators Platform is an interagency collaboration that leverages efforts from across the USGCRP agencies and highlights key climate information in the form of indicators.

These rs provide foundational science in support of U! assessment products including the National Climate Assessment, showcase examples from Federal agency-
specific indicator efforts, and connect Fed B E 1ce to USGCRP priorities. USGCRP's Indicators Interagency Workgroup maintains this website and provides
coordination of indicator efforts across the 14 member agencies of USGCRP.

Filters Home / USGCRP Indicators Platform

Sort: | A-Z i
Indicators are based on observed data that can be used to track and communicate climate-

related conditions, trends, and impacts.
Topic =
Indicators—which may be physical, ecological, health or societal—can be used to assess risks
and vulnerabilities and help inform resiliency and adaptation planning in a changing climate.
C] Adaptation

([ Agricutture & Food

D Arctic Go beyond the data and explore climate indicators with an interactive Story Map of developed by

the USDA Forest Service with support from the Environmental Protection Agency. Explore the
D Carbon Cycle climate story through observations including human consequences of climate change, adaptation,
C] Cities & Infrastructure and resilience. Examine observed evidence of changes in greenhouse gases, weather and climate,
C] Coasts oceans, snow and ice and how these changes can impact health and society.

D Cryosphere

D Ecosystems & Biodiversity View the eighteen USGCRP indicators below, or use the filters to search by topic or USGCRP agency
D Energy
(] Extreme Events ———— Annual Greenhouse Gas Index

The Annual Greenhouse Gas Index (AGGI) is a measure of the capacity of Earth’s atmosphere to trap heat as
a result of the presence of long-lived greenhouse gases. The AGGI provides standardized information about
how human activity has affected the climate system through greenhouse gas emissions.

= = il
Human Health it
D g = \||ul\Il""'“Iil‘|||||||“"""| |
([ international il iiiiiﬁi\ll\ll?"llll"“ !
C] Land Use & Land Cover h i
[ wmitigation

Read More
D Oceans
D Physical Climate CARBONCYCLE ~ ENERGY  INTERNATIONAL  MITIGATION  PHYSICAL CLIMATE
C] Seasonality
([ societal Impacts ——— Arctic Glacier Mass Balance
([ vuinerability )
Eight routinely-measured glaciers located north of the Arctic Circle show the cumulative change in mass
balance, or the net gain or loss of snow and ice (accumulation vs. melting and sublimation), since 1945.
ey 2 Read More
ARCTIC CRYOSPHERE PHYSICAL CLIMATE

The USGCRP Indicators Platform leverages agency-supported science and data to understand how environ-
mental, health, and societal conditions are changing.

Figure A4.2. Screenshot from the USGCRP Indicators Platform: https://www.globalchange.gov/indicators/.
Figure credit: USGCRP 2023.°
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Other federal climate-related indicators efforts include:
+ CDC's National Environmental Public Health Tracking Climate Change Indicators™
+ EPA's Climate Change Indicators in the United States?
+ EPA's Climate Indicator Map Viewer"'
+ NASA's Vital Signs of the Planet'?
+ NOAA's National Marine Ecosystems Indicators™
+ NOAA's State Climate Summaries™

+ USDA's Climate Indicators for Agriculture®

Indicators appear in every NCA, with each report offering new ways to evaluate observed changes. This
appendix marks the first time a section of the NCA has been established to present and discuss nationally
relevant indicators. It highlights the important role of indicators and supports the NCA with scientific
evidence, using a representative set of indicators relevant to multiple chapters. Observed changes relevant
to each regional chapter can be represented with indicators, as shown in Table A4.1. Indicators in this
appendix are grouped into six categories (Atmosphere; Ice, Snow and Water; Ocean and Coastal; Land and
Ecosystems; Health; Adaptation and Mitigation), building on NCA4’s Indicators of Change figure (Figure 1.2 in
Jay et al. 2018"). Examples for each category were selected to cover a diverse range of regions, highlight both
existing and newly developed indicators, and focus on topics relevant to urban and rural populations as well
as the natural environment. These and many other indicators in NCA5 demonstrate that climate change is
happening now (Table A4.1; KM 2.1; Figures 28.1, 30.5).
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Table A4.1. Observed Regional Changes

This table shows observed changes pertinent to each NCA region, along with supporting evidence from associated NCA5 Key
Messages and example indicators. The observed changes are only selected examples and do not necessarily convey which
climate-related risks are most significant in each area. See the regional chapters for more detail on these observed changes
and related climate impacts.

Region Observed Change Key Message Example Indicator(s)
ﬂ Increasing frequency and intensity ;51 o Figure 2.8, Figure 21.1
AN of precipitation
Northeast ;2;' Increasing ocean temperatures KM 21.2 Figure A4.11, Figure 21.4
m Rising sea levels KM 21.2 Figure A4.10, Figure 2.5
:‘k ~ Incregsmg frequency, intensity, and KM 22.2
N duration of heatwaves
Southeast 6 Increasing wildfire risk KM 22.2 Figure A4.14
MO Rising sealevels KM 21.4 Figure 2.5
A
4: B Increasing air temperatures Ch. 23, Intro Figure 1.5
v
US Caribbean \.’ Increasing ocean temperatures Ch. 23, Intro Figure A4.11
% Increasing air pollution KM 23.1
YY) Increasingly variable precipitation KM 24.1 Figure 2.4, Figure 2.8
(X}
Midwest Lengthening growing season KM 24.1 Figure 24.3
Changlng Gre.at Lakes water KM 24.5 Figure 24.13
quantity, quality, and temperature
A =
4: g Increasing winter temperatures KM 25.1 Figure 2.4
v
Northern 6 Increasing wildfire risk KM 25.1 Figure A4.14
Great Plains
Increasing frequency of spring KM 25.1
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Region Observed Change Key Message Example Indicator(s)
Increasing frequency and intensity oy ¢ |4, Figure 2.8, Figure 26.1
of precipitation

Southern Increasing ocean temperatures KM 26.3 Figure A4.11
Great Plains 9 P ’ 9 ’
Rising sea levels KM 26.5 Figure 2.5
Declining snowpack Ch. 27, Intro Figure A4.7
Northwest Melting glaciers Ch. 27, Intro
Rising sea levels Ch. 27, Intro Figure 2.5
Declining flows in major rivers KM 28.1 Figure 4.18, Figure 7.9
Southwest Increasing wildfire risk KM 28.5 Figure A4.14
'hncreas'”g number of marine KM 28.2 Figure A4.11, Figure 28.4
eatwaves
Thawing permafrost Ch. 29, Intro
Alaska Increasing ocean temperatures Ch. 29, Intro Figure A4.11
Declining sea ice Ch. 29, Intro Figure A4.6, Figure 2.3
Incregsmg drough? frequency, Ch. 30, Intro
severity, and duration
Hawai‘i
and the US-Affiliated ’ Increasing tropical cyclone activity KM 30.2
Pacific Islands
Rising sea levels KM 30.3 Figure 2.5
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A4.2. Atmospheric Indicators

Both globally and across the US, temperatures are rising as a result of increasing greenhouse gases (GHGs)
in our atmosphere (Figures 1.5, 2.4), primarily caused by human activities (Figures 2.1, 3.1; KMs 2.1, 3.1).
Extreme events such as heatwaves, heavy downpours, and severe flooding are also increasing in frequency
and intensity (KM 2.2; Figures 2.8, 21.1, A4.8). Atmospheric indicators are used to inform decision-making
across a wide variety of scales (Figure A4.1) and often form the basis for assessing trends, impacts, and key
risks® among all sectors.

Greenhouse Gases

Greenhouse gas emissions are the primary driver of climate change (KMs 2.1, 3.1), so tracking emissions

is fundamental to understanding and responding to climate change. Figure 2.1 depicts the continual
increase in carbon dioxide (CO,) emissions by the greatest contributing countries and regions. The Annual
Greenhouse Gas Index indicator (Figure A4.3) accounts for global emissions of CO, and the other major
long-lived greenhouse gases from 1979 to 2022 and shows how the cumulative warming effects of these
GHGs have been increasing over time.

Annual Greenhouse Gas Index
3.5 Carbon dioxide CFCs 2022 AGGI =1.49 \. 1.50

M Methane HCFCs
30| MNitrous oxide B HFCs

_-ul 1.25
25 .
1990AGGI=1.0\., - m 100
2.0 - II
L 0.75

1.0

-0.50

Radiative forcing
(watts per square meter)
(199YV) xapu| SES 8SNOYUSSID) [BNUUY

0.0 = ' ' ' ' 0.00
1980 1990 2000 2010 2020

The warming effects of greenhouse gases are increasing over time.

Figure A4.3. Radiative forcing (left vertical axis) is the change, either positive or negative, in the amount of
energy from the sun that is trapped by Earth’s atmosphere. Increases in the amount of radiative forcing will lead
to warming. The Annual Greenhouse Gas Index (AGGI; right vertical axis) compares the total radiative forcing for
each year from 1979 to 2022 to the year 1990 (represented by a red dot). The year 1990 was selected as the year
for comparison because that is the year the Montreal Protocol'® was signed, so its AGGI value is designated here
as 1.0. The 2022 AGGI (also represented by a red dot) was 1.49, indicating that the average warming influence of
long-lived greenhouse gases in the atmosphere has increased by a total of 49% since 1990. The increased radia-
tive forcing leads to increasing temperatures, both in the oceans and over land. Indicators of these changes and
impacts are found in this appendix and throughout the report. CFCs = chlorofluorocarbons, HFCs = hydrofluoro-
carbons, HCFCs = hydrochlorofluorocarbons. Adapted from USGCRP 2023."
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Temperature and Extreme Heat

Long-term observations show that warming due to climate change is unambiguous but is not occurring
equally or in all areas (Figures A4.1, 2.4, 2.7). Figure A4.1 shows four different temperature indicators valuable
to decision-makers at multiple scales. Globally, annual average temperatures have increased almost
everywhere, with the greatest increases seen across North America and the Arctic (Figure A4.1, top left).
On the national scale, nights have been warming faster than days (KM 2.2), with the greatest increases in
summer nighttime minimum temperatures seen across large areas of Alaska, Florida, and the western and
northeastern United States (Figure A4.1, top right). On the regional scale, cooling degree days (a proxy for
energy demand used to cool buildings) have increased throughout the Southwest, with California expe-
riencing the greatest changes (Figure A4.1, bottom left). And on a local level, the number of days per year
with temperatures reaching 110°F or more have increased throughout Maricopa County, Arizona, with

the Phoenix area experiencing notable increases in these extremely hot days (Figure A4.1, bottom right).
Additionally, in the United States, the rate at which temperatures increase differs seasonally (Figure 2.4)."®
Changes in seasonal temperatures have led to shifts in the seasonality of certain events (Figure A4.13). In
some areas, the combination of high humidity and high temperatures is contributing to the emergence of
heat index values too severe for human tolerance (KM 2.3).19%° As temperatures increase, people’s exposure
to extreme heat becomes greater (KMs 3.12, 15.1).

These increasing temperatures directly and indirectly impact human health and societal outcomes (KM
2.2; Ch. 15). Populations directly exposed to more heatwaves experience increased heat-related illness and
death.??? Since the 1960s, the frequency of heatwaves and the duration of heatwave seasons have steadily
increased in certain areas (KM 2.2).2 Urban areas experience higher temperatures than surrounding
landscapes because many structures such as roads and buildings absorb and radiate heat, exacerbating the
effects of increasing temperatures (Figure A4.4; KM 12.1). Additionally, changes in land use in and around
urban areas have contributed to temperature hotspots (Figure 6.3).
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Urban Heat Island (UHI) Intensity

UHI intensity (2020)

a) Atlanta, GA b) Houston, TX c) Minneapolis, MN
i <t* mHigh: 50.0°F ' ;

™ High: 50.0°F
L Low: 26.6°F

M High: 50.0°F
I Low: 26.6°F

UHI intensity trend (1985-2020)

d) Atlanta, GA e) Houston, TX f) Minneapolis, MN

34

Temperature difference (°F)

32 32
1985 1990 1995 2000 2005 2010 2015 2020 1985 1990 1995 2000 2005 2010 2015 2020 1985 1990 1995 2000 2005 2010 2015 2020

Year

Urban heat island intensity is increasing in many US cities due to the combination of urbanization and rising
temperatures.

Figure A4.4. Urban heat island (UHI) intensity is defined as the annual difference in average temperature between
areas that are urban versus nonurban (within a 5 km, or approximately 3.1-mile, buffer zone of the city boundary).
Indicators and maps of UHI intensity can help inform heat-mitigation strategies such as implementing urban
vegetation cover.?* Top row: Maps for the year 2020 are presented for (a) Atlanta, (b) Houston, and (c) Minneap-
olis, showing temperature differences used to determine UHI intensity for that year. Both hotspots and areas of
lower temperatures are evident. Bottom row: Trends in average UHI intensity from 1985 to 2020 are presented
for (d) Atlanta, (e) Houston, and (f) Minneapolis. Solid lines show observed data, while dashed lines represent the
estimated trend for the period of record. Companion figures depicting the relationship between temperature and
socioeconomic factors for these same cities can be seen in Figure 12.6. Figure credits: (a, ¢, d, f) adapted from
Xian et al. 2022;?* (b, ) USGS and NIEHS / Kelly Government Solutions.

Precipitation

As temperatures rise, US precipitation patterns are changing, with long-term trends in average precipitation
differing considerably by region and by season (Figure 2.4).* Indicators can show how changes in these patterns
may affect different sectors. For example, too much or too little precipitation can impact both crop (KM 4.1) and
hydropower (KM 5.1) production. Seasonal activities of sensitive plant and animal species may shift as precipi-
tation amounts and timing change (Figure 8.11). Indicators can also be used to observe how heavy precipitation
events are evolving in intensity (e.g., Figure 2.8), frequency (e.g., Kunkel et al. 2022"), and duration (e.g., Kunkel
et al. 2020%). For example, evidence suggests that in recent years, extreme single-day precipitation events are
increasing in the United States.?® Heavy precipitation will become increasingly important to local engineering
and community planning as the risk of flooding increases in a warmer world;* as a result, regional- and
local-scale indicators are most valuable for informing adaptive actions to protect public health and safety.
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Extreme Events

Climate change is increasing the frequency and severity of many extreme weather and climate events
(Figure 1.7; KM 2.2), including heatwaves,” heavy precipitation (Figure 2.8; KMs 4.1, 21.1; KM 22.1), drought
(Section A4.3), flooding (Section A4.3; KM 4.1), wildfire (Section A4.5; KM 7.1; Focus on Western Wildfires), and
tropical cyclones (KM 2.2).” Other events, such as cold snaps, are becoming less frequent (KM 2.2). Extreme-
event indicators allow communities to evaluate changes in risk, as major weather and climate disasters can
threaten lives, damage property, and affect daily activities. One example is the number of disasters in the US
each year that cause at least S1 billion in damages (Figures A4.5, 1.7, 2.6, 22.3). More frequent and compound
extreme events (Focus on Compound Events) disproportionately impact already-overburdened groups (KM
18.2; Box 18.2), leaving communities with less time and fewer resources to respond to each disaster.

Billion-Dollar Disasters

25
Bl Winter storm i
20- = Wildfire
Tropical cyclone I

% M Severe storm I 0 I
»
8 15 M Freeze .
S5 M Flooding II
Y
o M Drought
3 s

10 -
€ i
e

[ | | 0
5| ] I 0
| | I

0 1980 1985 1990 1995 2000 2005 2010 2015 2020

The number of weather- and climate-related disasters exceeding $1 billion has substantially increased
since 1980.

Figure A4.5. This indicator provides insight into the frequency of events exceeding $1 billion in damages (adjust-
ed for inflation) from 1980 to 2022 across seven disaster types, each represented by its own color. The severe
storm category includes events such as tornadoes, hail, and damaging winds but not tropical cyclones or winter
storms. The only year with no billion-dollar events was 1987. Since then, the number of events each year has
generally increased, with 2020 and 2021 having the two highest number of events on record. The number and cost
of these disasters are due to several complex factors. Climate change is leading to increases in the frequency and
intensity of extreme events, and, at the same time, there have been continual increases in the numbers of build-
ings, infrastructure, and people in climate-sensitive areas where these events may occur.?® Economic factors can
also play a role. For example, there is potential for property values to increase at rates higher than the Consumer
Price Index, which can lead to higher damage assessments compared to previous years. An interactive version of
this indicator, including the total annual cost and a breakdown by state and region, can be found at https://www.
ncei.noaa.gov/access/billions/time-series/.?° Adapted from USGCRP 2023.%°
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A4.3. Ice, Snow, and Water Indicators

Many parts of the US are experiencing intensified droughts or reduced snowpack, which are caused or
exacerbated by rising temperatures (KMs 2.2, 4.1). These changes, combined with increasing water demand
from growing populations, can reduce the reliability of water supplies,®** and water-related indicators can
help communities prepare for impacts. Also useful are indicators used to track changes in the cryosphere
(the frozen parts of Earth’s surface), as melting sea and land ice (e.g., ice sheets and glaciers) and thawing
permafrost can contribute to sea level rise (KM 9.1; Figures 2.5, 9.1), affect water supply (KM 4.1), and have
other negative impacts on humans and ecosystems (KM 8.2; Ch. 29).

Sea Ice

Changes in Arctic sea ice are some of the most visible and well-known indicators of a changing climate.*34%
The steep decline of average Arctic sea ice extent in September, when the ice shrinks to its smallest area
each year, is shown in Figure 2.3. Figure A4.6 illustrates how the total area of September sea ice has declined
and how the overall length of the melt season is increasing over time. Melt location and timing is important,
because as sea ice melts, it changes ocean and atmospheric circulation patterns, which can impact marine
life and coastal economies (KM 10.1). Additionally, loss of sea ice is leading to increases in commercial
shipping; exploration of oil, gas, and minerals; and geopolitical and global security issues (Ch. 17; KM 29.6).%

Changes in Arctic Sea Ice
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Arctic sea ice is shrinking as the melt season grows longer.

Figure A4.6. An increasingly later end to the melt season is the primary contributor to both the longer season and
the declining ice extent. (a) This indicator compares the annual minimum sea ice extent—the smallest area of sea
ice—measured in the Arctic in 1979 (the beginning of the record) and 2022 (the most recent year of observation).
The pink line on each map represents the median ice edge for 1981 to 2010. (b) This indicator shows the annual
length of the Arctic sea ice melt season from 1979 to 2021. The blue shaded area represents the amount of time
between the date when ice begins to melt consistently (light blue line) and the date when it begins to refreeze
(dark blue line). (a) Adapted from NSIDC 2023;%” imagery from the Special Sensor Microwave Imager/Sounder
(SSMIS) instrument, courtesy of NASA and NSIDC; (b) adapted from EPA 2023.33
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Snowpack and Snow Cover

As US winters and springs warm, the amount and seasonality of snow is changing (KM 2.2). Higher tem-
peratures cause snow to melt earlier, which affects timing and availability of water (KM 2.2).38 A variety of
indicators can be used to track changes in snowpack and snow cover (Figure A4.7). These indicators focus
on the western US, where millions of people depend on the melting of mountain snowpack for drinking
water, crop irrigation, and hydropower (Ch. 4; KM 28.1). Changes in snowpack and snow cover affect winter
recreation, tourism, plants, and wildlife.®

Snowpack Changes in the West
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Western snowpack is declining, peak snowpack is occurring earlier, and the snowpack season is shortening in
length.

Figure A4.7. The overall amount of snow has been declining across the western United States, as shown in three
indicators: (a) trends in snowpack on April 1 (percent change) from 1955 to 2022 (red and blue circles represent a
decrease and increase, respectively); (b) change in the annual date when snowpack reaches its maximum amount
(days) from 1982 to 2021 (red and blue circles represent a shift to earlier and later timing, respectively); and (c)
change in snowpack season length (days) from 1982 to 2021 (red and blue circles represent a shortening and
lengthening of the snowpack season, respectively). Adapted from EPA 2023.38
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Flooding

Indicators can be used to quantify trends in large floods, which is imperative for floodplain management
and infrastructure design to maximize safety and resilience (KMs 4.2, 6.1, 12.4). For example, west of the
Mississippi River, nearly 30% of monitored areas are experiencing increases in large flood frequency and/
or magnitude (Figure A4.8). In contrast, other areas have recently experienced decreasing trends due to
prevailing climate patterns such as the Southwest megadrought (KM 28.1).*° Flood indicators are also used to
track economic damage related to flooding (Figure 4.12) and monitor flood trends of individual streams.*

Flood Frequency and Magnitude West of the Mississippi River

a) Trends in large flood magnitude (%) b) Trends in large flood frequency

Trends
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Trends in flood magnitude and frequency vary widely across the western US.

Figure A4.8. Flood magnitudes are increasing along the Oregon coastline, throughout large portions of the
central Rockies and southern Great Plains, and in parts of the Gulf Coast, whereas flood frequencies are increas-
ing across a large area east of the Rocky Mountain Front.#' This indicator shows trends in (a) magnitude and

(b) frequency of large floods in the western US within 117 flood potential zones. Shading in warm colors (reds)
represents increasing trends, and shading in cool colors (blues) represents decreasing trends. Darker shades
indicate where trends are statistically significant. (a) Percent change in annual flood magnitudes is indicated by
black numbering. Trends in magnitudes vary by the available record length (most commonly from the early 1900s
through 2020), while (b) trends in frequency are for 1945 to about 2020. Data are not yet available for the US
Caribbean, Alaska, or Hawai‘i and US-Affiliated Pacific Islands regions, as well as the contiguous US east of the
Mississippi River. Additional information related to trends in large floods is provided in the Flood Potential Portal
at https://floodpotential.erams.com/. Figure credit: USDA Forest Service.

Drought

The effects of drought can be far-reaching and long-lasting, posing risks to people and ecosystems and
often contributing to other extreme events, such as drought-induced wildfire (KM 4.2; Focus on Western
Wildfires). Several hydrologic measures exist for drought, and for certain applications, climate reanalyses
can also be valuable in evaluating historical trends related to climate including drought metrics (e.g., Jasinski
et al. 2019%). Some drought indicators consider water availability, measured by variables such as precipita-
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tion (Figure 4.10), streamflow, groundwater and reservoir levels, or soil moisture (Figure 28.2). Other drought
indicators take into account different climatic factors, such as temperature, potential evapotranspiration,
and solar radiation (Figure 3.12). For example, the Standardized Precipitation Evapotranspiration Index
(SPEI, Figure A4.9) measures the combination of precipitation and evapotranspiration to determine whether
a certain area is experiencing extreme drought, extreme moisture, or conditions in between.* SPEl is a
valuable indicator when considering how droughts might affect activities that depend on a balance between
water supply and demand, particularly those related to agriculture and ecosystems.**

Change in Five-Year
Standardized Precipitation Evapotranspiration Index (SPEI)

Drier 10 05 00 05 10 15 20 25 'veter

Long-term records show conditions are becoming drier in many portions of the West and wetter elsewhere,
particularly the East.

Figure A4.9. Since the early 20th century, the eastern US has generally experienced wetter conditions, while por-
tions of the West—especially the Southwest—have experienced drier conditions. This map shows the total change
in drought conditions across the contiguous United States, based on the long-term average rate of change in the
five-year Standardized Precipitation Evapotranspiration Index (SPEI) from 1900 to 2022. Data are displayed for
small regions called climate divisions, as defined by NOAA.#> Teal-shaded areas represent wetter conditions, and
brown areas represent drier conditions. Data are not available for the US Caribbean, Alaska, or Hawai‘i and US-Af-
filiated Pacific Islands regions. Adapted from EPA 2023.4

A4.4. Ocean and Coastal Indicators

Climate-driven changes to US oceans and coasts endanger marine ecosystems and coastal communities
(Figures 10.1, 21.5) and threaten infrastructure and energy production (KMs 9.2, 10.1). Indicators can be used
to track physical ocean conditions (e.g., sea surface temperatures, ocean acidification), ecological impacts
(e.g., marine species shifts), and coastal impacts (e.g., high tide flooding). This information is used to evaluate
risk, promote resilience, and increase the value of coastal and marine resources as ocean conditions change.
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Sea Level Rise and Coastal Flooding

Global sea level is rising as warming ocean waters expand and glaciers and ice sheets melt. Along some US
coastal areas, sea levels are rising faster than the global average, with the highest rates occurring along parts of
the Atlantic coast and the Gulf of Mexico (Figures A4.10a, 2.5; KMs 21.2, 22.1, 26.1).#¢ The increase in relative sea
level is driving increases in physical and societal impacts such as high tide flooding (Figure A4.10b-d; KM 9.1).

Sea Level and Coastal Flooding in the Northeast
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The combination of rising sea levels and the increased frequency of coastal flooding events exacerbates risk for
coastal communities.

Figure A4.10. (a) The line chart shows the observed changes in relative sea level from 1960 to 2020 (compared
to the 1991-2009 average), which is a combination of sea level changes and local uplift or subsidence of land,
averaged along the Atlantic coast of the northeastern US. The bar graphs depict the frequency of (b) minor (dis-
ruptive), (c) moderate (damaging), and (d) major (destructive) high tide flooding events at 30-year intervals (1960,
1990, and 2020), also for the northeastern US (see Figure 9.3 for definitions of high tide flooding thresholds).

The frequency of occurrence is expressed as the number of events per year, where a value of 0.1 is equivalent to
a 10% annual chance of experiencing that type of flood event. See Chapter 9 for contiguous US data, including
future projections. Figure credits: (a) adapted from Sweet et al. 2022;*” (b, ¢, d) NOAA NCEI and NOAA.

Marine Heatwaves

Sea surface temperatures in oceans surrounding the US have risen steadily over time, as they have in most
of the world’s oceans (Figure 2.3).*® Rising temperatures in these areas contribute to increases in marine
heatwave frequency (KMs 10.1, 21.2), intensity (Figure A4.11), size, and duration.* These changes have
detrimental impacts on surrounding ecosystems and economies, including shifts in the distributions of
marine life (Figure A4.12; KMs 8.2, 10.1).
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Marine Heatwaves

a) Annual cumulative intensity of marine heatwaves (1982-2022)
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Extreme ocean temperatures are more common as ocean temperatures rise.

Figure A4.11. (a) The maps show the change in annual cumulative intensity of marine heatwaves (anomalously warm
temperatures lasting five or more days) within large marine ecosystems surrounding the United States from 1982 to
2022. Cumulative intensity, or degree days, is determined by heatwave intensity multiplied by duration, compared to the
1982-2011 average. Areas with increases in cumulative intensity are shown in red, with darker colors indicating greater
change. Areas in blue represent a decrease in cumulative intensity over time. (b) Charts show the heatwave strength in
total degree days each year from 1982 to 2022 for select large marine ecosystems highlighted in the above maps. Figure
credit: NOAA NCEI, University of Miami, DOE, and Eastern Research Group Inc.
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Marine Species

Warming oceans have contributed to shifts in the geographic distribution of marine species (KM 10.1), which
are extensively studied and tracked using indicators.* It is important to track climate-driven changes in the
distribution, timing, and productivity of fishery-related species that can put marine fisheries and fishing
communities at risk.! Many marine species are sensitive to environmental cues such as temperature ranges
and track well with local climate velocities (the speed and direction at which species move in order to
experience similar climate conditions).”> However, several other factors can influence the abundance and
geographic distribution of species, such as large-scale fishing practices, ocean currents, changes in habitats,
and species’ ability to adapt. Figure A4.12 depicts how multiple species adjacent to the Alaska, northeastern
US, and southeastern US coasts have been shifting northward and, in some regions deeper, to cooler waters.
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Marine Species Distribution
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Marine species along US coasts are generally shifting northward to cooler waters.

Figure A4.12. (left) Maps show annual centers of biomass for three species in three regions: (a) the eastern Ber-
ing Sea (1982-2019) and the (b) northeastern (1974-2019) and (c) southeastern (1989-2019) US coasts. Spe-
cies were chosen because they represent a variety of habitats and species types and are relatively abundant. Dots
are shaded to show how species’ locations have changed over time, with light shading representing earlier years
and darker shading representing more recent years. (right) Charts show the annual change in latitude (orange
lines; movement in miles) and depth (blue lines; change in feet) of several marine species in (d) the eastern Bering
Sea (top; 64 species) and (e) the northeastern (middle; 53 species) and (f) southeastern (bottom; 63 species) US
coasts, relative to 1989. Black dashed lines represent no overall change. Data were not available for 1975 or 2014
for the Northeast region. Adapted from EPA 2023.%°
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A4.5. Land and Ecosystems Indicators

Earth’s land, food, and climate systems are inextricably intertwined (Figure 11.9). Climate and weather shape
demand for and distribution of food, fish, and forest products. In turn, commodity production influences
the climate via greenhouse gas exchange and land conservation or degradation. These feedbacks are driving
the coupled climate-land system toward a host of outcomes for people and society, some undesirable.>
Indicators can help land managers and policymakers identify optimal planning and solutions in the context
of changing conditions.

Seasonal Change

Seasonality refers to recurring seasonal events or processes, such as the blooming of wildflowers in
spring.> The timing, duration, and variability of many seasonal events are changing in response to changing
temperature and moisture patterns (Chs. 2, 8; Figure 24.3). Indicators of seasonal change (Figure A4.13) are
valuable for understanding relationships between climate and ecosystems and subsequent risks to envi-
ronmental and social systems.*® Knowledge of these changes is often generated by local and Indigenous
populations, who have deep connections to local ecosystems because of their cultural and subsistence
practices (Ch. 16).
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Changes in Seasonality
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Observed evidence of changes in seasonality reflect a warming climate.

Figure A4.13. Many indicators show shifts in timing and duration of seasonal events or processes that are correlated
with seasons. The length of the blue lines represents the approximate time of year when these events typically occur,
and the direction of the arrows denotes earlier (<) and later (—) shifts in the season. Red line segments portray the ob-
served change for illustrative purposes, whereas the actual observed values are provided as text above each line. Some
of these indicators are limited to specific geographic regions. Adapted from EPA 2021.%

Wildland Fire and the Wildland-Urban Interface

Wildland fires affect carbon dynamics, ecosystems, biodiversity, and human health (Ch. 7; KMs 6.1, 14.2;
Figures F2.1, 28.9). The wildland-urban interface (WUI) is the area where buildings and other develop-
ments meet or mix with undeveloped natural areas, including fire-prone vegetation. Over the past several
decades, the WUI has grown rapidly,*® expanding in both total area and number of homes. In addition, the
annual average acreage burned by wildfires has increased since the mid-1980s.> Together, these changes
have increased risks of loss of life and property damage in many areas across the United States (Figure
A4.14). Other important wildfire-related indicators include greenhouse gas emissions resulting from
wildfires and prescribed fires (Figure 7.2) and related socioeconomic indicators such as federal spending on
wildfire suppression.®®
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Wildfires and Wildland—-Urban Interface (WUI) Growth
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Area burned by wildfires is increasing and the wildland—urban interface is expanding in the contiguous US.

Figure A4.14. (a) The chart shows the number of acres burned between 1984 and 2020 for the contiguous US.
The different shades within each bar indicate the proportional contribution of different fire size classes to the total
for that year. (b) The two charts depict wildland—urban interface (WUI) growth in terms of area and number of
housing units from 1990 to 2020 for the contiguous US. (c) The map portrays US counties where WUI growth and
wildfires are most prevalent. Counties are categorized by their level of WUI growth between 1990 and 2020 and
area burned between 1984 and 2020. Counties are not categorized where wildfires do not meet the minimum size
requirements for Monitoring Trends in Burn Severity (MTBS) mapping®’ or where percent growth in WUI area is
less than zero. WUI data are not available for the US Caribbean, Alaska, or Hawai‘i and US-Affiliated Pacific Islands
regions. In Alaska, wildfires burned over 34 million acres between 1984 and 2020; during this period, eight of the
nine wildfire seasons when more than one million acres burned have occurred since 2000. Twenty-one wildfires in
Hawai'‘i (more than 103,000 total acres) and four wildfires in Puerto Rico (about 6,300 total acres) were mapped
between 1984 and 2020. MTBS wildfire data are not available for other parts of the US Caribbean and US-Affiliated
Pacific Islands regions (wildfire data from another source for the US-Affiliated Pacific Islands region is presented
in Figure 30.13). Figure credits: (a, c) USDA Forest Service; (b) adapted from Radeloff et al. 2018.%
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Agriculture and Food Systems

The climate-agriculture-food system is complex (Figure 11.9). Agricultural production and natural resources
face challenges from increasing climate variability and change. Optimized management and policy decisions
require an integrated indicator system that communicates climate-driven production impacts; trends in
the social-ecological systems underpinning agriculture (e.g., heat-related mortality of workers; Figure 11.1);
crop insurance payments (KM 11.2);> how management performs in relation to desired social-ecological
conditions;*® degree of adaptation (KM 11.1); and the relationships among climate change, consumption, and
production.’’ Currently, the most developed agriculture-related indicators are production-oriented (Ch. 11),
such as range or crop yield, crop pathogens, animal heat stress, migration of plant hardiness zones (Figure
11.3), timing of budbreak in fruit trees, and ratios of outputs to inputs (total factor productivity).> The pro-
ductivity of rangeland vegetation provides many valued ecosystem services,® but it has severely declined in
some areas of the US in recent decades (Figure A4.15),5* with a strong correlation to regional-scale climate
change exposure.s
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Rangeland Production
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Rangeland vegetation production has severely declined in some areas and increased in others.

Figure A4.15. Rangeland annual net primary production (ANPP) measures the annual production of rangeland
vegetation, which provides key ecosystem services supporting soil, air, and water quality and billions of dollars in
commerce. This figure illustrates ANPP in pounds per acre on rangelands by ecological subsection (see Cleland
et al. 2007%%) during the periods (a) 1984-1999 and (b) 2000-2021. Positive values indicate areas where ANPP
has increased over time, and negative values show where it has decreased. Areas in white are not classified as
rangeland ecosystems. (c) The time series shows annual values of ANPP from 1984 to 2021 for a select location
in the Mojave Desert (indicated by the circle on the maps). ANPP increased in this area over the first half of the
time period but has since seen a steady decline. Data are not available for the US Caribbean, Alaska, or Hawai'i
and US-Affiliated Pacific Islands regions. Adapted with permission from Reeves et al. 202162 [CC BY-NC-ND 4.0].
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A4.6. Health Indicators

Climate change increases risks and impacts to human health and well-being by exacerbating existing health
threats and creating new challenges based on multiple factors and pathways. A variety of health outcomes
are affected by climate change, including mental health challenges as well as physical health issues such as
cardiorespiratory conditions from poor air quality, injuries and mortality from extreme weather events, and
malnutrition from changing climate and environmental factors.

It is important that health indicators include more than just measures of health outcomes to understand
how climate impacts and exposures influence health burdens. A broader approach is helpful because of the
complex, often indirect relationships among climate drivers, environmental and social factors, and health
outcomes, and because of challenges with collecting and reporting health data including lag times in avail-
ability. Some widely utilized health indicators include heat-related illnesses and deaths,?**%> described

in part in NCA4, which also details the impacts of a changing climate on vector-, water-, and foodborne
diseases but without quantitative context.® To build upon this body of knowledge and to highlight robust
examples of infectious disease metrics with 1) strong science supporting the linkages among climate,
environment, and human risk factors; 2) national coverage; and 3) ample temporal extent, this appendix
presents indicators for three nationally notifiable infectious diseases routinely reported to the CDC (Figure
A4.16).

Changes in temperature, precipitation patterns, and extreme events can alter the seasonality, distribution,
and prevalence of vector-, water-, and foodborne diseases (KM 15.1).” West Nile virus (WNV) neuroinva-

sive disease and Lyme disease are impacted by climate change through complex shifts in land use, vector
ecology, and human behavior (Chs. 8, 15). Vibriosis, linked to warming marine and coastal waters, is an illness
contracted through exposure to Vibrio bacterial species from contaminated seafood or from open skin
wounds exposed to contaminated water.’
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Infectious Diseases Impacted by Climate Change
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Figure A4.16. Indicators of diseases widely recognized as being affected by climate change can provide a general
gauge of the disease burden and help guide resources and public health actions. Incidence rates of (a) West Nile virus
(WNV) neuroinvasive disease, (b) Lyme disease, and (c) vibriosis are presented for the years 2002-2021, 1991-2020,
and 2007-2018, respectively. For WNV neuroinvasive disease, the pattern of incidence rates is variable, ranging from 1
per 100,000 people in 2002, when it became a nationally notifiable condition, to 0.6 per 100,000 people in 2021. Lyme
disease incidence rates have trended upward from 4 cases per 100,000 people in 1991 to 7 cases per 100,000 in 2018.
Similarly, trends in vibriosis have risen since 2007. Confirmed and probable cases are collected by state and local health
departments and reported to the National Notifiable Diseases Surveillance System or the COVIS (Cholera and Other
Vibrio lliness Surveillance) system. Annual counts and rates for each state are compiled by the CDC. Surveillance data
for Lyme disease in 2019 and 2020 were markedly affected by the COVID-19 pandemic (light purple bars). Case defini-
tions are occasionally revised, but because the vibriosis case definition changed significantly in 2017, trends before (dark
blue bars) and after (light blue bars) are not comparable. (a) Adapted from EPA 2023;” (b) adapted from EPA 2023;% (c)
adapted from Sheahan et al. 2022.%°
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A4.7. Adaptation and Mitigation Indicators

Adaptation to promote climate resilience of populations, ecosystems, and infrastructure as well as
mitigation to reduce emissions are critical, particularly for protecting human well-being and the
environment (Chs. 31, 32). Indicators of adaptation and mitigation are important tools that help track and
assess progress’®’'2 as well as evaluate adaptation decisions and improve resilience (KM 31.5). This can be
done, for example, by aggregating the number of documented adaptation activities by state over a certain
time period (Figures 1.3, 31.1, 32.20). Although valuable for decision-making and evaluating effectiveness,
indicators of resilience, adaptation responses, and adaptive capacity remain relatively limited.”2”™ Figure
A4.17 is an example of a mitigation indicator showing how US energy production from renewables has
increased in recent years (KM 32.1; Figures 26.6, 32.3).

Energy Production by Source
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US energy production from renewables is increasing.

Figure A4.17. The figure shows annual time series of US energy production for (a) total primary energy (which
includes both fossil fuels and renewable energy) and (b) categories of renewable energy (biomass, wind, hydro-
electric, solar, and geothermal) for 1949-2022. US energy production from renewable sources (dark green line)
has increased since the 1960s, reaching a record high in 2022, primarily due to increases in wind (brown line) and
biomass (light blue line) energy. Energy production from fossil fuels (purple line) also increased during this same
time period, although with increased use of cleaner fossil fuels (KM 5.3). Adapted from EIA 2023.75

Climate change disproportionately impacts certain communities and populations (Ch. 20). Social, environ-
mental, and economic factors™”" contribute to disparities experienced by groups at greater risk of climate
change stressors (KM 15.2). Indices that combine multiple variables have been developed to capture complex
issues affecting communities that are overburdened (e.g., Figures 15.5, 22.12). Furthermore, indicators that
couple human and social dimensions with climate data (e.g., Figures 11.13, 12.6, 22.18) are necessary to better
assess who is at highest risk from impacts and to prioritize and evaluate response decisions.
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A4.8. Knowledge Gaps and New Approaches

It is vital to recognize data specific to Indigenous communities to adequately address the disproportionate
impacts of climate change (Ch. 16).” Indicators drawing from Indigenous Knowledge (KM 16.3)®° and focusing
on the concept of cultural keystone indicator species® may better represent the perspectives of Indigenous
Peoples affected by climate change than the indicators featured in this appendix.

Indicators are used to evaluate community response and preparedness,®? as well as the capacity for socio-
ecological systems to build resilience.?> However, it is difficult to incorporate consistent indicators of
resilience and adaptation (e.g., Brooks 2014;** Keenan and Maxwell 2021%). Distilling best practices at the
community scale remains a challenge.® The emerging understanding of compound events and their impacts
(Ch. 18) will likely inform new indicator development. Confidence in attributing outcomes to climate change
varies among physical climate indicators, especially for societal and ecosystem indicators (e.g., [IPCC 2022P).

Data sharing and transparency standards arising from the Information Quality Act (IQA; App. 2), are well
established for geophysical information and are reliably compiled in several recurring volumes,**% whereas
biological and health information is typically built on local and less-federated data. For health, limitations
in sharing data, due to privacy concerns or cost, hinder the creation of nationally consistent indicators.®
Advances in applying IQA standards to nonphysical data will increase the availability and credibility of

this information.

Newer observing systems and sensors and community-led (“citizen”) science bring additional data options.
In recent years, broader public participation in data collection and curation has played an increasing-

ly important role in contributing to existing or potential indicators. Such efforts include improvements

in documenting physical climate variables at finer scales,® capturing the impacts on or responses of
ecosystems, and recording climate-related influences on human health.3

While indicators provide valuable information on past changes, it is important that they be well positioned
to provide information on how these changes may continue in the future, to assist with planning,
adaptation, and strategic policy decisions. For example, national surveillance systems, such as the National
Notifiable Diseases Surveillance System,* could integrate indicators into existing data collection and
analysis processes to advance interpretation of observed data, trends, and impacts. New indicators that
track how compound events are changing over time would potentially help communities become more
climate resilient (see Focus on Compound Events).

Looking ahead, indicator systems that reflect the coupled nature of climate systems and management
systems will be needed for optimal planning and policymaking. This will require integration across
disciplines, stakeholder groups, government agencies, and nations.”
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