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In memory of Harry Williams (1956-2021) and Monty Bengochia (1951-2022)

Harry was a Nuumu (Bishop Paiute) Elder and internationally recognized expert in the
ancestral water systems of the Payahuunadi — Owens Valley. Harry guided OEHHA
along our path working with Tribes. Harry was a Warrior, a Water Protector and friend to
many, especially to Mother Earth.

Monty Bengochia was a Nuumu (Bishop Paiute) Elder, water protector and advocate for
sacred sites, youth, traditional foods and medicine, as well as a gifted singer. Monty
was an important advisor and served on OEHHA Tribal Indicators Working Group. His
guidance and insight helped us understand the impacts of climate change on the
Payahuunadu.

Harry and Monty will forever be missed, but never forgotten.
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Message from the Secretary

California is a global leader on climate action. This report
shows why we are meeting the climate challenge head-on:
We can’t wait. The effects of climate change are already
cascading through our weather, water supplies, plants,
and animals — they are affecting our people, and are felt
acutely by California’s Tribes. Already, we are navigating
through record-setting heat, drought and wildfires and
noticing ways that nature has changed just since our own
childhoods.

This fourth edition of the Indicators of Climate Change in 3
California report distills the effects of climate change into 41 indicators, scientific
observations that track climate-related trends and patterns across the state over time.
Together, these patterns tell the state’s climate change story, from its underlying causes
and resulting changes in climate to the compounding impacts on public health and the
state’s natural environment.

The results are stark. California has warmed by an average of 2.5 degrees Fahrenheit
since 1895 and drought conditions were comparable to the most severe drought periods
on record at the end of 2021. Glaciers have essentially disappeared from the Trinity
Alps in Northern California, and, in 2020, wildfire smoke plumes were present in each
county for at least 46 days. When the first edition of this report was published in 2009, a
key objective was to see if actual impacts of climate change could be documented over
time. Today, the report’s findings are a clear call to action.

California Tribes face unique threats from climate change and | am pleased that this
report includes, for the first time, an evaluation of the impacts climate change has had
on California’s Native American Tribes and on Tribal resources. The perspectives of the
state’s first and longest standing stewards are key to informing the actions we need to
build a better future for generations to come, and it is critical that we center Tribal
perspectives in those efforts to confront climate change.

This report also shows why we must continue to act quickly. This summer, California
adopted nation-leading regulations banning the sale of new gas-powered cars by 2035.
The forthcoming 2022 Scoping Plan builds on such policies to provide a path to
achieving both California’s 2030 climate goals and state carbon neutrality no later than
2045, a goal codified by AB 1279 (Muratsuchi, Chapter 337, Statutes of 2022). Since
2004, California has steadily reduced its greenhouse gas emissions, and the indicators
in this report present 41 reasons why we’re not taking our foot off the accelerator.

Indicators of Climate Change in California is a resource for those seeking to understand
how climate change has already affected the state. It is also a key part of the state’s
strategy to build climate resilience based on the best available science. By charting
where we’ve been, this report prepares us to step boldly into the future.

Yana Garcia, Secretary
California Environmental Protection Agency
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https://ww2.arb.ca.gov/our-work/programs/ab-32-climate-change-scoping-plan/2022-scoping-plan-documents
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtml?bill_id=202120220AB1279

Indicators of Climate Change in California (2022)

California is experiencing a climate crisis that is increasingly taking a toll on the health and
well-being of its people and on its unique and diverse ecosystems. Every Californian has
suffered from the effects of record high temperatures, dry winters, prolonged drought, and
proliferating wildfires in recent years. California’s biodiversity is threatened as alterations to
habitat conditions brought about by a changing climate are occurring at a pace that could
overwhelm the ability of plant and animal species to adapt.

This fourth edition of the Indicators of Climate Change in California report continues to track
changes in the state’s climate and its impacts in the state. Indicators are scientific
measurements that track trends and conditions relating to climate change. Collectively, the
indicators portray a statewide picture of how climate change has been impacting the
environment and people of California. Through these indicators, the report tells the state’s
climate change story, starting with the human influences on climate, or “drivers,” followed by
the changes in climate Californians have been experiencing, and then their consequences
on the physical environment, on plant and animal species, and on human health.

This report contains a new section highlighting how California Tribes* have witnessed
climate change. Eight Tribes provide accounts of their unique experiences in this section.
OEHHA also conducted a series of Tribal listening sessions with over 40 Tribes. These

reflect a diversity of perspectives, cultures, beliefs, landscapes, and climate change
experiences, and are represented in various sections throughout the report. The information
shared in these sessions illustrates the value of Tribal knowledge, acquired from long
histories of interaction with the Earth that predate instrumental records. These long-term
perspectives advance the understanding of climate change, and can inform policy and
action.

REPORTS ON THE IMPACTS ON CALIFORNIA TRIBES

Amah Mutsun Tribal Band Karuk Tribe

Big Pine Paiute Tribe of the Owens Valley North Fork Rancheria of Mono Indians of
Big Valley Band of Pomo Indians of California California

Bishop Paiute Tribe Pala Band of Mission Indians

Santa Ynez Band of Chumash Indians

“In this report, the term “California Tribes” refers to all Tribal Nations in the state, including those that are non-
federally recognized and currently landless.
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Indicators of Climate Change in California (2022)

This summary presents highlights following the organization of the report: (1) climate
change drivers; (2) changes in climate; (3) impacts on physical systems; (4) impacts on
vegetation and wildlife; (5) impacts on human health; and (6) impacts on Tribes. While
many indicators clearly show a trend in the direction expected with climate change, they
also reflect the variability that is inherent in the Earth’s atmosphere, oceans and other
complex systems across seasons, between years, or even between decades.

Summary Page i-2



INDICATORS OF CLIMATE CHANGE IN CALIFORNIA

@CLIMATE CHANGE DRIVERS

Greenhouse gas emissions Atmospheric black carbon concentrations
Atmospheric greenhouse gas concentrations Acidification of coastal waters

. CHANGES IN CLIMATE
Air temperature Cooling and heating degree-days
Extreme heat events Precipitation
Winter chill Drought

/’_\\\‘1
’ |
" IMPACTS ON PHYSICAL SYSTEMS

Snow-water content Salmon River water temperature
Snowmelt runoff Coastal ocean temperature
Glacier change Sea level rise

Lake water temperature Dissolved oxygen in coastal waters

@ IMPACTS ON VEGETATION AND WILDLIFE

On vegetation

Marine harmful algal blooms Changes in forests and woodlands
Forest tree mortality Subalpine forest density

Wildfires Fruit and nut maturation time
Ponderosa pine forest retreat Navel orange worm

Vegetation distribution shifts

On wildlife

Spring flight of Central Valley butterflies Nudibranch range shifts

Migratory bird arrivals Chinook salmon abundance

Bird wintering ranges Cassin’s auklet breeding success
Small mammal and avian range shifts California sea lion pup demography

Copepod populations

IMPACTS ON HUMAN HEALTH

Heat-related deaths and illnesses Vector-borne diseases
Occupational heat-related iliness Wildfire smoke
Valley fever




Indicators of Climate Change in California (2022)

@ Climate Change Drivers

Since the Industrial Revolution, the burning of coal, gasoline and other fossil fuels, along
with changes in land use, have increased global greenhouse gas concentrations in the
atmosphere by more than 50 percent. Much of the warming is due to carbon dioxide, the
most abundant greenhouse gas, which persists for centuries in the atmosphere. Methane,
fluorinated gases, and black carbon (a particulate produced by burning) are more powerful
heat trapping gases that have also significantly increased, along with atmospheric
concentrations, although these chemicals are less persistent in the atmosphere. The
evidence is unequivocal that the buildup of greenhouse gases in the atmosphere from
human activities is driving changes in climate, leading to cascading impacts.

In California, greenhouse gas emissions peaked in 2004 and have since been trending
downward — evidence of the success of the state’s pioneering efforts in reducing
emissions. Notably, the 2020 emissions reduction goal (of 1990 levels) was reached in
2016, four years ahead of schedule. Carbon dioxide comprised about 80 percent of the
total greenhouse gas emissions in 2019. The transportation sector is the largest source,
accounting for 40 percent of all such emissions.

Greenhouse gas emissions in California, by sector

Statewide greenhouse gas emissions
520

480

Total emissions (MMT CO,e*)

GHG Emissions (MMT CO,e)*

360

0o om0 ol PR AT

* inmillion metric tons of carbon dioxide equivalents

1950 1995 2000 2005 2010 2015

Left: After peaking in 2004, statewide greenhouse gas emissions have declined, falling below 1990 levels
(431 million metric tons of carbon dioxide equivalents) in 2016. Right: The transportation and electric
power sectors drive most of the year-to-year changes in emissions. Use of renewable energy has led to
large decreases in emissions in the electric power sector.

Summary Page i-4



Indicators of Climate Change in California (2022)

Reductions in emissions will not be immediately reflected as corresponding declines in
their atmospheric concentrations. Global carbon dioxide concentrations have increased
by about 30 percent over the past six decades. Similarly, atmospheric levels of other
greenhouse gases (methane, nitrous oxide and certain fluorinated gases) continue to
increase.

Monthly average atmospheric carbon dioxide Seawater carbon dioxide and pH

concentrations, parts per million (ppm) off Point Conception, CA and Hawaii
600 8.3
420 ° Hawaii * CCE1 ¢ CCE2 —pH

500
400

400
380

pH

360

" |
200 \{ %11 ']\ . ‘ 8.1
I M,W\Wl J,-\ul J\]flI\nJ\;\"H,J

Carbon dioxide in seawater
(pCO,, in microatmospheres)

Concentration, ppm
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0 8.0

1985 1990 1995 2000 2005 2010 2015 2020
300

1 Wes S s s 0 o 0w Levels of carbon dioxide in seawater off Hawaii
Carbon dioxide concentrations have increased have increased (by about 1.8 microaimospheres
from 315 ppm in 1958 to about 416 ppm in per year) over the past three decades, _

2021 at Mauna Loa, Hawaii, where the longest accompanied by increasing acidity (decreasing

continuous global measurements have been pH). While not long enough to show a trend, levels

taken. Measurements at California coastal sites off Central California over the same period are

also show increasing trends (not shown). similar (CCE1), but are more variable closer to the
coast (CCE2).

The ocean absorbs 20 to 30 percent of carbon dioxide emissions, reducing this
greenhouse gas buildup in the atmosphere. However, this drawdown of atmospheric
carbon dioxide comes at a cost. It changes the chemistry of seawater, leading to

ocean acidification. Measurements off Hawaii since 1988 show carbon dioxide levels in
seawater steadily increasing along with acidity. Signs of ocean acidification are becoming
evident in California, where levels similar to Hawaii’'s have been measured off the Central
coast since 2010. Ocean acidification makes it harder for the shells of ecologically and
economically important species including krill, oysters, mussels, and crabs to form, and
can even cause them to dissolve. Coupled with warming ocean waters and reduced
dissolved oxygen levels ocean acidification poses a serious threat to global marine
ecosystems.

Summary Page i-5



Indicators of Climate Change in California (2022)

‘ Changes in Climate

Climate is generally defined as “average weather,” or the long-term weather pattern in an
area. Human influence has warmed the atmosphere, ocean, and land, leading to
measurable, widespread, and rapid changes in our climate. These changes impact
California in multiple ways, and are magnified when multiple climate-related phenomena
occur at the same time. For example, warm rain events and melting snowpack increase
flood risk; unusually high temperatures accompanied by a lack of rainfall exacerbate
drought; and hot, dry, windy conditions increase wildfire risk.

Since 1895, annual average air temperatures in California have increased by about

2.5 degrees Fahrenheit (°F). Warming occurred at a faster rate beginning in the 1980s.
Recent years have been especially warm: Eight of the ten warmest years on record
occurred between 2012 and 2022; 2014 was the warmest year on record. Temperatures at
night, which are reflected as minimum temperatures, have increased by almost three times
more than daytime temperatures. Nighttime warming has been more pronounced in the
summer and the fall, increasing by about 3.5°F over the last century, and

Southern California has warmed faster than Northern California.

Statewide annual average temperature Decadal Averages (relative to the 1901-2000)
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Annual average statewide temperatures have increased, warming at a faster rate beginning in the
1980s. Decadal averages show marked warming during the last four decades—with each decade
successively warmer than the preceding. Compared to yearly averages between 1901 and 2000,

average minimum and maximum temperatures were higher by 3.1°F and 1.3°F, respectively, in 2011 to
2020.

As air temperatures have warmed, more precipitation has been falling as rain instead of
snow at high elevations. The amount of annual precipitation has also become more
variable in the past four decades. Winter storms transporting large volumes of water vapor
—called “atmospheric rivers” — play a role in this variability. The duration, intensity, and
frequency of these storms are affected by warmer air and changing ocean conditions.
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Although a naturally occurring feature of
California’s climate, drought conditions

Indicators of Climate Change in California (2022)

Palmer Drought Severity Index

have become more frequent and more
intense. A combination of hotter s
temperatures and low precipitation years
— especially when snowpack and
snowmelt runoff are low--mean drier
conditions. California has been getting
drier since 1895. By the end of the 2021
water year (which begins in October and
ends in September the next year), 4
drought conditions were comparable to
those during 2012 to 2016, the most
severe drought period on record. In 8
California and across the southwestern
United States, 2000 to 2021 has been
the driest 22-year period over the past
1,000 years, part of what scientists call
an emerging “megadrought” era.

MN N n“ F
W

1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005 2015 2025

Index value
N
e |
P—— |
prm——
—
———=a

-6

The Palmer Drought Severity Index measures the
relative dryness of a region by incorporating readily
available temperature, precipitation, and soil moisture
data. Between 2010 and 2021, there were 48 months
when Index values were at or below -3 (representing
severe drought), including eight months with values
below -6 (representing very extreme drought).

Indicators of changes in climate also show that:

Extreme heat events in California have become more frequent since 1950, especially
in the last decade. These are events when temperatures are at or above the highest

5 percent of historical values. Over the past 70 years, extreme heat events increased
by 1 to 3 per decade at 10 of 14 locations studied. Heat waves, defined as two or more
consecutive heat events, have also become more frequent in the past decade.
Averaging 1 to 3 per year in earlier decades, daytime heat waves more than doubled to
5 to 6 per year in five locations studied; nighttime heat waves similarly increased to 5 to
7 per year at 10 locations, and up to as high as 10 per year at one (Blue Canyon).

Across California’s Central Valley, winter chill, a period of cold temperatures required
for dormancy by fruit and nut trees to flower and fruit, has been declining.

The energy needed to cool buildings during warm weather — measured by “cooling
degree days” — has increased in California, while the energy needed to heat buildings
during cold weather — measured by “heating degree days” — has decreased.

Summary
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Warming temperatures and changing
precipitation patterns have altered
California’s “physical systems” — the
ocean, lakes, rivers, glaciers, and
snowpack — upon which the state
depends. Winter snowpack and spring
snowmelt runoff from the Sierra Nevada
and southern Cascade Mountains
historically provided approximately one-
third of the state’s annual water supply.
The amount of water stored in the
snowpack, referred to as

, varies widely from year
to year, and is lower in years with warm
winters. Measured on April 18t, when the
snowpack has historically been deepest,
snow-water content has ranged from a
high of about 240 percent of average in
1952 to a record low of 5 percent of

Indicators of Climate Change in California (2022)

Snow-water content, as a percentage of average

Percent of average
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Credit: DWR
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Snow-water content measured on April 1st (when the
snowpack has historically been deepest) has ranged
from a high of about 240 percent of average in 1952
to a record low of 5 percent of average in 2015. In
2022, snow-water content was 35 percent of average.
Average snow-water content is about 28 inches.

average in 2015. In 2022, it was 35 percent of average.

Reduced snowpack and earlier spring warming have led to an eight percent drop in the

fraction of spring

into the Sacramento River and the San Joaquin River

over the past century. Reduced spring runoff means less water for domestic and
agricultural uses, for hydroelectric generation, and for cold-water habitats and forest

ecosystems.

Change in area: Trinity Alps glaciers and
snow fields

Fraction Area

0.0

'l
—
1994 1998 2002 2006 2010 2014 2018 2022
——Grizzly Glacier
-=--Mlirror Lake Snowfield

Canyon Creek Snowfield
Salmon Glacier

By 1994, Grizzly and Salmon Glaciers had lost
about 80 percent of their 1885 area (not
shown). By 2015, Salmon Glacier and the two
snowfields had disappeared. By 2021, what
remains of Grizzly Glacier is about 10 percent
of its 1994 area.

Summary

Snow and cold temperatures also sustain
glaciers and year-round snowfields. Today,
glaciers are among the most visible casualties
of climate change. Winter temperatures
determine glacier mass gain and summer
temperatures determine glacier loss. Mountain

have melted dramatically over the
past century. Since 1903, seven of the largest
glaciers in the Sierra Nevada have lost 65 to
90 percent of their area.

In the Trinity Alps, two snowfields and one of
two glaciers had disappeared entirely by
2015. What remains of the second glacier in
2021 is arguably too small to be considered a
glacier any longer. While glaciers may feel
remote and inaccessible, glacial runoff
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Indicators of Climate Change in California (2022)

provides critical cold freshwater habitat for many aquatic species, including California
salmon populations.

The ocean absorbs about 90 percent of the excess heat from rising global temperatures.
California have warmed, particularly off Southern California.
A century of measurements at La Jolla show sea surface temperatures warming by 0.3°F
per decade—a trend corroborated by four decades of satellite-based data. The dire
ecological consequences of warming waters were evident during a period of unusually
high ocean temperatures (a “marine heat wave®) off the California coast from 2014 to
2016: mass strandings of marine mammals and sea birds, initiation of a toxic algal bloom
that led to the closure of crab fisheries, and loss of kelp forests. Changes in the abundance
and distribution of prey forced humpback whales to move closer to shore, leading to a
record number of whale entanglements in fishing gear.

Annual average sea surface temperatures Satellite-based sea surface temperature trends
at selected shore stations (1916-2020) along the California Coast (1982-2021)
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Left: Nearshore coastal waters have warmed 0.2°F per decade at Pacific Grove, and 0.3°F per decade
at La Jolla and Trinidad Bay. Right: Satellite-based records show that waters off the California coast are
largely warming. A distinct warming trend is evident off Southern California, especially near shore.
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Indicators of the impacts of climate change on also show that:

J is occurring along the California coast, at 1 to 2 millimeters (0.04 to 0.08
inch) per year. (The exception is Crescent City, where movement of the Earth’s plates
have caused an uplift of the land surface.) Sea level rise can lead to flooding, beach
erosion, bluff retreat, and other impacts on low-lying areas of the coast.

¢ Increased air temperatures and reduced snowmelt have led to warming temperatures
in freshwater bodies. at Lake Tahoe, when averaged across
all depths, have increased by about 1°F over the past half century. Surface water
temperatures have warmed by almost twice as much in the same period; six of the last
ten years ranked among the warmest. Warming waters affect the lake’s key physical
and biological processes. In the Northern California Klamath Mountain region,

have increased by as much as 2°F per decade since the
mid-1990s, threatening spring-run Chinook salmon in the watershed.

. in ocean waters off Southern California have declined since
the mid-1990s. Declining dissolved oxygen concentrations, in concert with ocean
acidification and warming ocean temperatures, threaten species diversity and
abundance, and marine food webs.

Summary Page i-9



Indicators of Climate Change in California (2022)

@ Impacts on vegetation and wildlife

Climate change has altered habitats and impacted ecosystems across the planet,
threatening biodiversity. In California, plant and animal species have responded to a
changing climate. Some species have moved northward or to higher elevations. Others
have experienced shifted timing of key life cycle events, altered community composition, or
population decline. These responses have been shown to track climate patterns, including
natural variability, as well as the influence of land use, land management, environmental
pollution, and other human activities.

Vegetation
When plant water demand exceeds the amount available in the soil, vegetation becomes

stressed, and more easily succumbs to attacks by pests and pathogens. Hot and dry
conditions increase the water deficit and make dead vegetation easier to burn, heightening
wildfire risk. The unprecedented scale of tree deaths in California forests has increased
fuel loads, increasing the risk of large, severe wildfires. An estimated 170 million trees died
between 2010 and 2021, peaking in 2016, the fourth year of the extreme drought.

Over the last 20 years, the area Statewide annual acres burned
burned by wildfires across
California has increased
dramatically. In 2020 alone,

4.2 million acres burned, more
than double the area burned in
any other year on record. Ten of
the 20 largest wildfires since
1950 burned in 2020 and 2021.
The 2020 August Complex o | | |

burned more than one million 0.0 ]IJIIIIII“I-LIII- ..ll.ll'll.ll- Ill-l“llllI“ ||| IJ I'I
acres in seven counties, making 1950 1960 1570 1980 1990 2000 2040 2020

itthe Staj[e S first "gigafire.” The The area burned by wildfires has increased in the last two
recent wildfires have caused decades. The average area burned each year in the 2000s
deaths and injuries, widespread and 2010s was twice the 1990s average, and in 2020-

exposures to harmful levels of 2021 was ten times higher.

wildfire smoke, displacement and

disruption of communities, damage to structures and property, and tragic losses among
some of the state’s most iconic species: coast redwoods, giant sequoias, and Joshua
trees.
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Crops are also affected by climate change. In parts of the Central Valley, certain fruits
and nuts are maturing more quickly with warming temperatures, leading to earlier
harvests. The report presents data on prunes and one walnut variety. Shorter maturation
times generally lead to smaller fruits and nuts, potentially causing a significant loss of
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revenue for growers and suppliers. Processing tomatoes have also been maturing faster
over the past four decades in Yolo County and four other top tomato-producing counties.

Indicators of the impacts of climate change on vegetation also show that:

The state’s forests and woodlands have changed: today there are 80 percent more
small trees and 70 percent fewer large trees in parts of Southern California forests
compared to the 1930s; similar patterns are seen statewide. Pines occupy up to

55 percent less area, and in certain parts of the state, oaks cover up to 40 percent
more area. Reduced moisture and warmer conditions favor oaks over pines; wildfires
remove conifers and facilitate the establishment of broadleaf forests. These changes
are influenced by climate factors as well as forest management. These changes are
influenced by climate factors as well as forest management and fire suppression
practices.

Changes in the distribution or density of vegetation have also been observed. On the
western side of the northern Sierra Nevada Mountains the lower edge of the
Ponderosa pine forest has moved upslope. Across the north slope of Deep Canyon in
the Santa Rosa Mountains in Southern California the dominant plant species have
moved upslope. In the subalpine forests of the Sierra Nevada (elevations 7,500 to
11,000 feet), small tree densities have increased, while large tree densities have
decreased.

The risk of crop damage has increased as certain insects multiply faster with warmer
temperatures. The navel orangeworm, for example, is an insect pest that causes
severe damage to Central Valley walnuts, almonds, and pistachios. Over the past

four decades, the time required for this pest to complete its life cycle has decreased
and the number of generations per season has increased. Each new generation during
a season poses an increased threat to California’s nut crops.

Patterns of marine harmful algae blooms in California coastal waters have been
changing, influenced in part by warming ocean temperatures. The presence of the
algae and the toxins they produce is highly variable, and monitoring data are not long
enough to discern trends. However, since 2018 blooms of red tide-forming algae have
become more frequent and more abundant at Santa Cruz Wharf. Toxins produced by
these algae can move up the food chain, and when consumed, can cause illness in
people, or death in fish, marine mammals, and seabirds.
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Wildlife

A landmark study conducted over a century ago (known as the Grinnell Survey) serves as
a historical baseline of the habitat conditions and the distribution and abundance of birds
and mammals at study sites in selected regions of California. These sites were resurveyed
to document habitat and species changes over the past century. Today, certain birds and
mammals are found at different elevations in the Sierra Nevada (Lassen, Yosemite and
Sequoia and King’'s Canyon) compared to a century earlier. Range shifts were observed
in almost 75 percent of the small mammal species and over 80 percent of the bird species
surveyed. In the Mojave Desert, which has become warmer and drier over the past
century, widespread collapse of bird communities has occurred. Populations of prairie
falcons, turkey vultures, chipping sparrows, mourning doves and other birds have declined.
By contrast, small mammal populations have remained stable. As desert conditions
became hotter and drier, dehydration was a major factor in the decline of bird populations.

Climate-influenced changes in freshwater and ocean conditions are threatening the
survival of Chinook salmon in Northern California rivers. Chinook salmon are legendary for
migrating from the streams where they were hatched to the ocean, travelling as far as a
thousand miles, only to return to the same streams to spawn. Chinook salmon
abundance across the state has historically declined due to dams and other human
influences that restrict fish passage.

The timing of the adult
migration from the ocean
to the stream where they 14
were born defines salmon
‘runs.” Most of
California’s Chinook
salmon runs are in the
Central Valley in the
Sacramento and

San Joaquin River

Salmon River Chinook Salmon Abundance: Spring-Run

12
1.0
0.8
0.6

0.4

Number of adult fish (thousands)

basins, and in the 0.0
Klamath BaS|n |n the 1980 1985 1990 1995 2000 2005 2010 2015 2020
Klamath and Trinity In the Salmon River, spring-run numbers have generally plummeted
Rivers and tributaries, over the last decade. The counts in each of the last five years have

ranged from about 90 (in 2021) to 170 (in 2018), far below the long-

including the Salmon term average (570 fish).

River. Salmon River
spring-run populations have suffered huge declines, with extremely low counts in the last
five years. They have hence been designated as a threatened species. These counts
reflect a clear signal of the impacts of climate change on salmon, given the minimal human
influences on the Salmon River watershed.

The Sacramento River is home to four salmon runs: the winter, spring, fall, and late-fall
runs. When environmental conditions threaten salmon survival, hatcheries and cold water
dam releases help sustain and rebuild fish populations. These practices became especially
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important during the 2012-2016 drought, which caused reduced flows in the watershed,
elevated water temperatures, and decreased prey availability. The winter-run, the least
abundant of the runs, has seen periods of alarmingly low numbers, and is listed as a
threatened species. This run spawns in the summer months when water temperatures are
their warmest and has persisted largely due to cold water releases and addition of
hatchery fish.

Indicators of the impacts of climate change on wildlife also show that:

Copepod populations in the California Current fluctuate, mirroring the variability in
ocean conditions that reflect changes in temperature and ocean currents. Cold waters
from the north transport copepod species with higher nutritional value than those
carried by warm waters from the tropics. During the period of unusually warm ocean
conditions in 2015 to 2016, the copepod community was dominated by warm-water
species. Copepods are at the base of the food chain, and when cold-water copepods
are abundant, so are other species, notably salmon and the small fish that they prey
on.

Species responses to changing ocean conditions have included:

o Fewer California sea lion pup births, higher pup mortality, and poor pup conditions
at San Miguel Island off Santa Barbara during years when sea surface
temperatures are unusually warm in their breeding area. In these years, the fish
they feed on are less abundant and the nursing mothers must either travel farther to
obtain food, or eat less nutritious prey.

o A northward expansion of the range of a nudibranch sea slug, Phidiana hiltoni,
from the Monterey Peninsula to Bodega Bay since the mid-1970s, a distance of
almost two hundred miles.

o Variability in the breeding success of Cassin’s auklets, a seabird species on
Southeast Farallon Island near San Francisco, associated with fluctuating
availability of krill and other prey in nearby ocean waters.

Over the past 50 years, several Central Valley butterfly species have been appearing
earlier in the spring, a shift correlated with hotter and drier conditions in the region.
Changes in seasonal timing among interacting species—for example, butterflies and
their plant food sources—could disrupt population dynamics across animal and plant
species.

Observed responses among migrating birds include changing patterns of spring and fall
migratory bird arrivals at Point Reyes National Seashore in northern California, and
range shifts northward and closer to the coast among wintering bird species
statewide.
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Climate change directly impacts human health through exposures to heat, floods, and
other weather events. In addition, it indirectly affects health by exacerbating health threats
through higher levels of air pollutants, degraded water quality, and increased populations
of disease vectors.

Heat causes more reported deaths per year on average in the United States than any
other weather hazard, yet heat-related illnesses and deaths are generally preventable.
Heat rash, heat cramps, heat exhaustion, and heat stroke fit the classical case definition of
heat-related illness. However, heat exposure can produce other health effects, and
aggravate a broad range of health conditions. As temperatures warm, emergency
department visits due to heat-related illnesses are on the rise in California. Hospitalizations
and deaths spike in years with especially high summertime temperatures. This is notable
given that are often unrecognized and underreported,
and therefore the actual number of victims is likely considerably higher.

Heat-related illness Heat-related deaths
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Left: California heat-related hospitalizations and emergency room visits for which heat stress was
explicitly listed as the diagnosis are shown. Emergency room visits and hospitalizations were highest in
2017, when summertime temperatures were unusually high, and in 2006, the year of a prolonged heat
wave. (Data for emergency department visits were not available until 2005.)

Right: Deaths for which the main or contributing cause is coded as heat-related were highest in 2006.
Period covered is from May to September of each year.

As climate change increases the frequency, size, and duration of wildfires in the state, the
health of Californians is increasingly threatened by exposures to . Wildfire
smoke consists of fine particulate matter (PM2.5) and other hazardous compounds that
can irritate the eyes, nose and lungs, and worsen chronic heart and respiratory diseases.
Wildfire smoke can also impact mental health. Based on satellite imagery, an estimate of
potential exposure of people in areas where wildfire smoke plumes were present (“person-
days”) has been increasing since 2010. There were fewer days each year, on average,
when smoke plumes were present in 2010 to 2014 compared to 2016 to 2020. The last
five-year period includes 2020, the worst year on record for wildfires. That year, the fire
season was marked by several large wildfires burning at the same time; smoke plumes

Summary Page i-14



Indicators of Climate Change in California (2022)

were present in every county for at least 46 days. For weeks, daily maximum PM2.5 levels
remained hazardous, according to the Air Quality Index, in several areas of the state.

Potential population exposures
to wildfire smoke Number of wildfire smoke days by county

Days of smoke/year

0to 15
16 to 30

2010 — 2014 Average 2016 - 2020 Average 2020

[ 1311045

46 to 80
811090
9110 130

Million person-days
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Left: Potential exposures to wildfire smoke — based on the number of days when plumes were present and
the number of people living in those areas (measured as ‘person-days”) — have significantly increased over
the past decade. Right: In 2010-2014, smoke plumes were present in 11 counties at least 46 days per year
on average, compared to 56 counties in 2015-2020. In 2020, when a record-high 4.2 million acres burned
across the state, smoke plumes were present in every county for 46 days or more; 36 counties had 91 or
more smoke plume days.

Indicators of the impacts of climate change on human health also show that:

e Occupational heat-related ilinesses reported by California workers increased
between 2000 and 2017 from a rate of about 3.5 to 10 per 100,000. Employees in
protective services (firefighters and police) and farmworkers had the highest rates of
iliness.

e With warming temperatures and changes in precipitation, the number of mosquitos
(known as “vectors”) carrying West Nile Virus increase. This is just one example of
vector-borne disease patterns in California affected by climate change. West Nile
Virus currently poses the greatest mosquito-borne disease threat in the state. Higher
temperatures shorten the time it takes both for the mosquito to complete its life cycle
(from egg to adult) and for the virus to multiply in the mosquito. As a result, there are a
greater number of infected mosquitoes to potentially infect humans.

e The incidence of Valley fever has increased over the past 20 years in California.
Valley fever is caused by inhaling spores of the Coccidioides fungus that is endemic in
the soil in the Central Valley and Central Coast regions of the state. Although the
reasons for increased cases are likely multifactorial, drought, dry soil conditions, and
other climate-related changes play a major role in fungal proliferation and spore
dissemination, and eventual human and animal infection with Valley fever.
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Impacts on California Tribes

Climate change poses a
threat to California’s Tribes
through impacts on the
ecosystems in which they
live and are connected, as
the health of a Tribe is tied to
the health of the
environment. California
Tribes are the original
biologists, historians,
climatologists, and scientists
of this land. Tribal
knowledge, acquired from
long histories of their
interaction with the earth, is a
key component in advancing
the full understanding of
climate change and
addressing its impacts.

Credit: L’eaux Stewart

The Eastern Sierras route to the Palisades, part of the traditional
territory of the Big Pine Paiute Tribe of the Owens Valley

When Tribes speak of nature, they include themselves. The earth provides food,
medicines, fibers and ceremonial materials that are embedded within cultural, social,
spiritual, economic, political systems, and daily Tribal life. Knowledge of the unique
interactions between species and their habitat provides the foundation for Tribal actions to
manage the landscape.

Climate change is impacting Tribes throughout California. Warming temperatures,
changing precipitation patterns, and intensifying droughts have increased reliance on
groundwater, degraded aquatic habitat, stressed vegetation, and diminished previously
abundant wildlife. As the environment is impacted by climate change, Tribal health suffers.
From the Tribal lands in the
Owens Valley, where
emissions from the now dry
Owens Lake make it the
largest single source of
particulate matter (PM10) in
the United States, to the
_ soaring temperatures in
_ (it Southern California, Tribes

i oa | 1-& are experiencing a wide
: - B = Sl WAL range of impacts. They
Credit: Joe Ferreira (UCD), Richard Macedo (CDFG); CDFW, 2021 .

have seen a reduction of

Culturally important species include (clockwise from left): Owens native foods and culturally
Valley pupfish, Clear Lake hitch, and big horn sheep. important plants and
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animals. In addition to PM10 exposures, elevated ozone concentrations on warmer days,
and more frequent days with wildfire smoke pose risks to the health of the Tribes. Toxins
produced by harmful algal blooms threaten their food and water and impair their ability to

use lakes and rivers. The physical, cultural, and
spiritual health of Tribes are suffering as climate
change intensifies.

Coastal Tribes have witnessed rising sea levels,
along with the loss of kelp forests, making parts
of the coast more vulnerable to erosion and
exposing cultural artifacts. Kelp forests, which
used to provide a protective buffer to the coast,
are collapsing along parts of the coast due in S, . &
part to the cascading impacts of warming ocean T Credit: Karuk Tribe
Wat?fs' COaStal Tribes note that. aCC.eSS to One of 22 Karuk Tribal cultural indicators,
traditional sites along the shoreline is more the Pufouuf, or Pacific Giant Salamander,
difficult with these impacts and this hampers the  camouflaging with its environment

Tribe’s ability to pass knowledge down to

younger generations.

California Tribes are acting to protect their communities from the adverse effects of climate
change. Habitable climate is critical to protecting tribal sovereignty, culture, and community
cohesion. The Tribes are actively working to manage and protect their lands and limit the
impact climate change is having on their right to hunt, fish, gather, and continue their
cultural practices — activities that are integral to their health, well-being, and livelihood.

Credit: Middleton Rancheria of Pomo Indians of California

Sunrise at Mount Konocti, Lake County
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Emerging climate change issues

Changes and impacts in California’s environment that are plausibly influenced by climate
change, though not yet established, are referred to in the report as emerging issues.
Scientifically defensible hypotheses, models, and/or limited data support the assertion that
certain observed or anticipated changes are in part due to climate change.

Among the emerging issues described in this report are:

e Reductions in the duration and extent of Central Valley and coastal fog, which play
a vital role in their respective ecosystems.

¢ Increased lightning activity with warming air temperatures.

e Apparent increased frequency and extent of harmful algal blooms in freshwater

bodies, and how much is attributable to climate change versus nutrient discharges
and other anthropogenic factors.

e Transmission of bluetongue, a viral disease of sheep, goats, and cattle transmitted
by biting midges.

e Changing climate conditions that allow invasive agricultural pest species like the
Oriental fruit fly to thrive in places where they previously could not survive.

¢ Influence of shifts in temperature and rainfall on reported declines in bumble bee
populations globally and in California, in light of other factors including insecticides,
pathogens infections and habitat loss.

e Increasing levels of aeroallergens plants and mold, which trigger asthma and hay
fever.

e Increasing risks of food- and waterborne infections due to changes in climate.

e Increasing transmission of zoonotic diseases, that is, infectious diseases shared
between humans and animals.
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Introduction

The stark reality of climate change in California is clear: record-high temperatures, an
unrelenting drought, and unprecedented wildfires. The evidence continues to mount of
the impacts of climate change on the health, safety, and well-being of the state’s
residents, and on its unique ecosystems that are home to one of the most diverse
arrays of plant and animal species in the world. This fourth edition of the Indicators of
Climate Change in California report captures much of this evidence.

The Office of Environmental Health Hazard Assessment (OEHHA) prepares these
reports on behalf of the California Environmental Protection Agency under state law
(Public Resources Code Section 71080 et seq.), which designates the Office as the
lead agency for the development and maintenance of environmental indicators for the
Agency. The report presents a collection of indicators that track climate change, its
drivers, and its impacts. Indicators are scientifically based measurements of observed
phenomena that describe, and facilitate communication about, the various aspects of
climate change.

The first edition of this report in 2009 presented 27 indicators showing evidence of the
discernable impacts of climate change in California consistent with global observations.
Today, the evidence for human-induced climate change is unequivocal. An ever-
growing body of data — from paleoclimate studies, instrumental measurements, satellite
imagery, and improved computer models — allow scientists to better understand climate
processes, including extreme events. Since the first report, California has witnessed a
continuation of most trends: increases in air, ocean and freshwater temperatures, rising
sea levels, and declining spring snowmelt. This report and the previous edition show
that recent years have been punctuated by alarming discontinuities: record high
temperatures, record low snowpack, exceptional drought, record-breaking wildfires,
unprecedented marine heat waves, and disappearing glaciers, among other things.

A new section in this fourth edition focuses on how climate change has impacted
California’s Tribal Nations. Tribal experiences and knowledges, acquired from long
histories of interactions with the Earth, is a key component in advancing the full
understanding of climate change and addressing its impacts. This section recognizes
the value of Tribal knowledges, which embody long-term observations and perspectives
that pre-date instrumental records, in informing decision-making across California.
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By documenting historical trends, this report adds to the body of scientific information on
the understanding of climate change and its impacts on the state. More than

100 scientists and researchers in state and federal government, academia and research
institutions, as well as over 40 California Tribes, contributed to the development of this
report. The report showcases reliance on data and scientific research as the foundation
for the state’s climate policy. By bringing together indicators that provide a retrospective
picture of climate change in California, it complements the California Climate Change
Assessments, which focus on original research and projections to advance the
understanding of climate-related vulnerability; the State Adaptation Strategy, which
outlines what the state is doing to address impacts and build resilience; and the Scoping
Plan, which lays out approaches to reach California’s emissions reduction goal and to
move towards carbon neutrality. It also serves as a resource for scientists, educators,
and the public.

Report structure and content

This report is organized into six sections, starting with the (1) human influences on
climate, or “drivers,” followed by (2) changes in climate, then their impacts (3) on
physical systems, (4) on plant and animal species, and (5) on human health. The
report contains a new section (6) on the impacts of climate change on California Tribes
in eight chapters written by their respective Tribe, along with summaries of three
listening sessions during which additional Tribes offered their perspectives.

Of the 41 indicators in this report, 6 are new, 24 have been updated to incorporate new
data (including five indicators with additional metrics), 5 are updated with relevant
information but without new data, and 6 are the same as the Third Edition (2018).

Each indicator chapter presents one or more graphs or maps illustrating the change
over time, followed by a discussion of:

What does the indicator show?

Why is the indicator important?

What factors influence the indicator?

Technical considerations (describing characteristics, strengths, and limitations of
the data)

e Contributor(s) to the chapter

e References cited

The section on Tribal impacts captures the knowledge, observations, and perspectives
of each tribe regarding the direct and indirect impacts of climate change on their lives,
livelihood, and ecosystems.

The last section of the report on emerging climate change issues identifies changes
in California’s environment that are plausibly — but not yet established to be —
influenced by climate change. The link to climate change is supported by scientifically
defensible hypotheses, models, and/or limited data. However, factors such as land use
and environmental pollution, as well as the inherent variability of the climate system,
make it difficult to attribute these changes as impacts due to climate change. Additional

Introduction Page I-2


https://climateassessment.ca.gov/
https://climateassessment.ca.gov/
https://resources.ca.gov/Initiatives/Building-Climate-Resilience/2021-State-Adaptation-Strategy-Update
https://ww2.arb.ca.gov/our-work/programs/ab-32-climate-change-scoping-plan
https://ww2.arb.ca.gov/our-work/programs/ab-32-climate-change-scoping-plan

Indicators of Climate Change in California (2022)

data or further analyses are needed to determine the extent to which climate change
plays a role.

To support its efforts to update existing indicators and identify new indicators, OEHHA
continually monitors the scientific literature, publications of research organizations,
governmental entities and academia, and other sources for information relating to
climate change and its impacts on California. Since 2013, OEHHA has compiled
bibliographies of selected publications presenting observations and new or emerging
scientific information on climate change, with an emphasis on California. The
bibliography is available online as a searchable database.

This indicator report will continue to be updated periodically. OEHHA welcomes input
from the research community, governmental agencies, Tribal governments, non-
governmental organizations, and other interested parties. It is our goal that the
indicators, both individually and collectively, address the key aspects of climate change
and promote informed dialogue about the state’s efforts to monitor, prepare for, and
mitigate climate change and its impacts.
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Climate Change Drivers

The Earth’s climate is a complex, interactive system consisting of the atmosphere, land
surfaces, water bodies, snow and ice, and living organisms. This system is influenced
by its internal dynamics and by external factors, both natural and human-induced.
Examples of natural factors include solar radiation and volcanic eruptions. Human-
induced factors include fossil fuel combustion and deforestation (IPCC, 2021). The
Earth has experienced natural cycles of climatic changes throughout its history.
However, the current warming trend is unusual in that it is happening at an
unprecedented rate due to human activity.

Heat-trapping greenhouse gases are the major human-influenced drivers of climate
change, with carbon dioxide (COz2) being the largest contributor. Primarily emitted from
fossil fuels, annual average global concentrations of CO2 exceeded 400 parts per
million (ppm) in 2015 for the first time since records began. This benchmark provides a
stark reminder that atmospheric greenhouse gases continue to increase. Moreover,
given that COz2 persists in the atmosphere, levels will likely stay above 400 ppm for
generations to come (IPCC, 2021).

California showed its commitment to limiting greenhouse gas emissions when it enacted
the California Global Warming Solutions Act of 2006 (also known as AB 32). The law
established the nation’s first comprehensive program of regulatory and market
mechanisms to achieve real, quantifiable, cost-effective emissions reductions. California
reached its target of reducing greenhouse gas emissions to 1990 levels by 2020, four
years ahead of schedule, and emissions continue to decline, as an indicator in this
section illustrates. Through further actions California aims to achieve carbon neutrality
by 2045. This means that all greenhouse gas emissions are balanced by their removal
from the atmosphere, either through carbon sinks or carbon capture and storage. The
main natural carbon sinks are soil, forests and oceans.

Since the mid-1980s the ocean has absorbed approximately 20 to 30 percent of the
COz2 released into the atmosphere by human activities. While this has significantly
slowed CO:2 buildup in the atmosphere, it has changed the chemistry of seawater
(Bindoff et al., 2019; Canadell, et al., 2021; Friedlingstein et al., 2022). This change —
called ocean acidification — is observed in California waters, and threatens the state’s
marine ecosystems, impacting some of the most ecologically and economically
important species.

Other greenhouse gases include methane, nitrous oxide, and fluorinated gases such as
hydrofluorocarbons and perfluorocarbons. Methane, hydrofluorocarbons, and

@ Climate change drivers Page II-1




Indicators of Climate Change in California (2022)

anthropogenic black carbon are more powerful warming agents than COz2, and have
significantly shorter lifetimes in the atmosphere. Reducing emissions of these “short-
lived climate pollutants” can have more immediate effects in slowing the rate of
warming. California has a comprehensive strategy to reduce short-lived climate
pollutants, and trends for certain pollutants show significant reductions.

International climate agreements aim to prevent “dangerous anthropogenic interference
with the climate system.” The 2015 Paris Agreement commits to efforts to limit the
global temperature increase to 1.5°C (2.7°F) (UNFCCC, 2016). There are options
available now to do so and at least halve global emissions by 2030, including the use of
renewable energy, which has become more cost-efficient and helped slow the growth
rate of global emissions.

INDICATORS: CLIMATE CHANGE DRIVERS

Greenhouse gas emissions (updated)

Atmospheric greenhouse gas concentrations (updated)
Atmospheric black carbon concentrations (no update)
Acidification of coastal waters (updated)
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Indicators of Climate Change in California (2022)

GREENHOUSE GAS EMISSIONS’

Statewide greenhouse gas (GHG) emissions peaked in 2004, but have since been on
an overall downward trajectory. Emissions have remained below California’s GHG
emissions reduction goal (431 million metric tons of carbon dioxide equivalent) since
2016. Similarly, GHG emissions have steadily decreased on a per capita and gross
state product basis.

Figure 1. Greenhouse gas emissions in California 1990 - 2019,
disaggregated by pollutant*
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*Based on IPCC Fourth Assessment Report 100-year global warming potentials
MMTCOze = million metric tons of carbon dioxide equivalents

What does the indicator show?

California’s combined emissions of the What are “CO; equivalents”?
greenhouse gases (GHG) carbon dioxide Emissions of greenhouse gases other
(COz2), methane (CHa), nitrous oxide (N20), than carbon dioxide (CO5) are converted
and high global warming potential (high- to carbon dioxide equivalents, or COze,
GWP) gases reached peak levels in 2004, based on their global warming potential
but have since decreased and remained (GWP). GWP represents the warming
below the 1990 emissions levels since 2016 | influence of different greenhouse gases
(CARB, 2021a). GHG emissions are relative to CO2 over a given timg period
expressed in million metric tons (MMT) of and ?IIOWS the_ C"’.“CUIat'.on o gt
consistent emission unit, COe.

T A new edition of the California Greenhouse Gas Inventory has since been released and includes data
through 2020. The inventory is available at the California Air Resources Board’s website.
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carbon dioxide equivalents (CO2e) based on 100-year global warming potential values
as specified in the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (IPCC, 2006).

COz2 accounts for the largest proportion of GHG emissions, making up 83 percent of
total emissions in 2019. In comparison, CH4 and N20 account for 9 percent and

3 percent of total GHG emissions, respectively. The remaining 5 percent of GHG
emissions consist of high-GWP gases including hydrofluorocarbons (HFC),
perfluorocarbons (PFC), sulfur hexafluoride (SFs), and nitrogen trifluoride (NF3). Among
these GHGs, methane and a subset of HFCs? are also considered short-lived climate
pollutants (SLCPs), which are powerful climate forcers that remain in the atmosphere
for a much shorter period than longer-lived climate pollutants such as CO2. SLCPs are
discussed further below (see Why is this indicator important?).

Figure 2. Trends in California’s population, economy
and greenhouse gas (GHG) emissions since 1990
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Source: CARB, 2007 and 2021a; Census, 2012; DOF, 2021

GHG emissions per person (per capita) and per dollar of gross domestic product (GDP,
a measure of the state’s economic output) show declining trends between 1990 and
2019 (Figure 2). During the same period, the state’s population and GDP increased by
33 percent and 139 percent, respectively. California’s 2019 GHG emissions are

2 These include HFC-152a, HFC-32, HFC-245fa, HFC-365mfc, HFC-134a, HFC-43-10mee, HFC-125,
HFC-227ea, and HFC-143a.
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3 percent lower than in 1990, but emissions per capita have declined by over 25 percent
and emissions per dollar of GDP (carbon intensity) have declined by almost 60 percent.
Total GHG emissions have also decreased from the peak in 2004 by 15 percent. A
combination of factors contributed to this decrease in carbon intensity of the California
economy. These factors include incrementally higher energy efficiency standards,
growths in renewable energy sources, carbon pricing from the Cap-and-Trade Program,
improved vehicle fuel efficiency, and other regulations.

Figure 3. 2019 Total (bars) and per capita (markers) California
emissions as compared to the top 20 emitting nations
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Figure 3 shows 2019 total emissions and emissions per capita for California compared
to the top 20 emitting nations. If California were a country, it would be the fifth largest
economy in the world. It would have the 15™ highest total emissions, and the 7" highest
per capita emissions. The state’s 2019 per capita emissions are 35 percent lower than
those of the United States (CARB, 2021a, Statista, 2021, World Bank 2021).

Figure 4 shows GHG emissions from 1990 to 2019, organized by categories as defined
in the California Air Resources Board’s (CARB) Scoping Plan (CARB, 2008). The
transportation sector and the electric power sector are the primary drivers of year-to-
year changes in statewide emissions. Transportation sector emissions increased
between 1990 and 2007, followed by a period of steady decrease through 2013, and
have followed a generally declining trend since. Most recently, total transportation
emissions have steadily decreased from 2017 through 2019 due to a significant
increase in biodiesel and renewable diesel use, which now accounts for 27 percent of
total on-road diesel sold in California. Emissions from the electric power sector are
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variable over time but have decreased by more than 50 percent between 2008 and
2019 due to a continuing increase in renewable energy. High-GWP gases make up a
small portion of total emissions but are steadily increasing as they replace ozone-
depleting substances that are being phased out under international accord (UNEP,
2016). Emissions from the other sectors show some year-to-year variations, but their
trends are relatively flat over time.

Figure 4. Greenhouse gas emissions in California from 1990 — 2019,
disaggregated by sector*
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Source: CARB, 2021a

*Based on IPCC Fourth Assessment Report 100-year global warming potentials.
Note: High-GWP gases do not represent an “economic sector,” but are classified as such for purposes of
organizing and tracking emissions, sources, and emissions reduction strategies.

Transportation is the largest source of GHGs, accounting for 39.7 percent of the total
emissions in 2019 (Figure 5). Cars, light duty trucks, and sport utility vehicles constitute
the highest contribution to transportation emissions. Industrial activities account for

21.1 percent of emissions and include fossil fuel combustion and fugitive emissions
from a wide variety of activities such as manufacturing, oil and gas extraction, petroleum
refining, and natural gas pipeline leaks. The electricity sector (in-state generation and
electricity imports) accounts for 14.1 percent of emissions, followed by residential and
commercial sources, which collectively account for 10.5 percent. The commercial
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sector, which includes schools, health care services, retail, and wholesale, accounts for
3.8 percent. The residential sector, where home natural gas use makes up the majority
of emissions, accounts for 6.7 percent of statewide emissions. Emissions from the
agricultural sector, which come from livestock, crop production, and fuel combustion,
contributed 7.6 percent; these are mostly comprised of emissions from livestock. High-
GWP gases are primarily used in refrigeration and air conditioning, as well as foams
and consumer products and comprised 4.9 percent of 2019 emissions. Recycling and
waste was the smallest contributor at 2.1 percent and includes emissions from landfills,

wastewater treatment, and compost.

Figure 5. Greenhouse gas emissions by sector
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Why is this indicator important?
Atmospheric concentrations of GHGs have increased since the Industrial Revolution,

enhancing the heat-trapping capacity of the earth’s atmosphere. Accurately tracking
GHG emissions trends in California provides critical information to policymakers as they
assess climate change mitigation options and track the progress of GHG emissions

reduction programs.
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GHG emissions reduction targets are intended to prevent atmospheric concentrations
from reaching levels at which catastrophic and irreversible impacts occur. The 2015
Paris Agreement aims to hold the increase in the global average temperature to well
below 2 degrees Celsius (°C) above pre-industrial levels and to pursue efforts to limit
the temperature increase even further to 1.5°C above pre-industrial levels (UNFCCC,
2016). These efforts would significantly reduce the risks and impacts of climate change
(Xu and Ramanathan, 2017). However, if global emissions continue to increase at the
current rate, global warming is likely to reach 1.5°C between 2030 and 2052 (IPCC,
2018).

Since each GHG absorbs energy and warms the atmosphere to a different degree,
understanding the pollutants’ relative effects on climate change is also important for
setting priorities and meeting emission reduction goals. Current international and
national GHG inventory practice, as defined by the IPCC Guidelines, uses 100 years as
the standard timeframe for GHG inventories. (Other timeframes may be used for
different purposes. For example, discussions related to SLCPs typically use the 20-year
timeframe.)

As illustrated in Figure 6, in a 100-year timeframe, COz2 has the lowest GWP of all
GHGs reported in the statewide inventory on a per unit of mass basis. Non-CO:
emissions are converted to CO2 equivalents (COze) using GWP. GWP is a measure of
the extent to which a particular GHG can alter the heat balance of the earth relative to
carbon dioxide over a specified timeframe. For example, the GWP of SFs is 22,800,
meaning that one gram of SFs has the same warming effect as 22,800 grams of CO..

Figure 6. 100-Year global warming potential of greenhouse gases based on the IPCC
Fourth Assessment Report
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Source: IPCC, 2007

Emissions of CO2, the main contributor to climate change, stay in the atmosphere for
hundreds of years. Reducing CO2 emissions is critically important but will not result in
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near-term cooling because of this long residence time. In contrast to COz2, because
SLCPs remain in the atmosphere from days to decades, a reduction in these emissions
can have a more immediate impact, slowing the rate of warming.

Because SLCPs do not persist in the atmosphere for longer than decades, it is useful to

consider a 20-year timeframe
when discussing their impacts Figure 7. SLCP contribution to total GHG emissions

in 2019, over a 100-year and 20-year timeframe

on climate change and planning
for mitigation measures. Figure 100% 5% -
7 shows the contribution of 90% 9%

SLCP emissions to total GHG
emissions in 2019. This
contribution is based on their
GWP and their atmospheric
lifetime. Emissions of short-
lived HFCs and methane in
2019 account for 14 percent of
the total GHG emissions in a
100-year timeframe; however,
when considering a 20-year
timeframe, they account for 10%
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What factors influence this indicator?

Statewide GHG emissions reflect activities across all major economic sectors, which are
influenced by a variety of factors including population growth, vehicle miles traveled,
economic conditions, energy prices, consumer behavior, technological changes,
drought, and regulations, among other things.

Because GHG emissions from each sector are simultaneously influenced by multiple
factors, one-to-one attribution between each factor and the magnitude of changes to
sector emissions can be difficult to quantify. For example, improved economic
conditions can result in an increased number of motor vehicles per household, and can
boost vehicle miles traveled thus increasing GHG emissions, while using more fuel-
efficient vehicles, public transportation, or driving less can reduce emissions.

GHGs are emitted from a variety of sources, but most notably from the combustion of
fossil fuels used in the industrial, commercial, residential, and transportation sectors.
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GHG emissions also occur from non-combustion activities at landfills, wastewater
treatment facilities, and certain agricultural operations. A discussion of trends in certain
economic sectors, sources of SLCPs, and the influence of regulatory requirements is
presented in the following sections. Further information is provided in CARB (2021b).

Transportation

Although California’s population has grown by 33 percent since 1990 (Figure 2), GHG
emissions from the transportation sector have increased by only 10 percent (Figure 4).
Furthermore, transportation emissions in 2019 were 11 percent lower than the peak
level in 2005. The decrease in transportation GHG intensity per capita is largely due to
a significant increase in biodiesel and renewable diesel use, which is up 61 percent
from 2018 and now accounts for 27 percent of total on-road diesel sold in California.
California is also a world leader in the adoption of advanced alternative vehicles such as
plug-in electric and hybrid vehicles. The state is the nation’s largest market for zero-
emission vehicles (ZEVs) due to California’s regulation and vast portfolio of
complementary policies. The state continues to lead in this area as recently shown by
Governor Newsom’s 100 percent ZEV sales for passenger vehicles target by 2035
(Newsom, 2020).

Transportation emissions are related to the amount of fuel burned. Combustion of fossil
fuels such as gasoline and diesel produce GHGs that are counted towards California’s
inventory. On the other hand, emissions from the combustion of biofuels such as
ethanol and biodiesel, which are derived from carbon that was recently absorbed from
the atmosphere as a part of the global carbon cycle, are not counted pursuant to
international GHG inventory practices (IPCC, 2006). Thus, displacing fossil fuels with
biofuels can reduce the climate change impacts of the transportation sector.

The trends in the use of fossil fuels (blue, teal, and grey) and biofuels (yellow) are
shown in Figure 8. Gasoline use is declining slightly, and biofuel use is increasing —
trends contributing to the reduction in GHG emissions from transportation. Declining
gasoline consumption is related to higher ethanol use, as well as to improved fuel
economy and increased use of alternative fuel vehicles such as electric or hydrogen
fueled vehicles. Biofuel diesel alternatives (i.e., biodiesel and renewable diesel) have
been in use since 2010, and volumes are increasing rapidly. Between 2012 and 2019,
biofuel diesel alternatives increased from 1 percent to 27 percent of the total
transportation diesel use.
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Figure 8. Trends in transportation fuel combustion from 2000 — 2019
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*Other fossil fuels include: aviation gasoline, jet fuel, LPG, residual fuel oil, and natural gas.
**Biofuels includes gallons of ethanol, biodiesel, and renewable diesel

Residential and Commercial

California’s steady population growth from 1990 through 2019 has been accompanied
by an increased demand for housing, among other things. More housing often means
additional demand for residential energy and increased associated GHG emissions, yet
emissions from the residential and commercial sector decreased over the same period.
Residential and commercial building code standards are updated regularly to improve
building efficiency (e.g., insulation thickness, window design, lighting systems, and
heating/cooling equipment specification). These energy efficiency standards have saved
Californians billions of dollars in reduced electricity bills (CEC, 2015), and have reduced
the emissions of GHGs and criteria air pollutants. The per capita electricity consumption
in California is near the lowest in the nation, primarily due to mild weather and energy
efficiency programs (EIA, 2021). Still, emissions from residential and commercial
buildings have continued to rise since 2014, due in part to increases in natural gas use.

Electric Power

The electric power sector includes two broad categories: in-state power generation
(including the portion of industrial and commercial cogeneration emissions attributed to
electricity generation) and imported electricity. Since the early 2000’s, the deployment of
renewable and less carbon-intensive resources have facilitated the continuing decline in
fossil fuel electricity generation. The Renewables Portfolio Standard (RPS) Program

and the Cap-and-Trade Program continue to incentivize the dispatch of renewables

@ Greenhouse gas emissions Page II-11



Indicators of Climate Change in California (2022)

over fossil generation to serve California load. Higher energy efficiency standards also
reduce growth in electricity consumption driven by a growing population and economy.

California’s in-state electricity is
derived from a variety of sources (see
Figure 9). Natural gas, which is used
to produce the majority of in-state
electricity, accounted for 39 percent
of the electricity generation in 2019.
Solar energy accounted for 20
percent, hydro accounted for 18
percent, and nuclear accounted for 7
percent of in-state generation.
Nuclear power declined after the
2012 shutdown of the San Onofre
Nuclear Generating Station. Hydro
power reached historic lows in 2015
due to drought. An increase in solar
and wind power has compensated for
the decline in hydro power and
nuclear generation in recent years.
Wind, solar, hydro, and nuclear
power are zero-emission sources. In
2019, California was the nation’s top
producer of electricity from solar,
geothermal, and biomass energy,
and the state was second in the
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nation in conventional hydroelectric power generation (EIA, 2021).

Emissions from imported electricity peaked in 2004 and have since dropped 67 percent
by 2019. Compared to 2011 levels, imports of hydro, solar, wind, and nuclear energy
nearly tripled, while imports of coal energy dropped by 67 percent. In 2019, imports of
hydro, solar, wind, and nuclear energy grew nine percent in one year.

Weather can also have notable influences on GHG emissions from the electricity sector.
A warmer summer increases electricity demand for air conditioning, and consequently
increases the emissions from power plants that must ramp up to meet the additional

demand.

Short-Lived Climate Pollutants

Sources of methane and short-lived HFCs in California are shown in Figure 10.
Livestock represents the largest source of methane. Methane is produced from livestock
manure management and from the guts of ruminant animals such as cows. Organic
waste deposited in landfills or managed in wastewater treatment plants also produce
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methane emissions. As the primary component of natural gas, methane is also emitted
by oil and gas extraction and during its storage, processing, and transport. Natural gas
is used for many purposes including electricity production and heating.

Figure 10. 2019 Sources of short-lived climate pollutants*
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*Based on the 2019 edition of the GHG inventory and 100-year GWP

Short-lived HFCs are used as replacements for ozone-depleting substances that are
being phased out under the Montreal Protocol (UNEP, 2016). The majority of HFC
emissions comes from refrigeration and air-conditioning systems used in the residential,
commercial, industrial, and transportation sectors. Foams, aerosols, solvents, and fire
protection are other sources of HFCs.

Climate Change Policies and Regulations

California’s pioneering efforts in the adoption and implementation of policies are
reducing GHG emissions. The California Global Warming Solutions Act of 2006 (Nuriez,
Chapter 488, Statutes of 2006), also known as Assembly Bill (AB) 32, established the
nation’s first comprehensive program of regulatory and market mechanisms to achieve
real, quantifiable, cost-effective GHG emissions reductions. AB 32 set a goal of
reducing GHG emissions to the 1990 level by 2020 and requires the state to complete a
Climate Change Scoping Plan that lays out the path to meet the emissions reduction
target, and to update that plan at least every five years. The first Climate Change
Scoping Plan was adopted by the Board in 2008 (CARB, 2008). Senate Bill 32 (Pavley,
Chapter 249, Statutes of 2016) codified in statute the goal of further reducing GHG
emissions to 40 percent below the 1990 level by 2030. In 2017, the Board adopted the
2017 Climate Change Scoping Plan, which lays out the path to meet this target (CARB,
2017). Executive Order B-55-18 calls for achieving carbon neutrality no later than 2045,
and to achieve and maintain net negative emissions thereafter. As of mid-2022, CARB
is working with state agencies on the next Scoping Plan update, which will identify a
technologically feasible and cost-effective path to achieve carbon neutrality by no later

@ Greenhouse gas emissions Page II-13



Indicators of Climate Change in California (2022)

than 2045 while also assessing the progress the state is making towards reducing its
greenhouse gas emissions by at least 40 percent from 1990 levels by 2030. A complete
list of climate change legislation and executive orders can be found in the appendix.

Technical considerations

Data characteristics

A GHG inventory is an estimate of GHG emissions over a specified area and period
from known sources or categories of sources. Emission inventories generally use a
combination of two basic approaches to estimate emissions. The top-down approach
utilizes nationwide or statewide data from various federal and state government
agencies to estimate emissions. The bottom-up approach utilizes activity data (e.g., fuel
quantity, animal population, tons of waste deposited in the landfill) to compute unit level
emissions that are then aggregated to the state level for a particular source category. In
either approach, calculation assumptions are made to estimate statewide GHG
emissions from different levels of activity data. These calculations typically reference the
2006 IPCC Guidelines for National Greenhouse Gas Inventories or the U.S.
Environmental Protection Agency’s national GHG emission inventory, but also
incorporate California-specific methods and considerations to the extent possible.

Strengths and limitations of the data

The methods used to develop the California GHG emission inventory are consistent
with international and national inventory guidelines to the greatest extent possible.
Emission calculation methodologies are evaluated over time and refined by
incorporating the latest scientific research and monitoring activities.

The California GHG inventory includes emissions from anthropogenic sources located
within California’s boundaries. Pursuant to AB 32, California’s inventory also includes
imported electricity. The inventory, however, excludes emissions that occur outside
California during the manufacture and transport of products and services consumed
within the state across all sectors. On the other hand, California is a net exporter of
multiple products, especially agricultural commodities. California exported about a
quarter of all agricultural products (CDFA, 2014). The state’s GHG inventory includes
the carbon sequestered in California-produced agricultural products that are exported
and consumed outside the state. In addition, GHG mitigation effects may cross
geographic borders as part of international and sub-national collaboration, or as a
natural result of implementation of state programs. The state’s GHG emission inventory
does not account for emission reductions outside of its geographic border that may
have resulted from California’s adopted programs.

@ Greenhouse gas emissions Page II-14



Indicators of Climate Change in California (2022)

OEHHA acknowledges the expert contribution of the following to this report:

Anny Huang, Ph.D.

California Air Resources Board

California Environmental Protection Agency
S Sourcer soRet (916) 323-8475

anny.huang@arb.ca.gov

References:
Brown EG (2012). Executive Order B-16-2012, March 23, 2012.

Brown EG (2018). Executive Order B-48-18, January 26, 2018.

CARB (2007). California Air Resources Board: 1990-2004 Inventory. Retrieved October 2017.

CARB (2008). Climate Change Scoping Plan. California Air Resources Board.

CARB (2016). California Air Resources Board: Low Carbon Fuel Standard. Retrieved October 2017.

CARB (2017). California’s 2017 Climate Change Scoping Plan.

CARB (2021a). California Air Resources Board: Greenhouse Gas Inventory 2021 Edition, Years 2000-
2019.

CARB (2021b). California Greenhouse Gas Emissions from 2000 to 2019 — Trends of Emissions and
Other Indicators (2019 Edition). California Air Resources Board.

CDFA (2014). California Agricultural Statistics Review: 2012 — 2013. California Department of Food and
Agriculture Sacramento, CA: Office of Public Affairs.

CEC (2015). California Energy Commission. California’s Energy Efficiency Standards Have Saved
Billions. Retrieved October 2017.

Census (2012). 2010 Census of Population and Housing, Population and Housing Unit Counts, United
States (2010 CPH-2-1). U.S. Department of Commerce, Bureau of the Census. US Government Printing
Office. Washington DC.

DOF (2020). California Department of Finance. E-6 Population Estimates and Components of Change by
County July 1, 2010-2020. Sacramento, CA.

DOF (2021). California Department of Finance. California Gross Domestic Product. Retrieved June 2021.

EIA (2021). US Energy Information Administration. California Quick Facts. Retrieved June 2021.

GIWG (2016). 2016 ZEV Action Plan — An Updated Roadmap Toward 1.5 Million Zero-Emission Vehicles
in California Roadways by 2025. Ava Governor’s Interagency Working Group on Zero-emissions
Vehicles, Governor Edmund G. Brown Jr.

IPCC (2006). 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Prepared by the National
Greenhouse Gas Inventories Programme. Eggleston HS, Buendia L, Miwa K, Ngara T, and Tanabe K
(Eds.). Hayama, Kanagawa, Japan: Institute for Global Environmental Strategies.

IPCC (2007). Climate Change 2007: Synthesis Report. Contribution of Working Groups I, Il, and Il to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Core Writing Team,
Pachauri RK and Reisinger A (Eds.). Geneva, Switzerland: International Panel on Climate Change.

@ Greenhouse gas emissions Page II-15


mailto:anny.huang@arb.ca.gov
https://www.gov.ca.gov/2012/03/23/news17472/
https://www.gov.ca.gov/2018/01/26/governor-brown-takes-action-to-increase-zero-emission-vehicles-fund-new-climate-investments
https://www.arb.ca.gov/cc/inventory/1990level/1990data.htm
https://www.arb.ca.gov/cc/scopingplan/document/adopted_scoping_plan.pdf
https://www.arb.ca.gov/fuels/lcfs/background/basics.htm
https://ww2.arb.ca.gov/sites/default/files/classic/cc/scopingplan/scoping_plan_2017.pdf
https://ww2.arb.ca.gov/ghg-inventory-data
https://ww2.arb.ca.gov/ghg-inventory-data
https://www.arb.ca.gov/cc/inventory/pubs/reports/2000_2019/ghg_inventory_trends_00-19.pdf
https://www.arb.ca.gov/cc/inventory/pubs/reports/2000_2019/ghg_inventory_trends_00-19.pdf
https://www.cdfa.ca.gov/Statistics/PDFs/2013/FinalDraft2012-2013.pdf
http://www.energy.ca.gov/efficiency/savings.html
http://www.energy.ca.gov/efficiency/savings.html
https://www2.census.gov/library/publications/decennial/2010/cph-2/cph-2-1.pdf
https://www2.census.gov/library/publications/decennial/2010/cph-2/cph-2-1.pdf
http://www.dof.ca.gov/Forecasting/Demographics/Estimates/E-6/
http://www.dof.ca.gov/Forecasting/Demographics/Estimates/E-6/
http://www.dof.ca.gov/Forecasting/Economics/Indicators/Gross_State_Product/
http://www.eia.gov/state/?sid=CA
https://www.gov.ca.gov/wp-content/uploads/2017/09/2016_ZEV_Action_Plan.pdf
https://www.gov.ca.gov/wp-content/uploads/2017/09/2016_ZEV_Action_Plan.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
https://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_synthesis_report.htm
https://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_synthesis_report.htm

Indicators of Climate Change in California (2022)

IPCC (2014). Climate Change 2014 Synthesis Report. Contribution of Working Groups I, Il and Il to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [The Core Writing Team,
Pachauri RK, and Meyer L (Eds.)]. Intergovernmental Panel on Climate Change, Geneva, Switzerland.

IPCC (2018). Summary for Policymakers. In: Global Warming of 1.5°C. An IPCC Special Report on the
impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty. [Masson-Delmotte V, Zhai P, Pértner H-O,
Roberts D, Skea J, et al. (eds.)]. World Meteorological Organization, Geneva, Switzerland, 32 pp.

Newsom EG (2020). Executive Order N-79-20, September 23, 2020.

Statista (2021). Carbon Dioxide Emission in 2009 and 2019, by select country. Retrieved August 2021.

UNEP (2016). United Nations Environment Programme: The Montreal Protocol on Substances the
Deplete the Ozone Layer. Retrieved October 2017.

UNFCCC (2016). United Nations Framework Convention on Climate Change. Report of the Conference
of the Parties on its twenty-first session, held in Paris from 30 November to 13 December 2015. Decision
1/CP.21: Adoption of the Paris Agreement. Paris, France.

World Bank (2021). Population, total.

Xu'Y and Ramanathan V (2017). Well- below 2° C: Mitigation strategies for avoiding dangerous to
catastrophic climate changes. Proceedings of the National Academy of Sciences 114(39): 10315-10323.

@ Greenhouse gas emissions Page II-16


http://www.ipcc.ch/pdf/assessment-report/ar5/syr/SYR_AR5_FINAL_full_wcover.pdf
http://www.ipcc.ch/pdf/assessment-report/ar5/syr/SYR_AR5_FINAL_full_wcover.pdf
https://www.gov.ca.gov/wp-content/uploads/2020/09/9.23.20-EO-N-79-20-Climate.pdf.
https://www.statista.com/statistics/270499/co2-emissions-in-selected-countries/
http://ozone.unep.org/en/treaties-and-decisions/montreal-protocol-substances-deplete-ozone-layer
http://ozone.unep.org/en/treaties-and-decisions/montreal-protocol-substances-deplete-ozone-layer
https://unfccc.int/resource/docs/2015/cop21/eng/10a01.pdf
https://unfccc.int/resource/docs/2015/cop21/eng/10a01.pdf
https://unfccc.int/resource/docs/2015/cop21/eng/10a01.pdf
https://data.worldbank.org/indicator/SP.POP.TOTL?end=2019&name_desc=false&start=1960

Indicators of Climate Change in California (2022)

APPENDIX.

California’s Climate Change Legislation, Executive Orders, and Other References
AB 32 (Nufiez and Pavley, Chapter 488, Statutes of 2006),
https://leginfo.legislature.ca.gov/faces/billTextClient.xhtmI?bill id=200520060AB32

AB 74 (Ting, Chapter 23, Statutes of 2019),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml?bill id=201920200AB74

AB 398 (Garcia, E., Chapter 135, Statutes of 2017),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml?bill id=201720180AB398

AB 617 (Garcia, C., Chapter 136, Statutes of 2017),
https://leginfo.leqislature.ca.gov/faces/bill TextClient.xhtml?bill id=201720180AB617

AB 1493 (Pavley, Chapter 200, Statutes 2002),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml?bill id=200120020AB1493

AB 1550 (Gomez, Chapter 369, Statutes of 2016),
https://leginfo.leqislature.ca.gov/faces/bill TextClient.xhtml?bill id=201520160AB1550

AB 3232 (Friedman, Chapter 373, Statutes of 2018),
https://leginfo.leqislature.ca.gov/faces/bill TextClient.xhtml?bill id=201720180AB3232

EO B-55-18, https://www.ca.gov/archive/qov39/wp-content/uploads/2018/09/9.10.18-
Executive-Order.pdf

EO N-82-20, https://www.qov.ca.gov/wp-content/uploads/2020/10/10.07.2020-EO-N-82-
20-signed.pdf

EO N-79-20, https://www.gov.ca.gov/wp-content/uploads/2020/09/9.23.20-EO-N-79-20-
Climate.pdf

CARB Board Resolution 17-46, https://ww3.arb.ca.gov/board/res/2017/res17-46.pdf

CARB Board Resolution 20-5, https://ww3.arb.ca.gov/board/res/2020/res20-5.pdf

Governor’s Energy Emergency Proclamation,
https://www.gov.ca.gov/2021/07/30/governor-newsom-signs-emergency-proclamation-
to-expedite-clean-energy-projects-and-relieve-demand-on-the-electrical-grid-during-
extreme-weather-events-this-summer-as-climate-crisis-threatens-western-s/

SB 32 (Pavley, Chapter 249, Statutes of 2016),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml?bill id=201520160SB32

SB 44 (Skinner, Chapter 297, Statutes of 2019),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml?bill id=201920200SB44
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SB 84 (Committee on Budget and Fiscal Review, Chapter 50, Statutes of 2017),
https://leginfo.legislature.ca.gov/faces/bill TextClient.xhtmI?bill_id=201520160SB84

SB 100 (De Leon, Chapter 312, Statutes of 2018),
https://leginfo.leqislature.ca.gov/faces/bill TextClient.xhtml?bill id=201720180SB100

SB 150 (Allen, Chapter 646, Statutes of 2017),
https://leginfo.leqgislature.ca.gov/faces/billTextClient.xhtml?bill id=201720180SB150

SB 350 (De Leon, Chapter 547, Statutes of 2015),
https://leginfo.leqislature.ca.gov/faces/bill TextClient.xhtml?bill id=201520160SB350

SB 375 (Steinberg, Chapter 728, Statutes of 2008),
https://leginfo.leqislature.ca.gov/faces/bill TextClient.xhtml?bill id=200720080SB375

SB 535 (De Leon, Chapter 830, Statutes of 2012),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml?bill id=201120120SB535

SB 605 (Lara, Chapter 523, Statutes of 2014),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml?bill id=201320140SB605

SB 743 (Steinberg, Chapter 386, Statutes of 2013),
https://leginfo.leqislature.ca.gov/faces/billTextClient.xhtml?bill id=201320140SB743

SB 1013 (Lara, Chapter 375, Statutes of 2018),
https://leginfo.leqislature.ca.gov/faces/bill TextClient.xhtml?bill id=201720180SB1013

SB 1018 (Committee on Budget and Fiscal Review, Chapter 39, Statutes of 2012),
http://www.leginfo.ca.gov/pub/11-12/bill/sen/sb_1001-
1050/sb_1018 bill 20120627 chaptered.html

SB 1275 (De Ledn, Chapter 530, Statutes of 2014),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml|?bill id=201320140SB1275

SB 1371 (Leno, Chapter 525, Statutes of 2014),
https://leqginfo.leqislature.ca.gov/faces/bill TextClient.xhtml|?bill id=201320140SB1371

SB 1383 (Lara, Chapter 395, Statutes of 2016),
https://leginfo.leqgislature.ca.gov/faces/bill TextClient.xhtml|?bill id=201520160SB1383
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ATMOSPHERIC GREENHOUSE GAS CONCENTRATIONS

Atmospheric concentrations of greenhouse gases such as carbon dioxide, methane,
nitrous oxide, and certain fluorinated gases continue to increase globally and in
California. The annual average global concentration of carbon dioxide was 414 parts
per million (ppm) in 2020, and 416 ppm in 2021°, with a maximum monthly average of
419 parts per million in May of 2021.

Figure 1. Monthly average atmospheric carbon dioxide (CO;) concentrations
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Source: NOAA 2022a, 2021a, and Conway et al., 2011 (Mauna Loa,
Point Arena, and Trinidad Head); SIO, 2022 (La Jolla)

Note: Measurements at Point Arena are available from 1999 to 2011; Trinidad Head from
2002 to 2017.

What does the indicator show?

Atmospheric concentrations of greenhouse gases (GHG) are increasing globally, as
illustrated in Figures 1 to 4. These graphs show the ambient concentrations of carbon
dioxide (COz2), methane (CHa4), nitrous oxide (N20), and a variety of fluorinated gases
(F-gases) at the global background site of Mauna Loa on the island of Hawaii, as well
as at regional background sites in California. The measurements are presented in parts
per million (ppm) for CO2 and CHg4, parts per billion (ppb) for N20O, and parts per trillion
(ppt) for F-gases. These are units of air pollution mixing ratios commonly used to
describe ambient air pollution concentrations (1 ppm = 1,000 ppb = 1,000,000 ppt).

" Based on data retrieved in June 2022; the last year of data are considered preliminary.
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Figure 1 shows the CO2 measurements at Mauna Loa, and three coastal sites in
California (La Jolla, Point Arena and, Trinidad Head). Measurements at Mauna Loa first
began in 1958. In over six decades, the annual average CO2 concentrations have
increased from 315 ppm in 1958 to 416 ppm in 2021. Annual CO2 concentrations have
increased by an average rate of 1.6 ppm per year over the past decades, accelerating
in the last five years to about 2.4 ppm per year (NOAA, 2022a). At all these sites, COz2
displays a seasonal trend with increasing CO2 observed from autumn through late
winter and decreasing COz2 from spring through late summer. This is due to seasonal
biosphere-atmosphere interactions — that is, plants take up CO2in spring and summer,
then decay and release CO:z in fall and winter) along with subtle seasonal changes in
anthropogenic fossil fuel use. In the northern hemisphere, CO2 concentrations tend to
increase as one moves north from the equator, largely a result of global population
centers (and hence, sources of COz2) being located at higher latitudes. Thus, COz2 levels
at the California sites tend to be slightly higher than those at Mauna Loa, and levels at
the two Northern California sites (Trinidad Head and Point Arena) tend to be slightly
higher than those at the Southern California site (La Jolla). For example, annual
average COz2 at La Jolla has been 1.2 ppm higher than Mauna Loa over the past ten
years. The California sites also tend to have higher variability than the Mauna Loa site,
primarily due to their location on a major continent with large population centers and
forested regions, which act as sources and sinks of COz2, respectively.

Figure 2. Monthly average atmospheric methane (CH4) concentrations
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Source: NOAA 2022b (Dlugokencky, NOAA/GML)
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Note: Measurements at Point Arena are from 1999 to 2011; at Trinidad Head, 2002
to 2017.

Figure 2 shows the atmospheric measurements of CH4 at Mauna Loa since 1983, and
at the California coastal sites, namely Point Arena and Trinidad Head, since 1999 and
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2002, respectively. Global CH4 levels have increased since 1983, except for a brief
period between 1999 and 2006 when they were relatively constant before increasing
again starting in 2007. CHa4 concentrations in the pre-industrial era (i.e., pre-1750) were
approximately 0.7 ppm (IPCC, 2013). By contrast, today’s atmospheric CH4
concentrations exceed 1.9 ppm at Mauna Loa and the California sites — an increase of
over 150 percent (NOAA, 2022b). Similar to, but to a greater extent than, CO2, the CH4
concentrations at the California regional background sites are higher than those
observed at Mauna Loa. This is due to a strong latitudinal gradient that promotes
elevated CH4 concentrations in the northern latitudes, where there are more human
activities that lead to greater emissions (Frankenberg et al., 2005).

Figure 3. Monthly average nitrous oxide (N2O) concentrations
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Figure 3 shows the atmospheric concentrations of N2O at Mauna Loa, which are
available from 1987 to present, and Trinidad Head, which are available from 2002 to
2017. Global N20 concentrations have been increasing at a rate of approximately
0.7 ppb per year over the past few decades, and are now approximately 24 percent
greater than the pre-industrial levels of 270 ppb (NOAA, 2022c). Unlike CO2 and CHa,
global N2O concentration trends do not display a strong seasonal cycle in the lower
atmosphere.
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Figure 4. Monthly average F-gas concentrations
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Figure 4 shows the atmospheric concentrations at Mauna Loa and Trinidad Head of
select F-gases, which are a class of synthetic chemicals that includes
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and
hydrofluorocarbons (HFCs). The figure shows the four most prevalent F-gases at
Mauna Loa: trichlorofluoromethane (CFC-11), dichlorodifluoromethane (CFC-12),
chlorodifluoromethane (HCFC-22), and 1,1,1,2-tetrafluoroethane (HFC-134a). F-gases
began to appear in the atmosphere in the 20" century as a result of their usage as
refrigerants and propellants; pre-industrial F-gas concentrations are assumed to be
zero.

While F-gases are potent GHGs with global warming potentials that can be hundreds to
thousands of times stronger than COz, interest in atmospheric measurements of F-
gases first began in the 1970’s when they were linked to the destruction of stratospheric
ozone (i.e., the “ozone hole”) (Molina and Rowland, 1974). CFCs are strongly ozone-
depleting, and their production and use were halted in 1996 under the Montreal Protocol
(UNEP, 2012). Consequently, their global ambient concentrations have been slowly
decreasing since the mid-1990s. Although no new emissions are expected, these gases
have atmospheric lifetimes of decades, that is, they remain in the atmosphere for
decades after they are released. With no new emissions, CFCs are well-mixed
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throughout the atmosphere and there is no latitudinal gradient in atmospheric CFC
concentrations. Thus, Mauna Loa and Trinidad Head have nearly identical CFC levels.

HCFCs were an interim replacement for CFCs. While not as destructive towards
stratospheric ozone as CFCs, HCFCs still have considerable ozone depletion potential,
and are also being phased out globally. Although banned in the US and European
Union, HCFC-22 still has limited use and production in developing countries. HCFC-22
has a latitudinal gradient that closely follows human population centers (i.e., higher
levels in the mid-latitudes), thus levels are higher at Trinidad Head than at Mauna Loa.
Ambient monitoring indicates an increasing HCFC-22 trend since the 1990s, although
the concentrations have begun to plateau in recent years as global phase-outs have
ramped up. HFCs are modern refrigerants, such as HFC-134a, have negligible ozone
depletion potential and thus have been widely used across the world since their
introduction in the mid-1990s, despite their high global warming potential. First detected
in the atmosphere in the 1990s, HFC-134a concentrations have been increasing since it
was first detected in the atmosphere in the 1990s. Unlike CFCs and HCFCs, HFC-134a
concentrations have not begun to plateau or decrease, instead maintaining a growth
rate of approximately 5 ppt per year since 2005. Like HCFCs, HFC-134a levels follow
population centers and display a latitudinal trend, whereby Trinidad Head typically
experiences higher levels than Mauna Loa.

California has undertaken additional
efforts to track the changes in Figure 5. Greenhouse gas monitoring locations
ambient GHG concentrations at in California

several monitoring sites located
throughout the state. Figure 5
shows the seven GHG monitoring
network sites operated by the
California Air Resources Board
(CARB), a research monitoring site
operated by the Lawrence Berkeley
National Laboratory at Walnut
Grove, and the three coastal
background sites operated by
NOAA (NOAA, 2021a). These
stations measure well-mixed
regional air, providing monitoring
data which can be used to Site Type
understand how GHG S oD O near stes S
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California relative to the global
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Los Angeles (LA) air basin to yield basin-wide concentrations (see “Technical
considerations” section).

Figure 6 shows monthly averaged COz2, CH4, and N20 concentrations measured at
Mount Wilson representing the LA basin, along with in-situ observations from the
Walnut Grove site. As a global background reference, observations from NOAA’s
Mauna Loa Observatory are also included in each graph.

Figure 6. Comparison of monthly average atmospheric GHG concentrations at a
global background site and two regional background sites
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CO:2 observations from Mount Wilson track the global background well, albeit with larger
variabilities and higher monthly average concentrations as a result of local emissions
from the LA basin (Figure 6, top left panel). The average CO2 concentration in the LA
basin increased from roughly 400 ppm in 2011 to over 420 ppm by 2020. Similarly, the
COz2 concentrations at the Walnut Grove site were also higher than at Mauna Loa for a
given year but had considerably larger inter- and intra-annual variability than the Mount
Wilson observations. As noted above, the measurements at Mount Wilson represent a
“basin average” number, while the Walnut Grove measurements reflect CO2 at one
location and are more sensitive to local emission sources. The more pronounced
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seasonal pattern at the Walnut Grove site can also be attributed to its location as a
receptor site for upwind sources from the Bay Area, as well as seasonal changes in
mixed layer depths, which trap air pollution emissions closer to the ground during cooler
months.

Observations from Mount Wilson and Walnut Grove also show higher CH4 values and
larger variabilities relative to the Mauna Loa background, which is due to the impact of
local emissions in their respective regions (i.e., the LA basin and the San Francisco Bay
Area). Similar to COg, larger inter- and intra-annual variability in CH4 is observed at
Walnut Grove. This is likely due to fundamental differences between the CLARS remote
sensing technique used at Mount Wilson and the in-situ measurement technique used
at Walnut Grove, and the proximity of the latter site to local CH4 emission sources.

Annual N20 concentration trends measured by the CLARS remote sensing instrument
show a similar trend in the LA basin as those measured at Mauna Loa, but with larger
interannual variability. By contrast, the trend in N2O concentrations at Walnut Grove
closely mirrors the global trend, which are both increasing by approximately 1 ppb per
year.

Why is this indicator important?

Global temperatures are directly linked to GHG levels in the atmosphere (IPCC, 2021).
The 2015 Paris Agreement aims to hold the increase in the global average temperature
to well below 2°C above pre-industrial levels and to pursue efforts to limit the
temperature increase even further to 1.5°C above pre-industrial levels (UNFCCC,
2016). GHG emissions reduction targets have been established to prevent atmospheric
concentrations from reaching levels at which catastrophic and irreversible impacts occur
(see Greenhouse gas emissions indicator). Atmospheric GHG concentrations help track
changes in the emissions of anthropogenic drivers of climate change and their
accumulation in, and removal from the atmosphere.

COz is a long-lived GHG responsible for roughly 65 percent of the total warming effect
caused by GHGs globally. It contributes to over 84 percent of the current GHG emission
inventory in California on a 100-year timescale (CARB, 2020a; WMO, 2016). Since CO2
is typically well-mixed in the atmosphere, measurements at remote sites can provide
integrated global background levels. The first and the longest continuous
measurements of global atmospheric COz2 levels were initiated by Charles D. Keeling in
1958 at Mauna Loa. For the first time, these measurements documented that
atmospheric COz2 levels were increasing globally. In the 1980s and the 1990s, it was
recognized that greater coverage of CO2 measurements was required to provide the
basis for estimating the emission impacts of sources and sinks of atmospheric COz over
land as well as ocean regions. Since CO2 remains in the atmosphere for many
centuries, its atmospheric levels can continue to increase even if its emissions are
significantly reduced.

Atmospheric CH4, N20, and F-gases contribute roughly 17 percent, 6 percent, and
12 percent, respectively, of the warming (referred to as radiative forcing”) caused by
globally well-mixed GHGs (IPCC, 2013; WMO, 2016). These pollutants could play an
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even more important role owing to their greater 100-year global warming potentials
(100-year GWP) as compared to that of CO2 (GWP = 1). Despite a much shorter
lifetime than that of COz2, these can cause significant climate impact in the near term,
and are called short-lived climate pollutants (SLCPs). For instance, CH4 has a 100-year
GWP of about 28, and remains in the atmosphere for about 12 years before removal,
whereas F-gases such as HCFC-22 and HFC-134a have GWPs of over 1,000, and can
remain in the atmosphere for one to two decades. On the other hand, N2O has a GWP
of 273 and remains in the atmosphere for roughly 120 years, which can result in long-
term climate impacts (IPCC, 2021).

High-precision measurements, such as those presented in this indicator report, are
essential for understanding GHG emissions from various sources — including human
activities, atmospheric processes, plants, soils, and oceans. Tracking the life cycles of
these GHGs provides information necessary for formulating mitigation strategies. Data
on atmospheric GHG levels, in particular, are needed to project future climate change
associated with various emission scenarios, and to establish and revise emission
reduction targets (IPCC, 2013).

In California, regional GHG emission sources may contribute to enhancements in the
concentrations of GHGs above global background levels. In addition to the monitoring
and measurement efforts undertaken by various researchers, CARB has also funded
several studies to utilize the atmospheric measurements from regional GHG monitoring
sites to infer the most likely distribution and strength of regional CO2, CH4, and N20
emission sources in California (Fischer and Jeong, 2016; Zhao et al., 2009, Cui et al.,
2019).

What factors influence this indicator?

The concentrations of CO2, CH4, N2O, and F-gases in the atmosphere reflect the
difference between their rates of emission and their rates of removal. The majority of the
changes observed in the global and regional GHG trends are directly related to human
activities such as fossil fuel combustion, biomass burning, industrial processes,
agricultural practices, and deforestation (IPCC, 2013). Additional discussion of factors
affecting the emission of these GHGs in California is presented in the Greenhouse gas
emissions indicator.

COz2 is continuously exchanged between the land, oceans, and the atmosphere through
physical, chemical, and biological processes (IPCC, 2021). Prior to 1750, the global
background CO:2 concentration was estimated to be less than 280 ppm (WMO, 2016).
During this period, the amount of COz released by natural processes (e.g., respiration
and decomposition) was almost exactly in balance with the amount absorbed by plants
during photosynthesis and other removal processes (WMO, 2016). The increase in the
CO:2 concentration today derives primarily from emissions related to fossil fuel
combustion and biomass burning. It is also directly related to changes in agricultural
practices and deforestation (IPCC, 2021). While more than half of emitted COz2 is
removed through natural processes within a century, about 20 percent remains in the
atmosphere for many millennia (Archer et al., 2009). Consequently, atmospheric CO2
will continue to increase in the atmosphere even if annual CO2 emissions are
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substantially reduced from present levels. It should be noted that, while increasing
levels of atmospheric CO:2 are affecting climate, changes in climate are likewise
affecting the processes that lead to CO2 uptake from, and release into, the atmosphere
(IPCC, 2021). For example, warming temperatures increase plant photosynthesis and
thus CO2 removal from the atmosphere, and wildfires release carbon stored by plants
back into the atmosphere.

Atmospheric CO2 concentrations reflect regional, as well as seasonal and inter-annual
influences. Due to its higher fossil fuel emissions, the Northern Hemisphere has higher
CO:z2 concentrations than the Southern Hemisphere. Seasonal variations are attributed
to seasonal patterns of plant growth and decay. Inter-annual variations have been
attributed to El Nifio and La Nifa climate conditions; generally, higher-than-average
increases in CO2 correspond to El Nifio conditions, and lower-than-average increases
correspond to La Nifia conditions (IPCC, 2021).

Atmospheric CH4 originates from both natural and anthropogenic sources. CHs is
emitted naturally from wetlands, oceans, termites, and geological sources.
Anthropogenic sources of methane include rice agriculture, livestock, landfills, waste
treatment, biomass burning, and fossil fuel and natural gas exploitation (i.e., extraction,
transmission, distribution, and use). The production of CH4 by many of these sources is
influenced by anaerobic fermentation processes and climate variables (notably
temperature and moisture). Atmospheric removal of CH4, on the other hand, is driven by
oxidation processes, a process likewise affected by climate variables.

Atmospheric N20 is naturally present in the atmosphere as part of the Earth’s nitrogen
cycle. Its primary driver is the breakdown of nitrogen by microorganisms that live in soil
and water (Anderson et al., 2010). Human activities such as agriculture, fossil fuel
combustion, wastewater management, and industrial processes account for 40 percent
of total N2O emissions globally (US EPA, 2021). In California, N20 is emitted in large
part from agricultural activities such as soil and manure management. In 2018, these
contributed to roughly 54 percent of total statewide N20O emissions (CARB, 2020a).
Most of the remaining 46 percent were attributed to the transportation, industrial,
commercial, and residential sectors. Commercial and residential application of synthetic
fertilizers over soil and lawn, in particular, plays a significant role in the nitrogen cycle;
the release of N20 from such fertilizers has been shown to vary based on their rate of
application and watering events.

N20 from fossil fuel combustion can vary significantly based on the technology,
maintenance, and operation of combustion equipment (Graham et al., 2009; Huai et al.,
2004). N20 is prevalent in the tail-pipe exhaust of motor vehicles when their engines
and catalytic converters are operating at sub-optimal conditions. N20 is also typically
generated as a by-product of synthetic fertilizer and other synthetic nitrogen production
processes. On the other hand, N20 is removed from the atmosphere through bacterial
activities and through photochemical reactions (US EPA, 2021).

F-gases do not exist in the natural environment; they are only emitted from
anthropogenic sources and are only removed through photochemical reactions in the
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upper atmosphere. F-gases have been used primarily as refrigerants in a variety of
applications, including stationary refrigeration and air conditioning, industrial production
and manufacturing processes, the transmission and distribution of electricity, and
vehicle air conditioning systems. CFC-11, CFC-12, HCFC-22, and HFC-134a emissions
derive largely from fugitive leaks, venting during the maintenance and servicing of
equipment, leaks from improperly maintained or damaged equipment, and the improper
disposal of equipment (Gallagher et al., 2014).

International, national, and state regulations affect the use, emission, and eventual
atmospheric concentrations of these substances. As noted above, pursuant to the
Montreal Protocol of 1987, CFCs were phased out and banned in the United States in
1996. Most of the HCFCs were phased out of new production and consumption as of
January 1, 2020. Driven by the phase-out of these ozone-depleting substances and by
increased demand for refrigeration and air conditioning, HFCs became the fastest
growing sources of GHG emissions in California and globally. They are now subject to a
production and consumption phasedown under the Kigali Amendment (to the Montreal
Protocol) starting in 2019 in ratified developed countries. The first group of developing
countries ratified in the amendment will begin the phasedown in 2029. The second
group of developing countries will have until 2032 to begin a phasedown. It is important
to note that the Kigali Amendment has yet to be ratified by the United States. However,
on December 27, 2020, U.S. Congress enacted the American Innovation and
Manufacturing (AIM) Act of 2020. The AIM Act directs the U.S. Environmental
Protection Agency (US EPA) to address HFCs by providing new authorities in three
main areas: to phase down the production and consumption of listed HFCs, manage
these HFCs and their substitutes, and facilitate the transition to next-generation
technologies.

California Senate Bill 1383 (Statutes of 2016) requires statewide reduction of HFC
emissions to 40 percent below 2013 levels by 2030 (CARB, 2017). In March 2018,
California adopted high global warming HFC prohibitions in certain stationary
refrigeration and foam end uses that were originally subject to the US EPA Significant
New Alternatives Policy program (SNAP) rules which were partially vacated by a court
case in 2017. Later in 2018, Senate Bill 1013 adopted the federal SNAP program in its
entirety, which included a provision for an incentive program to increase the adoption of
low global warming refrigerant technologies. Several other states that are part of U.S.
Climate Alliance followed California in adopting similar rules in their respective
jurisdictions. Despite existing measures, additional HFC emissions reductions are
needed to meet California’s 2030 statutory targets. In December 2020, CARB approved
additional HFC measures (previously identified in CARB’s short lived climate strategy
plan), including strict GWP limits on new refrigeration and air-conditioning equipment,
company-wide reduction targets for retail food refrigeration facilities, and a first of its
kind program requiring the use of reclaimed refrigerant known as the Refrigerant
Recovery Reclaim and Reuse or the R4 Program. In addition to national and
international measures, California is currently evaluating further HFC reduction
measures that will be needed to meet the Senate Bill 1383 target and long-term carbon
neutrality goals.
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Technical considerations

Data characteristics

The COz2 data presented above are a combination of data from the Scripps Institution of
Oceanography (SIO), the National Oceanic and Atmospheric Administration’s Earth
System Research Laboratory (NOAA-ESRL), Lawrence Berkeley National Laboratory
(LBNL), and CARB. In particular, NOAA-ESRL leads the Carbon Cycle Cooperative
Global Air Sampling Network, an international effort which utilizes regular discrete
samples from baseline observatories, cooperative fixed sites, and commercial ships
(NOAA, 2021a). Air samples are collected weekly in glass flasks and CO:2 is measured
by a non-dispersive infrared absorption technique (Keeling et al., 2001). The
measurements at Mauna Loa were initiated by Charles D. Keeling of SIO, and date
back to March 1958 (Conway et al., 2007). Monitoring at Point Arena was conducted
from 1999 through 2011, and at Trinidad Head from 2002 through 2017. At the SIO La
Jolla Pier, roughly one sample is collected each month during the period of record.

The Mount Wilson data shown here are from the California Laboratory for Atmospheric
Remote Sensing (CLARS) Fourier Transform Infrared Spectrometer (CLARS-FTS)
which measures the signatures of GHGs and pollutants from spectra of sunlight
scattered from the land surface. CLARS-FTS measures the total number of trace gas
molecules in the total optical path. Built by NASA’s Jet Propulsion Laboratory, CLARS
measures GHG emissions from sources across the Los Angeles (LA) air basin through
remote sensing measurements at 33 locations. The CLARS facility has been measuring
CO2 and CH4 continuously since September 2011 and N20 since May 2013, thus
providing the longest available remote sensing data record that covers the entire LA
basin (Zhao and Sander, 2021). The CLARS instrument builds up maps of GHG
distributions from remote sensing measurements at 33 locations in the LA basin, similar
to the data products from satellites. CLARS data presented here are representative of
average basin-wide concentrations. This is quite different from in-situ (“tower”) stations
which bring a local air sample into the instrument for analysis. CLARS-FTS is similar to
certain satellite instruments that measure trace gases (Fu et al., 2014; Wong et al.,
2015).

Data collection at Walnut Grove tower began in 2007 through collaboration between
researchers at LBNL and NOAA, with support from NOAA, the U.S. Department of
Energy (DOE), California Energy Commission (CEC), and CARB. The site was
equipped with an automated flask sampling system and real-time analyzers. These
provide measurements of a suite of GHGs as well as other compounds including the
radiocarbon of CO2. The Walnut Grove site is the first tall tower site in the world with
continuous CH4 measurements (under NOAA-ESRL’s Global Monitoring Division).

Ambient CH4 concentration data presented in this report were obtained from the NOAA-
ESRL, LBNL, and CARB networks. NOAA-ESRL collected ambient air samples in
evacuated flasks to detect CH4 using a flame ionization detector (FID) integrated with a
gas chromatograph (GC) system. LBNL and CARB network sites collect continuous air
measurements of CH4 using high-precision cavity ring-down spectroscopy (CRDS) with
the same collection frequency and quality control protocols. CH4 monitoring at Mauna
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Loa began in 1983, Point Arena in 1999, and Trinidad Head in 2002; monitoring was
discontinued at the California sites on 2011 and 2017, respectively.

Ambient N20O concentration data presented in this report were obtained from the NOAA-
ESRL, LBNL, and CARB networks. NOAA-ESRL collected ambient air samples in
evacuated flasks and utilized in situ systems to measure N20. LBNL and CARB network
sites use off-axis integrated cavity output spectroscopy to continuously measure N20O
concentrations. Quality control protocols similar to those applied for CH4 and CO2
measurements are instituted to obtain high-precision N2O measurements.

Ambient F-gas concentration data presented in this report were obtained from the
NOAA-ESRL network. NOAA-ESRL utilizes evacuated flasks to collect ambient air at
Mauna Loa and analyzes samples using GC systems integrated with an electron-
capture detector (ECD) and a mass spectrometer (MS). Data collection began in 2002
in Trinidad Head.

Strengths and limitations of the data

Measurement data from NOAA-ESRL undergo critical evaluation for quality control
(NOAA, 2021b). The long-term record at La Jolla, particularly when compared with the
longer-term data at Mauna Loa, presents valuable time-series information for tracking
GHG trends over the past half century (SIO, 2012). These data are useful for
characterizing seasonal variations and provide information about the coastal air that
travels into California. Although the La Jolla Pier at SIO extends considerably into the
ocean, the site can receive some air currents polluted with urban GHG emissions from
the Los Angeles area that mix with the oceanic and San Diego atmosphere. Likewise,
the Point Arena location, although coastal, occasionally captures onshore GHG
emissions. The Trinidad Head monitor sits on a peninsula extending into the ocean with
a tower, however, the air coming from the Pacific Ocean can back up on the nearby
coastal range mountains and backflow to the site, thus impacting the measurements of
GHG in the onshore air.

CARB’s Ambient GHG Monitoring Network and the Walnut Grove tower provide very
useful data to study regional GHG emissions trends throughout California and to
evaluate regional and statewide inventories in support of California’s climate program
(CARB, 2021b). These efforts rely heavily on highly accurate and precise
measurements of ambient GHGs analyzed using state-of-the-science instruments. This
inland network is comprised of eight monitoring stations located throughout California,
and CARB and LBNL have equipped these stations with highly accurate and precise
analyzers used to measure crucial climate influencers such as CO2, CH4, N20, and
black carbon (BC). Data from this network are used in several research studies. They
also form the basis of a series of comprehensive statewide inverse receptor-oriented
modeling efforts (Fischer and Jeong, 2016, Cui et al, 2019), as well as various trend
analysis studies used to verify and inform the statewide GHG emission inventory in
California.

Similarly, the CLARS instrument measures and tracks the GHG emissions from sources
across the LA air basin. Unlike individual in situ monitoring stations, the CLARS
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instrument has the unique capability to scan a large region multiple times a day through
remote sensing. CLARS measurements are less sensitive to the height of the mixed
layer and local sources, and unlike the in-situ monitors, CLARS data for some species
must also be corrected for light scattering by aerosols.
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ATMOSPHERIC BLACK CARBON CONCENTRATIONS (NO UPDATE)
Atmospheric levels of black carbon, a major short-lived climate pollutant, have
decreased dramatically in California since the 1960s.

Figure 1. Statewide annual average concentrations of black carbon
and diesel fuel consumption
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Note: Data after 2000 are based on a small number of monitors and may not be
representative of statewide concentrations.

What does the indicator show?

Long-term data show that ambient black carbon (BC) concentrations in California have
declined steadily (Figure 1). Annual average BC concentrations have dropped by more
than 90 percent over the past 50 years, from an average of 3.4 micrograms per cubic
meter (ug/m3) in the 1960s to 0.14 ug/m?3 since 2010. This dramatic decline in BC
concentrations in the last five decades occurred despite a seven-fold increase in
statewide diesel fuel consumption — the largest anthropogenic source of BC emissions
in California. New emission standards and restrictions on diesel engines and biomass
burning have significantly reduced atmospheric BC concentrations across the state
(Kirchstetter et al., 2017).

Archived records of coefficient of haze (COH) were used to reconstruct historical BC
concentrations. COH was one of the first measures of particulate matter (PM) pollution
used by regulatory agencies and was determined to be a strong proxy for BC. (Please
see Technical Considerations for a discussion of the data presented).
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Although there is considerable
variation, BC concentrations by
air basin generally followed the
decreasing statewide average
trend. As shown in Figure 2,

Figure 2. Estimated annual average
black carbon concentrations by air basin

downward trends occur across all ——South Coast

of the State’s major air basins 5 :::: JFLZ:E:VVQE 3
from the mid-1960s to the early = —San Diego
2000s. BC concentrations were E , | ——Sacramento Valley
considerably higher in the South 2 S Central Coast
Coast Air Basin than in the rest of § 3 | N Central Goast
California, at least until the mid- %

1970s; the lowest BC g,

concentrations were in the North 3

Central Coast Air Basin. 8 1

Why is this indicator important? 0 | | . | | | . . .
Black carbon is a light-absorbing 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
particle in the air, commonly known

as soot. Scientists recently Source: Ramanathan et al., 2013

determined that BC may be the
second most important contributor to global warming after carbon dioxide (COz2) (Bond
et al., 2013). However, it behaves very differently than long-lived greenhouse gases
such as COz2do. While greenhouse gases trap heat from the Earth’s surface, BC
contributes to climate warming by absorbing sunlight directly and releasing heat energy
in the atmosphere. CO2remains in the atmosphere for hundreds of years, while BC
particles are removed from the atmosphere by rain and by deposition after a few days
or weeks. However, although BC has a shorter lifespan, it is a much more powerful
warming agent than CO2. For example, one ton of BC has a warming effect equal to
900 tons of COz2 over a 100-year period. Over 20 years, one ton of BC has the warming
impact of 3,200 tons of CO2 (Bond et al., 2013). Hence, it is considered a critical short-
lived climate pollutant.

Black carbon influences the climate in several complex ways. In addition to its direct
warming effects, BC particles can deposit on snow, glaciers, and sea ice. This darkens
these light, frozen surfaces and reduces their reflectivity. Darker surfaces absorb more
solar energy, causing snow and ice to melt more quickly (Hadley et al., 2010; Hadley
and Kirchstetter, 2012). This early melting could significantly affect California’s summer
water supplies, which rely heavily on snowmelt runoff from the Sierra Nevada. Less
snowmelt runoff during the spring months, combined with warmer temperatures over
already dry areas, increases wildfire risks — which can in turn release more BC
particles.
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Black carbon can also change the reflectivity, stability, and duration of clouds. Its effects
are different depending on how much of it is in the air and where it occurs in the
atmosphere. Black carbon particles in a cloud layer can absorb solar radiation, heating
the air in it, and leading to cloud evaporation and reduction. However, quantification of
this indirect impact on the climate system is imprecise (Koch and Del Genio, 2010).

Reducing emissions of BC presents an opportunity to slow the rate of global warming in
the near term. Black carbon is also a component of PMzs air pollution (fine particulate
matter that is 2.5 microns or less in diameter). PM2.s has been linked to respiratory and
cardiovascular disease (US EPA, 2009). Hence, reduced BC emissions also provide
public health benefits. Control measures are projected to lead to substantial reductions
in BC emissions from mobile sources, preventing an estimated 5,000 premature deaths
in the State each year (CARB, 2016). These reductions are especially beneficial to
disadvantaged communities. For example, diesel particulate matter concentrations are
highest along freight corridors and near ports and rail yards where disadvantaged
communities are often located. Regardless of net climate forcing or other climatic
effects, all BC mitigation options bring health
benefits through reduced particulate matter e
exposure. A worldwide program along the lines of carbon emissions
what is being done in California would avoid | Casolna  Omfoad Braie
hundreds of thousands of premature deaths o 7 2%
annually (Anenberg et al., 2011). ,mmf,"ui't.on;
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Other anthropogenic sources include dust, waste disposal, residential natural gas
combustion, and unplanned structure and car fires. These sources and the ambient
concentrations of BC vary geographically and temporally. Emissions standards and
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restrictions implemented on diesel engines and biomass burning activities have had a
significant effect on decreasing ambient air BC concentrations across the State. In
2013, total anthropogenic BC emissions were about 38 million metric tons of carbon
dioxide equivalent (MMTCOze), using the 20-year Global Warming Potential (GWP)
value of 3,200 from the IPCC Fifth Assessment Report (IPCC, 2013).

Anthropogenic BC emissions do not include forest-related sources (i.e., wildfires and
prescribed burning). Wildfire is the largest source of BC emissions in California,
contributing an estimated 87 MMTCO:2e annually (calculated as a ten-year annual
average); prescribed fires, an important tool for forest managers, emit an estimated

4 MMTCO:ze. (To provide a more representative view of emissions without large
year-to-year variability driven by natural forces, forestry emissions are calculated as a
ten-year average) (CARB, 2017).

As shown in Figure 1, the largest decline in BC concentrations occurred in the years
before 1975, coinciding with the adoption of state and federal air quality regulations.
These include tailpipe emission limits established by California in the mid-1960s, federal
emission standards for stationary sources and motor vehicles adopted in the mid-1960s,
and diesel emission controls introduced nationally in 1970. Between 1975 and 1990, BC
levels declined more gradually, likely due to the replacement of older, more polluting
diesel vehicles as a result of on-road heavy-duty diesel particulate matter emission
standards adopted in 1973 by California. BC concentrations decreased more rapidly
after 1990, despite intermittent increases in the early 2000s (Kirchstetter et al., 2008).
Retrofitting of urban transit buses with oxidation catalysts, limits on sulfur content in
diesel fuel, changes in diesel engine technology, and restrictions on agricultural burning
and residential wood combustion, among other measures, contributed to the reductions.

Existing regulatory programs, including ongoing efforts to reduce tailpipe emissions
from trucks and buses, will continue to reduce BC emissions. For example, further
reductions are expected from stricter diesel engine emission standards implemented by
the state in 2007 and the complementary low-sulfur fuel introduced nationally in 2006.
To comply with federal air quality standards, control measures that reduce PMz5
pollution (including BC and other constituents) are projected to decrease BC emissions
from mobile sources in California by 75 percent between 2000 and 2020 (CARB, 2016).
Senate Bill 1383 (Chapter 395, Statutes of 2016) sets a target to reduce BC emissions
by 50 percent below 2013 levels by 2030, with a focus on disadvantaged communities.

Technical Considerations

Data Characteristics

Because of their short residence time in the atmosphere and their strong dependence
on local sources, particles exhibit high spatial and temporal variation, requiring frequent
measurements at numerous sites to reliably track trends. However, few extensive
records of particle concentrations are available. One of the first measures of PM
pollution used by regulatory agencies, the coefficient of haze (COH), was determined to
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be a strong proxy for BC, based on co-located field measurements of BC and COH.
Archived records of COH, a now-retired measure of light-absorbing PM, were used to
reconstruct historical BC concentrations. BC concentrations were inferred from COH
data based on a relationship determined from statistical analyses (see Chapter 2.0 of
Ramanathan et al., 2013). Statewide average BC concentrations were computed
separately using data from CARB (1963 to 2000), and US EPA (1993 to 2007).

Where the US EPA and CARB datasets overlap, agreement is very good. The location
and number of COH monitors operating in California has varied over time. From the
mid-1970s to 2000, 30 or more COH monitors were in operation for the majority of the
year, but these dropped to 15 by mid-2000 (mainly in the US EPA dataset). Hence, the
data after 2000 are based on a smaller number of monitors, and may not be as
representative of statewide concentrations.

Data from 2007 to 2017 are from the US EPA’s Chemical Speciation Network (CSN).
Since early 2000, about 17 CSN sites have been providing information on PM2.s
concentrations in California’s ambient air. Samplers operate on a 24-hour schedule from
midnight to midnight, generally sampling every third day or every sixth day. CSN must
meet all federal and state requirements for monitoring methodology and quality
assurance. CSN is designed to track the progress of PM2.s emission reduction
strategies through the characterization of trends of individual PMz.5 species, including
BC. Although the CSN network has been collecting BC data since 2000, the collection
and analysis methods were different during the first few years of the program (Chow et
al., 2007). The differences were significant enough to affect the trends, therefore data
from the CSN network prior to 2007 are not presented in Figure 1.

Strengths and Limitations of the Data

For the purposes of climate change study, BC is defined as the carbon component of
PM that absorbs light. A significant advantage of monitoring BC by an optical method is
that it delivers results in real time with a high time resolution (in minutes). However, BC
as a component of PM is difficult to measure. Methods that measure light absorption in
PM assume that BC is the only light-absorbing component present. However, some
components of organic carbon can also be light-absorbing. The impact of BC on climate
forcing is well established, but the magnitude and wavelength dependence of
absorption by organic carbon (often called brown carbon, a by-product of the biomass
burning) is poorly constrained. Existing methods, such as using an enhanced
thermal/optical carbon analyzer with multi-wavelength capabilities, can add value to
current PM monitoring programs by providing a complete identification and quantitation
of the carbonaceous component of ambient aerosols in near-real time.

Emissions inventories for climate change studies have focused primarily on greenhouse
gases. Most of the important sources of greenhouse gases are also important sources
of health-related pollutants. Likewise, BC is emitted primarily from combustion sources
which are also important sources of health-related pollutants. California’s BC inventory
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relies on PM inventories coupled with speciation profiles that define the fraction of PM
that is BC. However, it is a challenge to estimate statewide BC emissions, and to define
speciation profiles for all sources. Hence, improved emissions inventory methodologies
and tools developed for health-related pollutants can also provide opportunities for
improving climate change emission inventories (and vice versa).
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ACIDIFICATION OF COASTAL WATERS

As atmospheric concentrations of carbon dioxide increase, so do levels in the ocean,
part of a process known as “ocean acidification.” While long-term data for California
waters are limited, carbon dioxide measurements at one offshore location near Point
Conception are similar to those from monitoring off Hawaii. They show increases in
seawater carbon dioxide levels accompanied by increasing acidity (measured as pH).
This phenomenon has been observed at multiple sites in the world’s oceans.

Figure 1. Seawater carbon dioxide and pH
off Hawaii and Point Conception, CA
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Carbon dioxide (measured as the partial pressure of CO2 in seawater) from the Hawaii Ocean Time-
Series (HOT) site (grey) and two offshore California sites (CCE1 blue, and CCE2, orange). Records
of pH are from HOT.

What does the indicator show?

This indicator shows that the oceans are becoming more acidic. This is clear in levels of
carbon dioxide (COz2) and pH (a measure of acidity) in seawater off the coast of Hawaii,
as shown in Figure 1. Levels of CO2 are expressed as the partial pressure of carbon
dioxide, or pCOz2 (which refers to the pressure that CO2 contributes to the total pressure
of the mixture of gases present in seawater). Off the coast of California, the levels of
CO2 measured since 2008 at “CCE1” located 140 miles off Point Conception near Santa
Barbara are generally similar to those measured at similar time points at Station Aloha
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off Hawaii, also shown in Figure 1. At CCEZ2, a second location 20 miles from Point
Conception, levels show greater variability (values range from 330 to

520 microatmospheres (natm)). This is likely due to its location closer to shore, where
concentrations are influenced by seasonal changes in upwelling (Sutton et al., 2019;
also see Coastal ocean temperature indicator). Upwelling is the wind-driven movement
of deep, cool, carbon- and nutrient-rich ocean water to the surface, replacing the
warmer, usually nutrient-depleted surface water.

Measurements at CCE1, Figure 2. Location of CO, monitoring sites
which began in
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levels have increased steadily at the rate of about 1.8 patm/year, and the pH has
decreased at the rate of 0.002 unit per year over this time period. At seven long-term
monitoring sites around the globe, measurements of pCO2 and pH show similar
changes over the last three decades: pCO:2 has increased by 1.29 to 2.95 patm/year,
and pH has decreased by 0.0013 to 0.0025 unit/year (Bates et al., 2014). Monitoring at
Station Aloha off Hawaii provides the longest-running measurements of ocean acidity in
the North Pacific Ocean.

Why is this indicator important?

COz2 is considered to be the largest and most important anthropogenic driver of climate
change. It is continuously exchanged between land, the atmosphere, and the ocean
through physical, chemical, and biological processes. Since the mid-1980s the ocean
has absorbed approximately 20 to 30 percent of the COz2 released into the atmosphere
by human activities (Bindoff et al., 2019; Canadell, et al., 2021; Friedlingstein et al.,
2022); this process has significantly reduced the COz concentrations in the atmosphere
and minimized some of the impacts of global warming (Rhein et al., 2013). As
atmospheric CO2 concentrations continue to increase, so do CO2 concentrations in the
ocean, changing the carbonate chemistry of seawater — a process termed “ocean
acidification” (Caldeira and Wickett, 2003; Doney et al., 2009). The net result of adding
COg2 to seawater is an increase in hydrogen ions (H+) — which increases seawater
a;;éity and lowers seawater pH — along with a decrease in carbonate ion, a
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fundamental ‘building block’ for organisms known as “calcifiers,” that forming shells or
skeletons. The concentration of carbonate ions in seawater is commonly measured
using the saturation state of aragonite, a soluble form of calcium carbonate used by
calcifiers, expressed as the term Q. When Q is less than 1, exposed calcium carbonate
structures begin to dissolve (Pershing et al., 2018). Global marine ecosystems face
serious threats from ocean acidification, deoxygenation (see Dissolved oxygen in
coastal waters indicator) and ocean warming (see Coastal ocean temperature
indicator).

Tracking anthropogenic emissions of CO2 and the distribution among the atmosphere,
land, and ocean provides a better understanding of the global carbon cycle and informs
the development of climate policies (Friedlingstein et al., 2022). Future scenarios project
that the ocean and land will be less effective as sinks, and thus at slowing the
accumulation of COz in the atmosphere with increasing emissions (Gulev et al., 2021).
Nevertheless, the ocean holds great potential for uptake and long-term storage of COo..
Approaches to enhance ocean’s carbon capacity without further acidifying ocean
environments are an area of intense research. The National Academies has
recommended a research agenda to assess the benefits, risks, and potential for
responsible scale-up of ocean-based carbon dioxide removal strategies, and to ensure
that no unintended and potentially irreversible harm to natural systems and coastal
communities result (NASEM, 2021). Examples include nutrient fertilization to stimulate
marine phytoplankton growth, artificial upwelling and downwelling, and seaweed
cultivation.

Many economically and ecologically important West Coast species (such as oysters,
mussels and crabs) have been documented to show direct responses to acidification
(Chan et al., 2016). Although many studies have investigated the effects of ocean
acidification on marine species, establishing threshold values for pH that sufficiently
capture the concentrations at which harmful responses occur is challenging. For
example, thresholds in for a species can vary with endpoints, life stage and spatial and
temporal exposure patterns (Bednarsek et al., 2021a, b; BednarsSek et al., 2019).
Further ocean acidification, combines with deoxygenation and ocean warming in
producing these effects and how this occurs is not well understood. In a review of the
literature on possible “tipping points” relating to ocean acidification, the authors
concluded that the lack of long-term monitoring and the complexity of ecosystem
responses to ocean acidification have made the detection of such tipping points difficult
(Heinze et al., 2020).

Several biological processes in marine organisms are sensitive to changes in seawater
chemistry. The best-documented and most widely observed biological effects on
calcifiers (including plankton, mollusks, and corals) are decreased calcification rates
and/or shell dissolution due to reduced carbonate ion levels under reduced pH
conditions (e.g., BednarSek et al., 2014; Bednarsek et al., 2021a, b; BednarSek et al.,
2019; Feely et al., 2018; Gaylord et al., 2011; Hodgson et al., 2018; Lord et al., 2019;
Mekkes et al., 2021; Osborne et al., 2020; Rose et al., 2020; Swezey et al., 2020).
Controlled laboratory experiments and field observations have documented decreased
shell size/thickness in shellfish and elucidated these processes (Barton et al., 2012;
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Gaylord et al., 2011; Hettinger et al., 2012 and 2013; Miller et al., 2009; Waldbusser et
al., 2013). Impacts on calcifiers can be amplified across marine food webs when they
affect sea snails (pteropods), single-celled amoeboid organisms (called foraminifera)
and other key links in the marine food chain; can lead to the degradation of the habitat
provided by corals, mussels, oysters and other structure-forming taxa; and can reduce
the water filtration services provided by bivalves (e.g., Feely et al., 2016; Hollarsmith et
al., 2020; Osborne et al., 2020; Mekkes et al., 2021). In Tribal listening sessions,
several Tribes, including the Coastal Band of the Chumash Nation and the Santa Ynez
Band of Chumash Indians have reported that they have seen a decrease in abalone (a
cultural keystone species), Pismo clams and Olivella shells due to ocean acidification
(Pala Band of Mission Indians and Santa Ynez Band of Chumash Indians, 2021).

In lower pH ocean waters, organisms face greater challenges in maintaining internal
acid-base balance, leading to effects on the physiology and behavior of marine species
(e.g., Somero et al., 2016; Hodgson et al. 2018; Jellison et al., 2016; Gaylord et al.,
2018; Contolini et al., 2020; Rose et al., 2020). Other potential effects of ocean
acidification result from changes in the ionic form of marine nutrients and potentially
harmful substances (such as metals); increased photosynthetic rates in carbon-fixing
organisms; altered reproduction and survival in organisms; and reduced olfaction
(sense of smell) in fish. Broader ecological consequences include trophic mismatch
(Kroeker et al., 2021) and altered predator-prey and other species interactions, such as
herbivory and competition (e.g., Ferrari et al., 2011; Kroeker et al., 2014; Sanford et al.,
2014; Gaylord et al., 2018; Magel et al., 2020; Hodgson et al., 2018; Contolini et al.,
2020; Lord et al., 2019).

Regional biological indicators can help improve the understanding of impacts of ocean
acidification and other stressors on California’s varied smaller-scale ocean ecosystems
(Duncan et al., 2019; Duncan et al., 2013). A comprehensive review and analysis of
biological responses to ocean acidification has identified possible indicator species and
variables to consider in selecting indicators of ocean acidification (Kroeker et al., 2013).
Among the most important traits of candidate indicator species are sensitivity to the
environmental factor of interest, ecological value, presence over a wide geographic
extent, and accessibility and familiarity to local communities (Gaylord et al., 2018).
Some potential indicators of the biological impacts of ocean acidification in California
waters are:

e The California mussel (Mytilus californianus), a familiar and well-recognized intertidal
organism throughout the US West Coast. It is a classic “foundation species” that
dramatically influences community structure both through its dominant status and its
role in providing habitat (mussel beds) for hundreds of other species (Suchanek,
1992; Duncan et al., 2019; Rose et al., 2020). The distribution of M. californianus
spans the entire west coast of the US (Morris et al., 1980; Rose et al., 2020),
including most of the state’s shoreline Marine Protected Areas. Life history can play
a critical role in mussel response to ocean acidification: newly settled M.
californianus retain larval shells which have been shown to be smaller when larval
stages occurred in lower pH seawater; further, overall health is reduced when lower
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pH conditions are combined with warmed waters (Gaylord et al., 2018; Rose et al.,
2020). Not only are California mussels affected by changes in seawater chemistry,
they are accessible on shore when tides recede. M. californianus has already been
identified as an indicator species by two National Marine Sanctuaries in California
(Gaylord et al., 2018).

e Kiill, a fundamental and important component of the marine food web. Krill have
been shown to be sensitive to ocean acidification, with responses that include
reductions in growth rates and increased mortality (e.g., Cooper et al., 2017;
McLaskey et al., 2016).

e Pelagic snails (pteropods), that have delicate shells subject to severe dissolution
when exposed to low pH seawater (Duncan et al., 2019; Engstrom-Ost et al., 2019;
Mekkes et al., 2021). Dissolution of shells of Limacina helicina, the most dominant
pteropod within the California Current Large Marine Ecosystem, have been
demonstrated to occur in waters with low levels of aragonite (the form of calcium
carbonate used by marine calcifiers), thus underscoring the species’ susceptibility to
ocean acidification (Bednarsek et al., 2014; Bednar$ek et al. 2018; Busch et al.,
2014; Mekkes et al., 2021) (see Figure 3). Pteropods are ecologically important as
prey for commercial fish species.

Figure 3. Dissolution of pelagic snail shells exposed to corrosive seawater

Source: Figure 7, Busch et al., 2014

Images of Limacina helicina, a pelagic snail, after week-long incubation in Puget Sound waters at the
following levels of aragonite (a form of calcium carbonate, Q,) levels: [A] Q, ~ 1.59, corresponding to
current summer surface conditions; [B] Q. ~0.56, current deep water or surface conditions during
upwelling; and [C] Q, ~0.28, future deep water or surface conditions during upwelling. Corrosion is
evident on the ribs of the shell in [B], and [C] shows shell perforations.

The Fourth California Climate Assessment noted that “ocean acidification presents a
significant and well-established threat to commercial fisheries and farmed shellfish, and
therefore human coastal communities” (Sievanen et al., 2018). This supports a growing
body of literature that explores the connections between ocean acidification, coastal
economies, and human communities (e.g., Doney et al., 2020).
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What factors influence the indicator?

The Intergovernmental Panel on Climate Change (IPCC), in its Sixth Assessment
Report, concluded that the uptake of anthropogenic CO2 emissions is the main driver for
the global decline in ocean water pH over the last 40 years (Gulev et al., 2021). The air-
sea exchange of carbon dioxide is determined largely by the difference in the partial
pressure of CO2 between the atmosphere and the ocean; as the partial pressure of CO2
in the atmosphere increases with increasing emissions, the ocean absorbs more of it to
reach equilibrium. Long-term measurements of ocean carbon content at seven
monitoring sites around the globe (including the Hawaii Ocean Time Series presented in
Figure 1) collectively show consistent and coherent changes in the uptake of CO2 by the
ocean. At decadal time scales, the rate of ocean acidification in these open ocean
surface waters generally approximates the rate of COz2 increase in the atmosphere
(Bates et al., 2014).

The air-sea CO:2 interchange — which is driven by differences in the amount of COz in air
compared to water -- is influenced by biologically-mediated reactions (photosynthesis,
respiration, and precipitation and dissolution of calcium carbonate). Photosynthesis and
respiration remove and add COz2 to seawater, respectively. In coastal habitats, kelp
forests and seagrass meadows can locally ameliorate high CO2 concentrations by
removal of CO2 via photosynthesis; these effects, however, are temporary (Hirsh et al.,
2020; Ricart et al., 2020). Shell formation by marine calcifiers also affects the carbonate
chemistry of surrounding seawater by locally reducing buffering capacity and increasing
pCO2.

While biological processes play an especially key role in determining shorter-term (daily
to seasonal) variability in pH and pCOz2 in seawater (Wootton et al., 2008; Hoffman et
al., 2011), air-sea exchange processes dominate the longer-term interannual-to-decadal
trends. Along the West Coast, ocean acidification adds to the already naturally high
values of carbon dioxide in upwelled waters. The unique oceanography of the California
Current Large Marine Ecosystem may provide early indication of the impacts of ocean
acidification and decreasing dissolved oxygen; California’s coastal waters are
experiencing more acidified and lower oxygen conditions well earlier than most other
regions (e.qg., Feely et al., 2008; Hauri et al., 2009; Gaylord et al., 2018; Hodgson et al.,
2018; Osborne et al., 2020). The interactions between upwelling, hypoxia, and ocean
acidification are well explored (e.g., Cheresh and Fiechter, 2020).

In addition to seasonal patterns in ocean chemistry tied to upwelling processes,
changes associated with large-scale climate oscillations such as El Nifio and the Pacific
Decadal Oscillation can alter the ability of oceanic waters to serve as either a sink or a
source of COz2. This can occur through seawater temperature changes as well as
through ecosystem variations that occur via complex physical-biological interactions
(Chavez et al., 2007). For example, during El Nifio, upwelling of high CO2 waters is
dramatically reduced along central California so that flux out of the ocean is reduced; at
the same time, ocean uptake of COz is also reduced because of lower photosynthetic
activity, as nutrients that would have been carried to the surface by upwelled waters are
less available. Modeled estimates of pH and aragonite saturation state (a measure of
whether calcifying organisms will be able to form shells, or if shells are more likely to
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dissolve) along the southern California coast from 1985 to 2014 suggest a persistent
shift in ocean acidification-related seawater conditions from the decade prior to the
strong 1997-1998 El Nifio event to the decade after it (McClatchie et al., 2016). In the
southern California Current System, subdecadal (2005-2011) estimates for pH and
related parameters reveal a pronounced seasonal cycle and inter-annual variability in
the upper water column (15-500 meters depth) (Alin et al., 2012). Changes in the local
biogeochemistry, carbon chemistry, and saturation state were also documented during
the 2014-2016 heat wave event on the California coast (Lilly et al., 2019).

The variability in the data of pCOz2 levels in Figure 1 (CCEZ2 location) compared to open
ocean waters (CCE1 location) reflects the more complex acid-base chemistry dynamic
of coastal waters (NAS, 2010). In addition to upwelling and other climate-related
processes, coastal waters can be affected by localized freshwater and atmospheric
inputs, organic matter and nutrients from land, and processes in the underlying
sediments. The seasonal, monthly, and daily variability that can occur from biological
and oceanographic processes has been observed at other monitoring stations along the
California coast (e.g., M1 mooring in Monterey, Hog Island Oyster Company store
station, Carlsbad Aquafarm shore station) (CenCOOS (Monterey), 2021; IPACOA
(shore stations), 2021; see references for URLs to access data from these stations).
Knowledge of short-term variability of COz in seawater is important to interpret any
changes attributed to anthropogenic processes at a given location. An analysis of pCO2
and pH data collected at 40 monitoring stations (in four ocean basins, representing a
range of ocean, coastal and coral reef locations) estimated the length of the record
needed to distinguish anthropogenic trends from natural variability to be 8 to 15 years at
open ocean sites (such as CCE1, estimated at 12 years) and 16 to 41 years at coastal
sites (such as CCEZ2, estimated at 24 years) (Sutton et al., 2019).

Despite the global nature and the widespread implications of ocean acidification, a
unified policy response analogous to international efforts to limit greenhouse gas
emissions has yet to be developed (Collins et al., 2019). Since it takes decades to
millennia for the ocean subsurface to respond to changes at the surface, the ocean is
already “committed” to changes resulting from current atmospheric greenhouse gas
levels, even after concentrations stabilize; thus, ocean acidification is irreversible on
timescales relevant to human societies and ecosystems (IPCC 2019).

Technical considerations

Data characteristics

Monitoring along the California coast includes moorings with carbon dioxide and pH
sensors, regular measurements of inorganic carbon species on oceanographic cruises,
calculation of aragonite saturation state, and shore-based observations of carbon
chemistry in nearshore waters. These monitoring efforts are included in large-scale
monitoring programs, for example within the US Integrated Ocean Observing System
(I00S) and the National Oceanic and Atmospheric Administration (NOAA) ocean
acidification observing network, all carried out in collaboration with a wide range of
national, regional, and international partners. Many of these efforts can be viewed in
real time through an online data portal (IPACOA, 2021).
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Integrated biological, chemical, and physical oceanographic monitoring may elucidate
broad-scale impacts of ocean acidification and climate change. Long-term ecological
monitoring programs for intertidal and subtidal ecosystems (e.g., LIMPETS, MARINe,
and PISCO), the Marine Protected Area Monitoring efforts (e.g., Ocean Science Trust),
and oceanographic monitoring by the Applied California Current Ecosystem Studies
(ACCESS) provide essential data to support a better understanding and interpretation of
the impacts of ocean acidification for California.

The CCE1 mooring (140 miles southwest of Point Conception) was deployed in
November 2008 as part of a multi-investigator, multi-disciplinary project by NOAA'’s
Pacific Marine Environmental Laboratory. The project expanded to include the CCE2
mooring, at the shelf break closer to Point Conception, in 2010. Sensors on these
moorings measure aspects of biological, chemical, and physical oceanography as well
as meteorology; data are collected every three hours. This project is closely coordinated
with other projects off of Southern California such as the California Cooperative Oceanic
Fisheries Investigations, and the California Current Ecosystem Long Term Ecological
Research, and the Consortium on the Ocean’s Role in Climate.

Figure 1 features data from the Hawaii Ocean Time-series (HOT) program for
comparison. This program has been making repeated observations of the chemistry,
and biology of the water column at a station north of Oahu, Hawaii, since October 1988.
Cruises are made approximately once per month to the deep-water Station Aloha
located 62 miles north of Oahu, Hawaii. Calculated values of pH and pCO:2 are obtained
from measured parameters; direct measurements of pH are also made at sea.

Despite the central importance of data for detecting long-term changes in the ocean’s
carbon system, coordinated observing networks in the US coastal and estuarine waters
did not exist until the early 2010s, following the establishment of NOAA’s Ocean
Acidification program (NOAA, 2021). Historically, assessments of changes to the
carbonate system relied on a handful of data records worldwide (none of which
operated in California waters, and the longest of which began only in the early 1980’s)
(Bates et al., 2014). Recent studies have focused on ways in which to build monitoring
frameworks and identify gaps (e.g., Turk et al., 2019; Taylor-Burns et al., 2020).

Strengths and limitations of the data

Given that pH and/or pCO2 of seawater are variable in many of California’s marine
ecosystems, datasets of these carbonate chemistry parameters will need to be of
sufficient length before trends beyond natural variability can be detected (Sutton et al.,
2019). Hence, a limitation of the ability to detect long-term trends in carbonate chemistry
off California’s coast is that the monitoring sites have not been continuously operated,
due to funding limitations, and many focused on ocean acidification were more recently
initiated. Measurements of pH, in addition to pCO2, will allow a more accurate and
precise evaluation of the changes associated with ocean acidification. Future expansion
and extension of the current monitoring network for ocean acidification was a major
recommendation of the West Coast Ocean Acidification and Hypoxia Panel (Chan et al.,
2016). Ideally this will take shape via a robust, integrated monitoring system for ocean
acidification and hypoxia that is integrated with biological monitoring.
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Climate, which is generally defined as “average weather,” is described in terms of the
mean and variability of temperature, precipitation, and wind over a long period of time.

Warming of the climate is unequivocal, and the dominant effect of human activities in
driving this change is clear (IPCC, 2021). Global surface temperatures during 2011-
2020 were 0.95 to 1.20°C (1.71 to 2.16°F) warmer compared to 1850-1900 (IPCC,
2021). Each of the last four decades has been successively warmer than any preceding
decade, with temperatures increasing at a faster rate since 1970 than in any other 50-
year period over the past 2000 years.

Warming trends in the United States and California — including the acceleration of
warming trends — are consistent with global changes. The average surface temperature
for the contiguous 48 states has risen by about 0.16°F per decade since 1901; eight of
the top ten warmest years on record have occurred since 1998, with 2012 and 2016
being the warmest (US EPA, 2021). Similarly, in California the past decade included
eight of the warmest years; record high temperatures occurred in 2014 and 2015. As
expected in a warming climate, temperatures at night — which generally correspond to
minimum temperatures — increased faster than daytime temperatures. Warmer nights
can impact public health, especially for certain sensitive groups, and can affect fruit and
nut tree production in the state’s agricultural regions. Extreme heat events have become
more frequent since 1950, especially in the last 30 years. These warming trends have
been accompanied by an increase in “cooling degree days,” a temperature-based
metric that indicates a greater need for energy to cool homes and buildings.

In California, precipitation has become more variable in recent decades, with very dry
years interspersed with very wet years. This variability has been influenced by
“atmospheric rivers,” long, narrow bands that transport most of the water vapor
originating from the tropics to the poles (NOAA, 2017).

With warmer temperatures and lower precipitation volumes, drought conditions continue
in the state. In fact, years 2000 to 2021 have been the driest 22-year period in the last
millennium in California and the rest of the southwestern United States—part of what
scientists are now calling an emerging “megadrought” era (Williams, et al., 2022).

Climate change is already making many weather and climate extremes such as
heatwaves, heavy precipitation, and droughts even more extreme in every region
across the globe (IPCC, 2022). In 2021, an unprecedented number of devastating
extreme events occurred across the United States, costing an unprecedented $152.6
billion. In the past five years, such weather events are estimated to have cost more than
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$14.2 billion/year in California — more expensive than in any other time period (NOAA,
2022).

INDICATORS: CHANGES IN CLIMATE

Air temperature (updated)

Extreme heat events (updated)

Winter chill (updated)

Cooling and heating degree days (updated)
Precipitation (updated)

Drought (updated)
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AIR TEMPERATURE

Air temperatures have increased over the past century, driven mainly by changes in
nighttime temperatures.

Figure 1. Statewide annual average temperatures
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What does the indicator show?

Statewide air temperatures show a warming trend consistent with that found globally
(IPCC, 2021; also see the globalwarmingindex). They have been recorded since 1895.
Figure 1 presents annual average temperatures statewide. Annual average
temperatures have increased by about 2.5 degrees Fahrenheit ('F) (or about 2°F per
century, which is a common way of measuring long-term temperature changes). Recent
years were notably warm, with 2014 being the warmest on record, followed by 2015,
2020, 2017, 2016, and 2018. Some of these warmest years coincided with some of the
driest years in the instrumental record and led to exacerbated drought conditions due to
increased land surface temperatures, evapotranspiration, and evaporative demand.

Figure 2 depicts “departures” by decade from a long-term average (base period of 1901
to 2000) for minimum, mean, and maximum temperatures. Departures are the
difference between each decade’s value and the long-term average. Before the 1930s,
temperatures were cooler than the long-term average, then hovered around the average
between the 1940s and the 1970s. The last four decades showed marked warming, as
temperatures increased at a faster rate. Minimum, average, and maximum
temperatures have increased overall. Minimum temperatures (which reflect overnight
low temperatures) have increased the fastest.
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Figure 2. Statewide Temperatures, Decadal Averages
(relative to the 1901-2000 long-term average®)
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* Values shown for each decade are “departures” from the long-term average, 1901-2000—
that is, the difference between the long-term average and the average for the decade.

Figure 3. Regional and statewide temperature trends
(1895 to 2020)
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As shown in Figure 3, statewide minimum temperatures rose at a rate of 2.9°F per
century. Maximum temperatures rose at 1.1°F per century. As minimum temperatures
have increased the fastest, the increasing trend in the average California temperature is
driven more by nighttime processes than by daytime processes.
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All of California’s 11 climate regions have experienced warming trends over the last
century, although at varying rates (Figure 3). The greatest increases are observed in the
Sonoran Desert and South Coast regions. Minimum temperatures showed the greatest
rate of increase in all the regions, consistent with statewide trends.

Why is this indicator important?

Temperature is a basic physical factor that affects many natural processes and human
activities. Warmer air temperatures alter precipitation and runoff patterns, influencing
the availability of freshwater supplies. Increased temperature leads to a wide range of
impacts on ecosystems — including changes in species’ geographic distribution, in the
timing of life cycle events, and in their abundance — as well as on human health and
well-being. In addition, warming temperatures affect energy needed for cooling and
heating, which in turn influences the types of energy generation, infrastructure, and
management policies needed to meet these demands. Temperature changes can also
increase the risk of severe weather events such as heatwaves and intense storms.
Understanding observed temperature trends is important for refining future climate
projections for climate-sensitive sectors and natural resources within the state (Cordero
et al., 2011).

What factors influence this indicator?

Carbon dioxide and other greenhouse gas emissions into the atmosphere since the
Industrial Revolution in the mid-1700s have driven unprecedented warming worldwide.
(IPCC, 2021). Emissions of these greenhouse gases intensify the natural greenhouse
effect, causing surface temperatures to rise. Greenhouse gases absorb heat radiated
from the Earth’s surface and lower atmosphere and reflect much of the energy back
toward the surface.

Temperatures are influenced by local topography, elevation, proximity to the ocean, and
global and regional atmospheric and oceanic circulations. As previously mentioned,
Figure 3 illustrates geographic differences in warming trends (WRCC, 2021). Regional
information can be obtained from the California Climate Tracker. Climate patterns can
vary widely from year to year and from decade to decade, in accordance with large-
scale circulation changes around the Earth. The Pacific Ocean has a major effect on
California temperatures all year along the coast, especially summer, and farther inland
in winter. In addition to topography, local influences on temperature include changes in
land surface and land use. For example, urbanization of rural areas is generally known
to have a warming effect, due in large part to the heat-absorbing concrete and asphalt
in building materials and roadways. Expansion of irrigation has been shown to have a
cooling effect on summertime temperatures (Bonfils and Lobell, 2007).

Statewide seasonal temperature trends are shown in Figure 4. Across the seasons,
minimum temperatures are increasing faster than maximum temperatures. Trends for
the more recent time period (from 1971 to 2021, solid line in Figure 4) are greater than
trends since 1895 (dotted line). The greatest increases in minimum temperatures
occurred in the summer and fall over both time periods. For maximum temperatures,
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the greatest increases over the entire period of record occurred in the fall and
winter; since 1971, the greatest increased occurred in the fall and summer.
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Figure 4. Seasonal air temperature trends in California
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Technical considerations

Data characteristics

The Western Regional Climate Center (WRCC)’s California Climate Tracker provides
monthly temperature values in California from 1895 to the present using the PRISM
Climate Mapping Program from Oregon State University. PRISM is an analytical tool
that generates fine scale grid-based estimates of monthly precipitation and temperature.
The “About the California Climate Tracker” page provides more information. (WRCC
has updated its methodology since the previous report for determining historical
temperatures, so values in the current edition of this report slightly differ from the
previous edition).

Strengths and limitations of the data

The datasets used are subjected to their own separate quality control procedures, to
account for potentially incorrect data reported by the observer, missing data, and to
remove inconsistencies such as station relocation or instrument change.

The PRISM dataset offers complete coverage across the state for every month of the
record. Limitations include the bias of station data toward populated areas and the
limited ability of quality control processes in remote or high terrain areas. The dataset is
constantly updated to map climate in the most difficult situations, including high
mountains, rain shadows, temperature inversions, coastal regions, and associated
complex climate processes.

OEHHA acknowledges the expert contributions of the following to this report:
Dan McEvoy
Western Regional Climate Center
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Michael L. Anderson, Ph.D., P.E.
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California Department of Water Resources
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EXTREME HEAT EVENTS

Extreme heat has become more frequent in California since 1950, especially at night.
Across most locations studied here, the number and magnitude of extreme heat events
have significantly increased. Heat waves — two or more consecutive heat events — vary
from year to year, but have become more frequent in the past decade.

Figure 1. Magnitude and frequency of extreme heat events
(trend per decade, 1950-2021)

A. Daytime extreme heat events B. Nighttime extreme heat events
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An extreme heat event occurs between April and October when the temperature is at or above a
location-specific historical temperature threshold, set at the 95" percentile of daily maximum for
daytime extreme events (Figure 1A), or of daily minimum temperatures for nighttime events
(Figure 1B), during the 1960-1990 reference period.

The rate of change (per decade) in frequency, the total number of extreme heat events each year, is
the value in each shape (hexagon or oval); an asterisk indicates a statistically significant trend

(p < 0.05). The rate of change (per decade) in magnitude, the annual sum of daily exceedances
above the historical temperature threshold, in degrees Fahrenheit (°F), is presented using the fill
colors (see legend); a hexagon denotes a trend that is statistically significant (p < 0.05), while an oval
is not significant. The outlines on the map show the boundaries of the eleven climate regions, as
defined by the Western Regional Climate Center.

What does the indicator show?

Since 1950, nighttime extreme heat events have increased in magnitude and frequency
more than daytime heat events, as shown in Figure 1. The maps show decadal trends
in the magnitude and frequency of daytime and nighttime extreme heat events during
the warm months between April and October at selected locations (see Figure 2 map of
weather stations).

Extreme heat events
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For a given location, a daytime extreme heat event occurs when the historical threshold
for daily maximum temperature is exceeded, and a nighttime extreme heat event, when
the historical threshold for daily minimum temperature is exceeded. There is no
standard temperature for defining an extreme heat event. Researchers often apply a
threshold between the 85" and 98" percentile of historical values. Here, the threshold is
set at the location-specific 95" percentile of either the daily maximum temperatures (for

daytime events) or the daily minimum temperatures (for nighttime events) from April to

October during the 1960-1990 reference period.

Figure 2. Selected weather stations*
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*At least one weather station is from each of California’s
eleven climate regions (outlined in gray; refer to map,
Figure 8). Data sources are discussed in “Technical
considerations.”

From 1950 to 2021, the
magnitude of extreme heat
events increased by at least
1.76 degrees Fahrenheit (°F)
per decade during the day at
10 of the 14 stations and at
night at 8 stations (stations
with orange to dark red fill in
Figure 1A and B, respectively).
During the same period, the
frequency of heat events
increased by at least 1 event
per decade at 5 stations for
daytime events, and at 7
stations for nighttime events
(values inside shapes in
Figure 1A and 1B,
respectively). Out of the
stations analyzed, the number
of daytime heat events
increased the fastest in
Edwards AFB and San Diego,
with the latter also showing the
fastest increase in magnitude
(Figure 1A). Blue Canyon
experienced the greatest
increase in the number of

nighttime heat events (with San Francisco Airport a close second) and magnitude

(Figure 1B).

Extreme heat events

The magnitude and frequency of daytime and nighttime extreme heat events each year
at the selection locations are presented in Figures 3 and 4, respectively. The magnitude
shown is the sum of daily or nightly exceedances above the historic threshold in a given
year at that location.
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(1950-2021)

A. Daytime Extreme Heat Events: Magnitude (°F)
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Figure 3. Annual daytime extreme heat events at the selected locations
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At Edwards AFB, San Diego, San Francisco Airport, and Santa Maria, the magnitude of
daytime extreme heat in the last decade is especially notable with at least one year
having reached at least 150°F (Figure 3A); note that this is the annual sum of the daily
exceedance above the 95" percentile. Similarly, daytime heat events have become
more frequent in the last decade, notably at Bishop, Edwards AFB, San Diego, and
Thermal, where at least one year having reached 35 or more events (Figure 3B).

Compared to daytime heat events, nighttime events have seen greater increases in
magnitude and frequency (Figure 4). Blue Canyon, Edwards AFB, Long Beach,
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Figure 4. Annual nighttime extreme heat events at the selected locations
(1950-2021)

A. Nighttime Heat Events: Magnitude (°F)
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B. Nighttime Heat Events: Frequency (days)

T T T T T T T T T T

Annual values for magnitude and frequency are presented for each location. Greyed out areas mean
no data are available for that timeframe. A location-specific threshold of the 95" percentile was used
to determine extreme heat events.
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Source: Cal-Adapt, 2018, Dunn 2019, and RCC-ACIS, 2021

San Diego, San Francisco Airport and Santa Maria had at least one year when the
magnitude of nighttime heat events reached at least above150°F; San Diego and
San Francisco Airport experienced one and three year(s) above 200°F, respectively,
during this period (Figure 4A). The last decade also saw the same locations reaching
over 35 nighttime heat events on at least one year, with San Diego, San Francisco
Airport and Santa Maria recording over 50 nighttime heat events (Figure 4B).

There is no set definition for how many consecutive events make up a heatwave. For
purposes of this indicator, a heat wave consists of two or more consecutive daytime or
nighttime heat events. Figures 5 and 6 present location-specific averages by decade for
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daytime and nighttime heatwaves, respectively; values presented for the last decade
(“2020”) are for 2020 and 2021 only. For comparison, the frequency and magnitude of
extreme heat events are also presented.

Figure 5. Daytime heat wave and extreme heat by decade at the selected locations
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The average annual values by decade for the number of daytime heatwaves and extreme heat events
(bars) and their magnitude (the sum of daily exceedances above the historical threshold, in degrees
Fahrenheit (°F)) (dots and lines) are presented for each station. A daytime heatwave is defined as two
or more consecutive extreme heat days at a given location. Note: Values for the “2020 decade” include
data from 2020 and 2021.
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Figure 5, continued
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