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Introduction to California 1s Fourth Climate Change Assessment 

alifornia is a global leader in using, investing in, and advancing research to set proactive climate change 
policy, and its Climate Change .1\ssessrnents provide the scientific foundation for understanding climate­
related vulnerability at the local scale and informing resilience actions. The Climate Change Assessments 
directly inform State policies, plans, programs, and guidance to promote effective and integrated action to 

safeguard California from climate change. 

California's Fourth Climate Change Assessment (fiourth Assessment) advances actionable science that serves the 

growing needs of slate and local-level decision-makers from a variety of sectors. This cutting-edge research initiative 

is comprised of a wide-ranging body of technical reports, including rigorous, comprehensive climate change 

scenarios at a scale suitable frlr illuminating regional vulnerabilities and localized adaptation strategies in Califrlrnia; 

datasets and tools that improve integration of observed and projected knowledge about climate change into decision­

making; and recommendations and information to directly inform vulnerability assessments and adaptation 

strategies f::::ir California's energy sector, water resources and management, oceans and coasts, forests, wildfires, 

agriculture, biodiversity and habitat, and public health. In addition, these technical reports have been distilled into 

summary reports and a brochure, allowing the public and decision-makers to easily access relevant findings from the 

Fourth Assessment. 
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All research contributing lo the Pour th Assessment was peer-- reviewed to ensure scientific rigor as well as, where 

applicable, appropriate representation of the practitioners and stakeholders to whom each report applies. 

For the full suite of Fourth Assessment research products, please visit: 
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Summary of Key Findings from the Fourth Assessment 

•1111111111 he Fourth California Climate Change Assessment is intended to support California's climate policies and actions,. 
with a focus on adaptation and resilience. Together the studies improve our understanding of the impacts of 
dirnate change in California and actions to help the ~,tate prepare for those impacts. 

This section summarizes findings from the Fourth Assessment, including information on actions to help respond 
to climate impacts and rbks. 

Regional Analysis 

Impact: For the first time in the California Climate Change Assessments, the Fourth Assessment includes a series of 

regionally focused reports. This was a priority for the Assessment because the vast majority of adaptation planning and 
implementation wi11 happen at local to regional scales. Scientists and local practitioners collaborated, in what should 
only be the beginning of a longer and more permanent process, to identify ways to reduce or eliminate adverse climate 
impacts in California 

Action: Several research products created for the Assessment, such as climate scenarios and wildfire projections, are 
available via Cal-Adapt.org and other websites, providing access to data sets and visualization tools to help local and 

regional decision-makers access relevant information. 

Economic impacts 

Impact: Emerging findings for California show that costs associated with direct climate impacts by 2050 are dominated 
by human mortality, damages to coastal properties, and the potential for droughts and mega-floods. The costs are in 
the order of tens of billions of dollars. If global greenhouse gas emissions are reduced substantially from the current 
business-as-usual trajectory, the economic impacts could be greatly reduced. 

Actions: California's Fourth Climate Assessment contributes information and tools that are needed at local to statewide 
levels to design and implement adaptation measures to lower economic impacts. In addition, the Climate-Safe 
Infrastructure Working Group, created in response to Assembly Bill 2800 (Quirk), is releasing recommendations that 

build on the Fourth Assessment findings to inform a robust and comprehensive approach to building for the future. 

Climate Projections 

Impact: The Fourth Assessment includes new climate projections with higher spatial resolution to better simulate and 

project extreme events. These updated projections reinforce past findings about temperature and precipitation extremes. 
Additional results are now available describing humidity, solar radiation, and wind speed. The Pourth Assessment 
also includes new sea-level rise projections for nine regions in California and considers the potential effect of ice melt 
in Antarctica. Research also identified a strong correlation between projected climate impacts and cumulative global 
climate carbon dioxide emissions, allowing a preliminary interpretation of climate impacts in California of different 
greenhouse gas emissions scenarios, including one that assumes compliance with the Paris Agreement 

Actions: CaliforniU:5 leadership in modeling and producing climate projections for both research and long-term 
planning should be continued and enhanced. 
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Land Use and Development 

Impact: Because land use decisions are an important determinant of exposure to climate risk and the feasibility of 
different adaptation options, the Fourth Assessment uses a common set of land use projections to inform some of 
the technical reports, including the development of wildfire projections. These land use projections analyze different 
population gruwth rates, but do not consider changes in development patterns. 

Action: Future assessments need to include land use scenarios to have a more complete understanding of climate risk 
and adaptation options. These projections should include different population growth rates as well as consideration of 
different development patterns, for instance the impacts of excluding development in high-fire risk areas. 

Projections: Wildfire 

Impact: Climate change will make forests more susceptible to extreme wildfires. By 2.100, if greenhouse gas emissions 
continue to rise, one study found that the frequency of extreme wildfires burning over approximately 25,000 acres 
would increase by nearly 50 percent, and that average area burned statewide would increase by 77 percent by the 
end of the century. In the areas that have the highest fire risk, wildfire insurance is estimated to see costs rise by 18 
percent by 2055 and the fraction of property insured would decrease. 

Action: An extensive scientific review supported by the Fourth Assessment found that reducing tree density and 
restoring beneficial fire can improve long-term resilience to California's forests. Simulations of large-scale fuels 

treatments in Sierra Nevada frJrests substantiafly reduce increases in burned area. Improving forest health by 

removing fuels can have important impacts to reduce rising wildfire insurance costs. Increasing understanding of 
megafires remains a critical research need frlr CalifrJrnia. 

Projections: Sea-!eve! Rise 

I mp ad: A new model estimates that, under mid to high sea-level rise scenarios, 31 to 67 percent of Southern 
California beaches may completely erode by 2100 without large-scale human interventions. Statewide damages could 
reach nearly Sl 7.9 billion from inundation of residential and commercial buildings under 50 cm (,~20 in) of sea-level 

rise, which is dose to the 95 th percentile of potential sea-level rise by the middle of this century. A 100-year coastal 
flood, on top of this level of sea-level rise, would almost double the costs. 

Action: One study prepared for the Fourth Assessment develops technical guidance on design and implementation 
of natural infrastructure, such as the use of vegetated dunes, marsh sills, and native oyster reefs, for adaptation to 
sea-level rise. The HERA (Hazardous Exposure Reporting and Analytics) tool, a coastal evolution model that was 

enhanced with results from the Fourth Assessment, provides information about the number of residents affected, 
the value of residential and commercial properties flooded, and other useful information for different sea-level rise 
scenarios and coastal storms. Local planners will be able to use this new tool to analyze local vulnerabilities. 
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People: Public Hea!th 

Impact: Climate change poses direct and indirect risks to public health, as people wifl experience earlier death and 
worsening illnesses. However, deep greenhouse gas emission (GHG) reductions (80% below 1990 levels) in California 

could significantly improve health outcomes, and costs avoided would be comparable to the cost of achieving 80% 
GH G reductions by 2050. This would occur because technology with no or very low GH G emissions is associated 
with a reduction of conventional air po11utant5 that are damaging to human health. 

Nineteen heat-related events occurred from 1999 to 2009 that had significant impacts on human health, resulting 
in about 11,000 excess hospitalizations. However, the National Weather Service issued Heat Advisories for only six 
of the events. Heal-Health Events (HHEs), which better predict risk to populations vulnerable to heat, will worsen 
drastically throughout the state: by midcentury, the Central Valley is projected to experience average Heat-Health 

Events that are two weeks longer, and HF!Es could occur four to ten times more often in the Northern Sierra region. 

Action: The Fourth Assessment led to the development of a prototype warning system known as the California Heat 
Assessment Tool (CHAT). It will support public health departments taking action to reduce heat-related morbidity 
and mortality outcomes. It is designed to provide information about heat events most likely to result in adverse 
health outcomes. 

People: Tribal and Indigenous Communities 

Impact: For the first time in the California Climate Assessments, the Fourth Assessment includes a Tribal and 

Indigenous Communities Summary Report. Tribes and Indigenous communities in California face unique cha1lenges 
under a changing climate. Tribes maintain cultural lifeways and rely on traditional resources (e.g., salmon fisheries) 
for both social and economic purposes. However, tribes are no longer mobile across the landscape. For many tribes in 
California, seasonal movement and camps were a part of living with the environment. Today these nomadic options 
are not available or are limited. TI1is is the result of Euro-American and U.S. policy and actions and underpins several 

climate vulnerabilities. Tribes with reservations/Rancherias/allotments are vulnerable to climate change in a specific 
way: tribal lands are essentially locked into fixed geographic locations and land status. Only relatively few tribal 
members are still able to engage in their cultural traditions as livelihoods. 

Action: Traditional Ecological Knowledge (TEK)-based methods are gaining a revitalized position within a larger 
statewide loolset lo combat the causes and effects of climate change by tribal and non-tribal stakeholders alike. 
The importance of maintaining TEK is not isolated to environmental and ecological improvements. 'Ihese ancient, 

traditional practices are closely linked to climate resilience across tribal cultural health, identity, and continuity. 

Cultural practices and traditional land management are also linked to improving physical and mental health among 
tribal members. As an example of applied TEK science, many tribes use prescribed, controlled burns-commonly 
deployed within a centuries--old cultural context-to manage meadows, forests, and other areas within tribal lands. 

These TEK techniques are increasingly incorporated by non--tribal land and resource managers as a part of wildfire 
prevention and ecosystem management. 

Fourth Climate Change Assessment Statewide Summary Report I 10 



People: Climate Justice 

Impact: The Fourth Assessment includes a report on Climate Justice in CalifrJrnia, a new addition to the assessment 
process. This report highlights the importance of adaptation effrlrts to minimize climate impacts to disadvantaged 
communities, as well as case studies and innovative programs that are attempting to increase the resiliency of 

vulnerable populations in California. 

Action: Areas for additional research are identified to better address climate adaptation for vulnerable populations 
and lo promote climate justice in California. These research topics include better tools, indices, maps, and metrics for 
identifying and quantifying resilience in vulnerable communities, research into achieving a just transition to a low 
carbon economy, and methods to ensure community involvement in climate adaptation planning. 

Built Systems: Energy 

I mp ad: Higher temperatures wi11 increase annual electricity demand for homes, driven mainly by the increased use 
of air conditioning units. High demand is projected in inland and Southern California, and more moderate increases 
are projected in cooler coastal areas. However, the increased annual residential energy demand for electricity is 
expected to be offaet by reduced use of natural gas for space heating. Increases in peak hourly demand during the 
hot months of the year could be more pronounced than changes in annual demand. This is a critical finding for 
California's electric system, because generating capacity must match peak electricity demand. 

Action: Studies found that "flexible adaptation pathways" that allow frlr implementation of adaptation actions over 
time allow utilities to protect services to customers most effectively. Tiie California Public Utilities Commission 

( CPUC) recently began a quasi-legislative process to consider strategies and guidance for climate adaptation for 
electric and natural gas utilities, which will be informed by the Fourth Assessment. 

Built Systerns: Water Supply 

Impact: Current management practices for water supply and flood management in California may need to be revised 

for a changing climate. This is in part because such practices were designed for historical climatic conditions, which 
are changing and will continue to change during the rest of this century and beyond. As one example, the reduction 
in the Sierra Nevada snowpack, which provides natural water storage, will have implications throughout California's 
water management system. 

Action: Promising adaptation options such as the use of probabilistic hydrological forecasts, better measurements 
of the snowpack, and other modern ways to manage the water system could improve reservoir operations and 

flood safety. Increased groundwater storage is another promising option, which may include taking advantage of 
increased winter runoff to flood agricultural and natural areas to recharge aquifers. Institutional, regulatory, and legal 
approaches wi11 need to be developed and adapted to quickly implement science-based solutions. In addition, more 
research is needed on changing human behavior and expectations around water use and availability. 
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Built Systems: Delta Levees and Infrastructure 

Impact: New measurements found mean subsidence rates for some of the levees in the Sacramento-San Joaquin 
Delta of about 0.4 to 0.8 inches per year. Tiiis subsidence compounds the risk that sea--level rise and storms could 

cause overtopping or failure of the levees, exposing natural gas pipelines and other infrastructure to damage or 
structural failure. At this rate of subsidence, the levees may fail to meet the federal levee height standard (LS ft. 
freeboard above l 00-year flood level) between 2050-2080, depending on the rate of sea-level rise. 

Action: This research project was conducted collaboratively with the natural gas utility in this territory. Immediate 
action does not seem necessary because the impacts are not expected for a few decades; however, the research will be 
used to inform adaptation planning by the utility. 

Natural and Working Lands and Waters: Agriculture 

I mp ad: Many of Californiis important crops, including fruit and nut trees, are particularly vulnerable to dim ate 
change impacts like changing temperature regimes and water-induced stress. A Fourth Assessment study indicates 
that adaptive decision-making and technological advancement may maintain the viability of California agriculture. 
However, additional studies show that viability of the sector overall may be at the expense of agricultural jobs and the 
dairy sector. 

Action: Additional research is needed on potential yield changes of crops under changing climate conditions, to 

provide growers the crops varieties that can thrive under warmer and drier conditions, and the tools that they can 

use to identify and implement adaptation options. Sustainably managing groundwater resources remains a crucial 
priority. 

Natural and Working Lands and Waters: Oceans 

Impact: Increasing evidence shows that climate change is degrading Californiis coastal and marine environment. In 
recent years, several unusual events have occurred along the California coast and ocean, including a historic marine 

heat wave, record harmful algal bloom, fishery closures, and a significant loss of northern kelp forests. 

Action: A study prepared for the Fourth Assessment identified a species of mussel that could serve as a helpful bio­
indicator to understand impacts of ocean acidification along the CalifrJrnia. 
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Introduction 

alifornia is one of the most "climate-challenged" regions of ['forth .1\merica and must actively plan and 

implement strategies to prepare for and adapt to extreme events and shifts in previously "normal" averages 
(Overpeck et aL, 2013; Pierce et al" 2018). Currently, temperatures are warming, heat waves are more 

frequent, and precipitation has become increasingly variable. California has experienced a succession of dry 
spells, and \llfith vvarmer conditions the impacts of these droughts have increased (OEHHA, 2018), 

Observations from across the state are confirming these changes. Peak runoff in the Sacramento River occurs nearly 
a month earlier nrnN than in the first half of the last century, glaciers in the Sierra f\Jevada have lost an average of 70 

percent of their area since the start of the 20t 11 century, and birds are wintering further north and closer to the coast 
(OEHHA, 2018), The recent 2012-2016 drought was exacerbated by unusual warmth (\/Vil Iiams, Seager, et al., 2015), 

and disproportionately lovv Sierra ~,Jevada snowpack levels (Dettinger & .1\nderson, 2015). This drought has been 

described as a harbinger of projected dry spells in future decades, whose impacts will likely be \Norsened by increased 
heat (Mann & C]leick, 2015). A very wet winter in 2016-2017 followed this drought, a further indication of potential 

continued climate volatility in the future (Berg 8, Hall, 201 ~i; Polade, et aL, 2017; Swain et al" 2018). 

These changes in the state's physical climate will have effects on all parts of California's society, The changes vary 
between regions in California, but every region is seeing and will continue to see effects from climate change (please 

see the Regional Reports for regionally specific information). Increasing temperatures and rising sea-levels \llfill have 
direct impacts on public health and infrastructure, Drought, coastal and inland flooding, and \Nildfire will continue to 

affect people's livelihoods and local economies, Changing weather patterns and more extreme conditions will impact 

tourism and rural economies in California, along \Nith changes to agriculture and crops, which are a critical backbone 
of California's economic success. There will also be negative impacts to California's ecosystems, both on land and 

in the ocean, leading to local extinctions, migrations, and management challenges. Due to these projected impacts, 

California must continue to evaluate climate impacts as \/I/ell as to plan for adaptation and resilience, 

California's Climate Change Assessment 

Science and research investment has been an integral parl of California's approach and policies to mitigate and adapt 

to climate change for the past 12 years (Pranco et al., 2008), Since 2006, the Slate has undertaken four comprehensive 

climate change assessments, designed to assess the impacts and risks from climate change and lo identify potential 

solutions to inform policy actions (Table 1). Each of the four assessments has focused on a specific area of inquiry 

and has been linked to specific policy drivers, and in some instances, lo specific policy outcomes. 

California's climate change assessments are a regionally-focused example of a regular series of broader assessments, 

including the U,S, Nati0nal C:lim:ite Assessment (NCA) and global assessments from the Panel 

on Climate (TPCC). 111ese assessments estimate climate change impacts under different future emission 

scenarios using a set of global climate models (GCMs). While the IPCC assessments analyze impacts at a global scale, 

the NCA and California assessments share approaches to downscaling climate model outputs to produce projections 

relevant on a regional scale. The California Climate Change Assessment goes further by including a set of state-
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funded research reports lhal examine how climate change will affect specific sectors, potential responses to climate 

change, and other policy-driven questions. Each of these reports presents original research findings for specific 

questions relevant to California's climate change policy. 

Califrlrnia's Fourth Climate Change Assessment (the Fourth Assessment) includes over forty-frmr technical 

peer-reviewed reports that examine specific aspects of climate change in California, including projections of 

climate change impacts, analysis of vulnerabilities and adaptation for various sectors, and social and governance 

considerations for climate adaptation (see Appendix A for a full list of technical reports). 

The Fou.rth Assessment includes this statewide report, as well as nine regional and three topical reports, designed 

lo synthesize the findings from the fiourth Assessment-along with additional findings from recent peer­

reviewed publications-and lo present them in a more accessible format for the public, community organizations, 

stakeholders, and policy makers. t 

TABLE 1 I SUMM:ARM OF MtlFORNl#S CLIMATE CHAiNGE ASSESSMENTS 

DESCRIPTION 

DRIVER 

OUTCOME 

Fourth Climate Change Assessment 

laws. 

loca level. 

201 s. Climate 
Plan 
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DESCRIPTION 

Jwt exarni'ie 
a';pc':cts of d0~att': 

etV}3CJernent and are 
de:;1gned to stnport 

.!ustice, and (kr•an and 
Coast 

in California. at ~ocal 

AUDIENCE Research 
and Yc':chn1cal std' from 

and state 
entities 

The Fourth Assessment: Supporting 
Adaptation and Hesilience 

Sta le, local, .3rd 
dec1,;io1 rric1ke:s and 
stakehllde'5. 

As the effects of climate change become increasingly 

apparent, building resilience in the face of climate change 

and other hazards has become a f::xus of many efforts at 

the local, regional, and State level. California is taking 

steps to increase the State's resilience to changing climate. 

Safeguarding Cal!fornia, the State's climate adaptation 

strategy, outlines steps that State agencies have planned 

and are implementing to respond to climate change. 

Executive Order B-30-15, signed in April 2015, directs 

State agencies to integrate climate change considerations 

into all planning and investment. Legislation signed in 

2015 requires local governments lo consider climate 

change risk in the Safety Element of General Plans 

(Section 65302, CA Government Code). The l~ourth 

Assessment was designed to support climate adaptation 

and resilience policies and actions in Califr1rnia. 

Adaptation refers to a set of actions, programs, and 

activities designed to prepare for and respond to changing 

Fourth Climate Change Assessment 
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KE¥ TERMS 

State, and 
deci:;1on make('; cind 
stakeho dm. 

Adaptation is an adjustment in natural or human systems to a 

new or changing environment. Adaptation to climate change 

refers to adjustment in natural or human systems in response 

to actual or expected climatic stimuli or their effects, which 

moderates harm or exploits benefidal opportunities (US EPA, 

2016). 

Adaptive capacity is the "combination of the strengths, 

attributes, and resources available to an individual, 

community; society, or organization that can be used to 

prepare for and undertake actions to reduce adverse impacts, 

moderate harm, or exploit beneficial opportunities" (IPCC, 

2012). 

Ex:posnre is the presence of people, infrastructure, natural 

systems, and economic, cultural, and social resou.rces in areas 

that are subject to harm (IPCC, 20 l2). 

Resilience is the "capacity of any entity--- an individual, a 

community; an organization, or a natural system --- to prepare 

for disruptions, to recover from shocks and stresses, and to 
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dim ate conditions. Taken toge lher, the goal of these 
actions is lo build resilience. The "Key Terms" text box 

provides some definitions that are used throughout this 

report and in accompanying studies from the Fou.rlh 

Assessment. 

Resilience is a concept that recognizes the 

interconnections and interdependencies across people, 

nature, and infrastructure. Social cohesion and a healthy 

economy are important determinants of resilience, 

alongside stable infrastructure and healthy natural 

systems. California uses a definition of resilience that 

defines outcomes across people and communities, 

natural systems, and infrastructure and built systems 
(Text Box: What is a Resilient California?). Resilience 

also depends on interconnections across these systems. 

Executive Order B--30- l 5 and Safeguarding California 

recognize the importance of resilience, which is reflected 

in a set of principles underlying the State's adaptation 

efforts. To the extent feasible, these principles are 

reflected in the Fourth Assessment and are touched on 

throughout this summary report. They include: 

I. Protection of the State's most vulnerable 
populations and communities: 

Climate change will disproportionately affect the 
Slale'.s most vulnerable citizens and communities 

in relative terms (e.g., percent of income or 

assets). Vulnerability arises from a combination 

of physical, social, economic, and demographic 

factors. Adaptation actions should account for 

disproportionate impacts and seek to build resilience 

in the State's most vulnerable communities. 

Several reports in the Fourth Assessment 

examine dimensions of vulnerability, including 

synthesis reports focused on tribal and indigenous 

communities and on climate justice. 

5ee· cp:.ca .;icv/pia11n i:1g/:c:1rp/vu i:·:e:abie<.n:n::1u ::: :.ies. i:t:nl 
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adapt and grow from a disruptive experience" (Rodin, 2014). 

Adaptation actions contribute to increasing resilience, which is 

a desired outcome or state of being. 

Sensitivity is the level to which a species, natural system, or 

community, government, etc., would be affected by changing 

climate conditions. 

Vulnerability is the "susceptibility to harm from exposure 

to stresses associated with environmental and social change 

and from the absence of capacity to adapt" (Adger, 2006). 

Vulnerability can increase because of physical (built and 
environmental), social, political, and/or economic factor(s). 

These factors include, but are not limited lo: race, class, sexual 

orientation and identification, national origin, and income 

inequality.2 Vulnerability is often defined as the combination 

of sensitivity and adaptive capacity as affected by the level of 

exposure to changing climate. 

WHAT IS A RESILIENT MtlFORNliA? 

All people and communities respond to changing average 

conditions, shocks, and stresses in a manner that minimizes 

risks to public health, safety, and the economy, and maximizes 

equity and protection of the most vulnerable. 

Natural systems adjust and maintain desirable ecosystem 

characteristics in the face of change. 

Infrastructure and built systems withstand and adapt lo 

changing conditions and shocks, including changes in 

climate, while continuing to provide essential services. 
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2. Prioritization of natural infrastructure solutions: 

Natural infrastructure is the preservation and/or restoration of ecological systems, or the use of engineered 

systems that employ ecological processes, to increase resiliency to climate change and/or manage other 

environmental problems. Natural infrastructure solutions can rely solely on natural systems (i.e., green 

infrastructure) or can integrate natural systems with more traditional "grey;' or human-constructed, 

infrastructure. 

Several studies in the Fourth Assessment examine natural infrastructure approaches as adaptation solutions, 

including protection from sea-level rise and fuel reduction to mitigate wildfire risk and improve forest health. 

3. Promotion and prioritization of integrated climate actions: 

Since the Stale of California is committed to reducing greenhouse gas (GHG) emissions to 40 percent below 

1990 levels by 2030 and 80 percent below 1990 levels by 2050, priority should be given to adaptation solutions 

that support building resilience, while at the same time also reducing GHG emissions. 

TI1e Fourth Assessment includes several studies that examine the resilience of the State's energy system while also 

meeting the State's GlIG emission reduction goals. 

4. Coordination with local and regional governments: 

Given the need for local and regional governments to undertake adaptation actions, coordination is needed 

across state, local, regional, and federal governments. The regional reports prepared as part of the Fou.rth 

Assessment provide a means to translate the information and findings from this research effort to local and 

regional actors, and to communicate regional needs and activities to state decision makers. 

5. Sustained monitoring and research to increase ability to understand and manage climate change impacts: 

Climate change, its impacts, and appropriate management strategies are rapidly evolving. \Vhile the general 

direction of change is understood, additional work is needed to better understand the complexity and 

interactions among global, regional, and local climate change elements that operate across the physical, 

biological, and social landscape. This is further complicated by the fact that policies, management practices, and 

investments are also being updated in response to climate change. California must continue the work of this and 

previous assessments lo build a strong tradition of connecting monitoring and research on climate change to 

engagement with decision makers, and lo education al all levels. 
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Goals and Structure of the Heport 

This statewide summary report summarizes the main findings from the Fourth Assessment The report synthesizes 

these Fourth Assessment findings in the context of recent literature to provide a more complete presentation of the 
information available on climate change impacts and adaptation options in California. However~ 1Nhile the report 

strives to be as representative as possible, it is not a comprehensive review of the tremendous amount of research 
on climate change in California that has been generated since California's Third Climate Change ?.ssessment 

was released in 2012, Every attempt is made to represent uncertainty and conditions under which future climate 

conditions are estimated; however, the report does not include a standard methodology for conveying uncertainty, 

The report begins with an overview of historical and projected climate change in California under downscaled climate 
scenarios (Chapter I), Chapter 2 discusses how climate change interacts with other changing factors such as land 
use and demographic change, and how these factors affect the State's people, infrastructure, and natural systems, 

The following section reviews adaptation strategies and how they contribute to resilience (Chapter 3). The report 

concludes with a discussion of research needs in Chapter 4, followed by an overview of how the findings from the 

Fourth Assessment and future assessments can support climate action in Chapter 5, 
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Chapter 1: Historical Data and Climate Projections for California 

alifornia is already experiencing climate change (e.g., Barnett et al., 2008; Williams et al., 2015) and its 

effects will increase over the coming decades. These changes will occur alongside and impact continued 
urbanization, changes to California's energy system, economic and population growth, and the deployment 

of nevv technologies. This chapter revie\NS some of the historical data on climatic changes that have 
affected and will continue to affect California, \Nith a focus on future climate projections that are a part of the Fourth 

A.ssessment. 

Each of the State's Climate /\ssessments has included projections of how changes in global climate will affect 

California. The Fourth Assessment uses the recent Coupled Model lntercomparison Project Phase 5 (Ctv'llP5) suite of 
global climate models and the Representative Concentration Pathway (RCP) long-term greenhouse gas concentration 

scenarios. V\Jhile the general direction and trends in the projections have remained consistent \Nith those from 
previous assessments, more recent analysis prepared for the Fourth Assessment further refined projections of climate 

impacts for California and provided important new information. 

This chapter includes the following contributions from the Fourth Assessment: 

- TI1e development and use of a new downscaling technique, Localized Constructed Analogs (LOCA), which 

downscales the simulations of global climate models (GCMs) to the California region with higher spatial 

resolution and improved treatment of climate extremes than in prior assessments. 

- The incorporation of a greater number of climate model simulations using LOCA, which enabled simulation of 

a broader range of projections and scenarios, and a wider investigation of climate model projections that was 

supported by the introduction of additional downscaled variables, including wind, humidity, and incoming solar 

radiation. 

- Additional research into climate change influences upon weather and climate extremes, including heat waves, 

drought, heavy precipitation events, and high sea-levels. 

- A broader set of sea-level rise scenarios that includes extreme (i.e., unlikely but possible) sea-level rise, which 

could occur under rapid ice melt and ice sheet collapse in Greenland and West Antarctica. 

- More examination of the shifts in California's precipitation regime, which currently indicates more dry days, 

more dry years, longer dry season, and increases in occasional heavy precipitation events and floods. Uncertainty 

remains in projections for future total precipitation. 

- More extensive simu.lations of wildfire that help to explore possible increases in area burned as climate changes. 

--- Use of recent, well--observed examples of climate change and extreme weather impacts in California, including 

the occurrence of high sea-level in 2015, the warm drought in 2012-2016, and recent extreme wildfires (including 

the Rim fire, Sonoma/Santa Rosa fires, etc.) that help to understand and communicate projected future climate 

change impacts. 
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Climate Scenarios and Projections 

Changes in global and Califrlrnia temperatures depend on the accumulation of carbon dioxide and other heat-­

trapping gases emitted from human activities in the atmosphere. The future emissions and resulting accumulation 

of greenhouse gases (GIIGs) could take a range of pathways depending on the success of international and local 

efforts to reduce GHG emissions. 111e warming and other changes experienced under different future conditions 

are projected using Representative Concentration Pathways (RCPs). RCPs do not represent a specific policy, 

demographic, or economic future, but are defined in terms of their total radiative forcing (\Vatts per square meter) 

by 2100 (i.e., the net balance of radiation into and out of Earth's surface due to human emissions of GHGs from all 

sources). 

The Fou.rth Assessment uses two RCPs from the Efth Intergovernmental Panel on Climate Change (IPCC) 

Assessment Report on Climate Change. The higher of the two RCPs represents accumulating GHG concentrations 

under a higher emissions pathway (RCP 8.5), commonly understood as a business--as--usual (BAU) scenario that 

would result in atmospheric C0 2 concentrations exceeding 900 parts per million (ppm) by 2100, more than triple 

the level present in the atmosphere before human emissions began to accumulate. The more moderate GHG 

concentration pathway (RCP 4.5), a scenario where GHG emissions rise until mid-21st century and then decline, 

results in a C02 concentration of about 550 ppm by 2100 (van Vuuren et al., 2011 ). 

Global climate models (GCMs) use different RCPs to project future climate conditions. A group of experts selected 

by California's Department of Waler Resources identified 10 GCMs from a set of more than 30 available as being the 

most suitable for California waler resource climate change studies (California Department of Water Resources, 2015). 

The fiourth Assessment uses these 10 GCMs and the two RCPs discussed above to simulate California's historical 

and projected temperatu.res, precipitation, and other climate outcomes such as relative humidity and soil moislu.re. 

The outputs of these models provide a set of common climate scenarios used throughout the studies in the Fourth 

Assessment. TI1is chapter describes climate outcomes under these common scenarios. 
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Most GCMs produce spatial outputs of global climate measures (including temperature, precipitation, winds, and other 
variables) that are rather coarse, typically for HJ0-200 km ( 62.5 --- 125 mi) grid cells. However, regional climate studies 

typically emplny data derived from the global models using a "downscaling" technique to better represent the more 
detailed variability over an area of interest, so that the results are compatible with regional planning and decision-making. 
For California'.s Fourth Climate Change Assessment, variables of interest from the coarse-scale global model simulations 

have been downs,:aled over California's complex terrain to finer grid cells of approximately 6 km (4mi) using a statistical 
technique culled "Localized Constructed Analogs", or LOCA (Pierce el al., 2014). Additionally, because models are 
mathematical approximations to the physical, chemical, and biological systems they simulate, the results from global and 
regional models are usually somewhat different from that observed in nature. Because of this, temperature, precipitation, 
and other variables of interest in California's Fourth Climate Change Assessment's regional projections have been "bias 
corre,:ted" (Pierce et al., 2015), so that the model-simulated output is adjusted lo match the averages and other statistical 

properties of observations over the historical period. 

FIGURE 1 I DEMONSTRATION SF DOWNSCALED MODELS 

0 50 100 150 200 250 
Precipitation (cm/year) 

Annual 'r Cahmn;a and l\evacla in crn (250 Cc' is 100 in) in a cl'mat'" model with a 'eso'utio1 of I 60 
b 7 (1 GG •;quci;e nwe:c: cir~d a stcitistica: mode: to account fo1· th•: effects of cit ci 6 b~ 7 (:l.5 sc1Ja1-,,, 

global 0~odr•I or~ly ha:; a fovv ;·e:co:vc•: he rniLA1I mountain ranges, inte;'ior 
~.levada Mountain:; on th•: borcie( with l\evada. The by cont(cist, cciptul"l'S the '>Nc':t rnnd1rionc; or~ the west of thr• 
rr1mntain:;, and the kff• shadow to thr• ea•;t of th•: mou1tci1ns The ve;frcil sccilc•: has been to1· and by he sa·~·-e amount in 
both So1ne: P1Hce et cil, ;;om. 
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TEMPERATURE 

~'Vanning of the climate system is unequivocal, and since the 1950s, many of the observed changes are unprecedented 

over decades to millennia (lPCC, 2014). 

Climate change is already affecting temperatures across California (Barnell et al., 2008; Bonfils et al., 2008; Vose el 

al., 2017). The warming observed in California is consistent with overwhelming evidence that the Earth is warming 

(IPCC, 2014). In California, present-day (l 986-2016) temperatures throughout the state have warmed above 

temperatures recorded during the first six decades of the 20th century (1901-1960). As shown in Figure 2, annual 

temperature increases over most of the state have exceeded l"F, with some areas exceeding 2°F. 
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Under both RCPs, all GCMs project continued warming over Califrlrnia over the 21st century. Figure 3a shows the 

annual maximum daily temperature averaged across the state, from 1950-2100. Figure 3b and Table 4 show how the 

warming progresses, on average, over successive three-decade periods. 

TABLE 4 I PROJECTED TEMPERATURE INCREASES 
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PRECIPITATION 

Similar to other Mediterranean regions, California has 

cool, intermittently wet winters and hot, dry summers 

(Iacobellis & Cayan, 2013; Keeley & Swift, 1995). 

Complicating this seasonality is substantial variability in 

monthly precipitation, with highest absolute variations 

occurring in the winter months when the average 

precipitation is greatest. TI1is volatility extends across 

daily, monthly, and annual precipitation totals. Figure 4 

shows that California has the highest variability of year­

to-year precipitation in the contiguous United States 

(Dettinger et al., 2011 ). 

California's variable precipitation also has multi-year 

wet or dry periods, which impact social, economic, 

and natural systems throughout the state related to 

their duration and severity. Recent events such as the 

unusually wet years of 2005, 2011, and 2017, as well as 

the droughts of2001-2004, 2007-2010, and 2012-2016, 

exemplify the highly variable climate in California. 

Paleodimate measures reveal that the medieval era 

featured at least two spells with several decades of 

prolonged dryness in California's central Sierra Nevada 

(Graham & Hughes, 2007). Furthermore, recent studies 

(e.g., Cook et al., 2015) using climate model projections 

fraction 

0.1 0.2 Q3 0.4 0.5 0.6 Q7 

Coefficien ofVaiatiGn of annual 1951-2008, 

Coefficier t 

annual from year to y1:-::ar. Source: 

along with observational data suggest that a prolonged "mega-drought" has an increasing likelihood of occurring in 

the Southwest U.S. during the 21st century. 

Califrlrnia's high year-to--year variability in precipitation is heavily affected by extreme precipitation events. Each 

year's wettest days explain the dominant portion of year-to-year variability in the Sierra Nevada and other regions 

of Califrlrnia (Dellinger el al., 2011 ). Most of the heaviest precipitation events occur during winter, as many arise 

during "atmospheric river" storms that are fed by long streams of water vapor transported from the Pacific Ocean, 

often from lower latitudes. Atmospheric rivers can deliver extreme precipitation when their moislure--laden winds 

encounter the coastal mountain ranges (Guan et al., 2013; Ralph & Dettinger, 201 l). More than other regions of 

the western United States, the presence or absence of these large storms with in a given winter season determines 

California's water resources because of their contribution to snm"lpack (Dettinger, 2015). These storms are also the 

major cause of historical floods (Dettinger, 2015). Climate change is projected to increase the strength of the most 

intense atmospheric rivers affecting California (Dettinger, 2016; v\Tarner et al., 2015) and other regions of the world 

(Espinoza et al., 2018). 
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Projected Changes in California Precipitation 

On an annual basis, climate model projections do not present a strong consensus towards the whole of California 

"gelling welter" or "gelling drier" (He et al., 2018; Pierce el al., 2018). The models do show a tendency for the 

northern part of the slate to become wetter, and the very southern portion of California, extending and intensifying 

in Mexico, to become drier (Egure 5); however, this tendency is relatively small compared lo the amount ofyear-lo­

year variation in precipitation in the region. Due to large annual variation, changes in annual mean or longer-term 

precipitation are likely nol the best metrics to understand societal impacts of precipitation changes, which often 

result from drought and shorter period extremes. 

In California's highly variable climate setting, with models projecting less frequent but more extreme daily 

precipitation, year-to-year precipitation becomes more volatile and the number of dry years increases (Berg & 

Hall, 2015; Pierce et al., 2018; Swain et al., 2018). As the climate continues to warm, atmospheric rivers, responsible 

for many of the heaviest extremes, will carry more moisture (Lavers et al., 2015), and extreme precipitation may 

increase (Po lade et al., 2017). The recent wet winter of 2017, in which total precipitation was dominated by some 

highly productive storm events, may provide a glimpse of the future. A recent study by Swain et al. (2018) used a 

new set of climate simulations lo investigate extreme precipitation events, finding an increase in the probability of 

FIGURE S I HISTORIC i«ND PROJECTED PRECIPITATION IN MtlFOIUillrA 

Annual Precipitation {in.) 

16-20 %-40 .Ill 80-100 

1118 -:4 W-24 48-50 nm 1CC-120 

11114-8 24-2:: ]@j@j! SQ-60Mm':20-14~: 
iiii a - ~2 !@J@J@ 20 - 32 911 eo - ·;o rn@mrn He - 1eG 
rnmt 12-13 rn@rn 32 - 33 1111 70. so > ~60 

<S@filim::::::::::I::::i:::::i:::::llllllmmrrip:I:Ktiii:-,,. <illill:rnr:::r:::L::r:::::r:::Jlllllim:FI!Wi!!Wllllli~ 
--30--25--20·-·15-·iO --5 0 5 H) 15 20 25 30 ·-30--25--20--~5--iO --5 0 5 10 15 20 25 30 

Le fr in Calforn1ci. (2070-2100 rdarve to 1950-20Ch) of 

10 LOCI\ dm.v'1scald GC\11s selected for the rGurUi ;\ssess'''er~i fry RCP 4. 5 and RCP 8. 5 
scer~arios. Sm1rces. Left: r'~GcUied fro''' PRISM, 2018: Pierce et aL, 20: 8 

Fourth Climate Change Assessment Statewide Summary Repmt I 25 



a "mega-flood" similar to the one that devastated California in the winter of 1861-1862 (Brewer, 1930; Ingram & 

Malamud-Roam, 2013; Porter el al., 2011; Rodin, 2014). Swain el al. (2018) stale that, under the RCP 8.5 scenario, 

" ... such an event is more likely than not lo occu.r at least once between 2018 and 2060, and that multiple occurrences 

are plausible by 2100''. Additional studies are needed to increase the confidence of this finding, but the results are in 

general agreement with the increased occu.rrence of heavy precipitation events. 

Warm Droughts and intensification of Seasonal Dryness 

Warming air temperatures throughout the 21st century will increase moisture loss from soils, which will lead 

to drier seasonal conditions even if precipitation increases (Thorne et al., 2015). \\farming air temperatures also 

amplify dryness caused by decreases in precipitation (Ault et al., 2016; Cayan et al., 2010; Diffenbaugh el al., 2015). 

TI1ese changes affect both seasonal dryness and drought events. Climate projections from the previous and present 

generation of G CMs (e.g. Pierce et al., 2014; Swain el al., 2018) show that seasonal summer dryness in California may 

become prolonged due to earlier spring soil drying that lasts longer into the fall and winter rainy season. The extreme 

warmth during the drought years of 2014 and 2015 intensified some aspects of the 2012-2016 drought (Griffin & 

Anclrnkaitis, 2014; Mao et al., 2015; Stephenson et al., 2018; Williams, Seager, et al., 2015) and may be analogous for 

future drought events (Diffenbaugh et al., 2015; Mann & 

Gleick, 2015; Williams, Seager, et al., 2015). 

Projected Changes in California Snowpack 

Snowpack in the mountains of California and Nevada 

provides a natural reservoir and a key source of su.rface 

and groundwater. In California, the spring snowpack 

stores about 70 percent as much waler, on average, 
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!~~~~a:~::~·:,·.·;·'.·· as the slate's engineered reservoirs (Dettinger & 

Anderson, 2015). Runoff from snowmelt also contributes 

approximately 70 percent of total water supply in the 

Colorado River Basin, which supplies approximately 55 

percent of Southern California's water. Regional analyses 

indicate that climate change has already begun to reduce 

the fraction of precipitation falling as snow (Knowles 
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el al., 2006) and has diminished spring snow water 

accumulation in the western United States (Barnett et 
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al., 2008; Mote et al., 2018; Pierce et al., 2008; Pierce & 

Cayan, 2013 ). A census of western snow courses (area 

where snowpack is measured) reveals that since the 

1950s, April l snow water storage, averaged across the 

western U.S., has declined by about 10 percent (Mote et 

al., 2005; Mole et al., 2018). Research on past weather 
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pallerns and modeling of future scenarios indicate that the low California snowpack during 2014 could be an analog 

for futu.re climate change-driven water supply scenarios (Mann & Gleick, 2015). 

Spring snowpack, aggregated over the Sierra Nevada and other mountain catchments in central and northern 

Califrlrnia, declines substantially under modeled climate changes (Figure 6). The mean snow water equivalent (SVvE) 

declines to less than two-thirds of its historical average by 2050, averaged over several model projections under both 

RCP 4.5 and 8.5 scenarios. By 2 lOO, SWE declines to less than half the historical median under RCP 4.5, and less than 

one-third under RCP 8.5. Importantly, the decline in spring snowpack occurs even if the amount of precipitation 

remains relatively stable over the central and northern California region; the snow loss is the result of a progressively 

warmer climate. Furthermore, while the models indicate that strong year-to-year variation will continue to occur, the 

likelihood of attaining spring snm"lpack that reaches or exceeds historical average is projected to diminish markedly 

(Pierce et al., 2018) (Figure 6). 

Arctic Sea ice: A Possible Driver of California's Precipitation Changes 

California's varying and changing climate is impacted by regional processes within the state as well as by changes 

around the globe. Notably, over the past several decades, the Arctic has been warming at rates higher than any other 

area in the world, resulting in immense loss of sea ice cover (Perovich el al., 2017; Vaughn el al., 2013). 

The first modeling studies investigating the impacts of Arctic sea--ice loss on Califrlrnia's climate revealed links similar 

to the ones suggested by the paleoclimate indictors - that a decrease in Arctic sea ice was linked to drier conditions 

in California (Sewall, 2005; Sewall & Sloan, 2004). However, these modeling results have been difficult to reconcile 

with the existing literature, which suggests that California's rainfall is primarily driven from the tropical Pacific sector 

(e.g., Cook et al., 2007; Herweijer et al., 2006; Rasmusson & Mo, 1993; Ting & Sardeshmukh, 1993; Trenberth et al., 

l 998). A recent study by Cvijanovic et al. (2017) developed a novel modeling framework to re-investigate the impacts 

of Arctic sea-ice loss on California's climate. These simulations supported the findings by Sewall and Sloan (2004), 

estimating that Arctic sea-ice loss at the magnitude expected in the next few decades could, on average, decrease the 

amount of winter precipitation in California by up to 15 percent; however, they also found in their simulations that 

some years became wetter. By demonstrating that sea ice changes do not impact California'.s precipitation from high 

latitudes directly (as previously thought), but through the tropics, Cvijanovic et al. (2017) have shown that the 'sea 

ice' (Sewall & Sloan, 2004) and 'tropical' hypotheses are not mutually exclusive. However, more studies are needed lo 

confirm the link between reduced sea ice in the Arctic and dry conditions in California. 

MARINE LAYER CLOlH>S 

Coastal low stratus clouds, including f::::ig and stratus with elevated cloud bases, are a defining aspect of summer climate 

in coastal California. TI1ese coastal stratus clouds are also known as Marine Layer Clouds (MLC), or more colloquially 

as "May gray" and "June gloom''. MLC are affected by atmospheric circulation on broad Pacific-North America and 

regional scales, local topography, regional land and ocean surface temperature, and urban heating (Vvilliams et al., 2018; 

Williams, Schwartz, et al., 2015 ). Because most of these processes are likely to be altered by global climate change, MLC 

may also be affected. However, because MLC is affected by multiple factors that themselves may be affected in opposite 

ways as climate changes, little is currently known about overall MLC sensitivity to climate change. Iacobellis and Cayan 

(2013) demonstrated that summertime MLC cover is strongly associated with coastal California surface temperature 
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variations. Along the coastal margin of California, a decrease in daily average cloud cover of 10 percent was found to 

increase afternoon temperatures by about 1°F (0.55°C), and vice-versa for increased cloud cover. MLC that typically 

shield the coast from summertime heat were absent during several recent heal waves, resulting in significant public 

health impacts (Gershunov et al., 2009; Gershunov & Guirguis, 2012; Guirguis et al., 2014). A recent investigation by 

Williams et al. (2018) indicates that land use changes and other factors in urban areas have diminished coastal fog and 

low clouds, but additional corroborative studies are needed. 

WILDFIRE 

TI1e presence and drnracterislics of wildfires are 

determined by biophysical factors (e.g., temperature, 

moisture, wind, vegetation) and anthropogenic 

factors (e.g., ignitions, development at the wildland­

urban interface, wildfire suppression activities, and 

infrastructure) (Mann et al., 2016). A changing climate 

combined with anthropogenic factors has already 

contributed to more frequent and severe forest wildfires 

in the western U.S. as a whole (Abatzoglou & Williams, 

2016; Mann et al., 2016; Westerling, 2016). 

Approximately 85 percent of all fire ignitions in 

Califrlrnia are the result of human (anthropogenic) 

activities, and the rest are due lo lightning. TI1ese two 

drivers show significant regional variation (Egure 7). 

Most ignitions result in small fires, with relatively little 

damage (Malamud, 1998; Malamud et al., 2005; Moritz, 

1997; Strategic Issues Panel on Fire Suppression Costs, 

2004; Strauss et al., 1989). It has been postulated that 

the rapid growth of the U.S. wildland-urban interface is 

increasing wildfire risks (Radeloff et al., 2018). As Figure 

7 shows, the number of fires resulting from human 

ignition is much higher in more populated regions of the 

state (e.g., Sierra Nevada foothills and coastal ranges). 

1 n coastal California, dry winds during Santa Ana, 

Sundowner, or Diablo events, which carry dry, warm 

air to the coast, play a key role in amplifying "fire 

weather" conditions. In Southern California, Santa 

Ana winds originate in the elevated Great Basin and 
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blow southwestward (Hughes & Hall, 2010). Santa Ana 

and Sundowner winds have fanned many of Southern 

California's most catastrophic wildfires (Westerling et al., 
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2004). In October 2017, a Diablo wind event contributed to fire behavior that led to enormous damage in Sonoma and 

Napa Counties. Modelers are still working lo determine how Santa Ana, Sundowner, and Diab lo winds may respond 

to climate change. Some results suggest decreased activity based on a combination of observations and climate model 

projections (Hughes et al., 2011 ). However, there is no indication of decreased activity in the longest record of Santa Ana 

winds available (Guzman-Morales et al., 2016). GCM simulations suggest that late season Santa Ana winds will continue 

to be most frequent in December and January, and that they will likely become holler with climate change (Hughes 

et al., 20 l l). Some studies suggest substantial increases in area burned due to Santa Ana winds by the middle of this 

century (e.g., Jin et al., 2015). Overall, however, there is lack of consensus on how Santa Ana wildfires will change during 

the rest of this century. In 2017, a late onset in winter precipitation maintained the availability of dry vegetation during 

December. Vvhen Diablo winds developed that month, the dry vegetation was primed for explosive wildfires. Usually, 

early winter precipitation will moisten dry summer and fall vegetation, limiting wildfires in December and January even 

with the presence of dry winds. 

Wildfire Scenarios and Projections 

In recent years, the area burned by wildfires has increased in parallel with increasing air temperatures (OEHHA, 

2018). \Vildfires have also been occurring at higher elevations in the Sierra Nevada mountains (Schwartz et al., 2015), 

a trend which is expected to continue under future climate change. Climate change will likely modify the vegetation 

in California, affecting the characteristics of fires on the land (Liang et al., 20 I 7a, 20 l 7b; Westerling et al., 2011; 

Westerling, 2018). Land use and development patterns also play an important role in future fire activity (Mann et 

al., 2014). Because of these complexities, projecting future wildfires is complicated, and results depend on the time 

period for the projection and what interacting factors are included in the analysis. Because wildfires are affected by 

multiple and some limes complex drivers, projections of wildfire in future decades in California range from modest 

changes from historical conditions (Mann et al., 2016) lo relatively large increases in wildfire regimes (Jin et al., 2015; 

Westerling et al., 2011). 

v\Testerling (2018) developed new wildfire projections for the Fourth Assessment driven by the climate scenarios 

described above and human population projections described in Chapter 2. Westerling (2018) used a set of statistical 

models trained with historical records of fire, climate, and land surface characteristics (including population, 

development footprint, and statistical proxies for static human influences on ignitions in non-urban areas). These 

models simulate individual large fire events (greater than 400 hectares or 988 acres) as a function of changing climate, 

population, development footprint, and forest fuels management strategies. Importantly, v\Testerling's models do not 

consider potential changes in wind regimes, which may be an important, albeit difficult to project, factor in areas of 

California that have been or may be affected by dry winds. Egure 8 shows the resu.lts of an average of fou.r GCMs 

used, highlighting the large increase in area burned per year in the forests of the Sierra Nevada and North Coast. 

Please refer to Westerling (2018) for a foll discussion on uncertainties in these wildfire projections. 
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Westerling's (2018) 

modeling results under the 

high emission scenarios 

(RCP 8.5) show a 77 

percent increase in mean 

area burned (compared 

to 1961-1990) by the end 

of the century. Under this 

modeling framework, the 

maximum area burned 

statewide would increase 

l 78 percent by the end of 

the century under a high 

emission scenario, and 

extreme wildfires (i.e., fires 

larger than l 0,000 hectares 

or 24,710 acres) would 

occur 50 percent more 

frequently. Simulations 

of the effect oflarge-scale 

hectares 

·············-0 25 50 75 100 + 
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(c) 20:10---2099. Source: 

fuels treatment (e.g., fuel reduction) substantially reduce the increases in burned area (Westerling, 2018), which 

could also increase carbon storage in treated areas (Liang et al., 2018). As indicated in the discussion above about 

MLC, land use changes and other factors in urban areas may contribute to diminished coastal fog and low clouds 

(Williams el al., 2018). Diminished coastal fog makes coastal regions more prone to wildfire because of increased 

seasonal drying of coastal vegetation. 

111e massive death of 129 million trees from a combination of the recent drought, an associated bark beetle outbreak, 

and an unhealthy forest due to decades of fire suppression and resulting overgrowth compounds the uncertainties 

about changes in wildfire risk under climate change (Stephens et al., 2018). Such conditions could lead to greater fire 

risk, particularly of"mass fires" burning large areas simultaneously (Stephens et al., 2018). However, the science of 

predicting wildfire intensity, spread, and duration is still limited, and current fire behavior models are not designed 

to take into account the loading of dead fuel. A preliminary analysis of possible effects of mortality on near-term fire 

severity in the Sierra Nevada, excluding longer-term conjectures about mass fire, found increases in high severity 

burned areas on the order of 1 to 7 percent for Sierra Nevada forests (Westerling, 2018), but the actual impacts could 

be substantially more severe. 
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Sea--level along the central and southern California coast has risen more than 15 cm (5.9 inches) over the 20th 

century. Recently, even moderate tides and storms have produced extremely high sea--levels-La Jolla's all time 

highest sea--level occurred on November 2015 under a high astronomical tide and a moderate storm. Over the 

21st century, it is virtually certain that sea-levels will rise substantially; however, uncertainty persists in the rate of 

rise. Sea-- level rise (SLR) estimates are similar under both a moderate and high emission scenario through 2050, 

as demonstrated by projections of La Jolla's maximum daily sea--level (Figure 9, upper) and number of hours of 

exceedance over historical maximum (Figure 9, lower). The difference between the 50th and 95th percentile estimates 

increases with time, primarily because of the large uncertainty in ice sheet melting. 111e SLR increase for different 

projections is not linear in time. By 2 lOO, the 50th percentile SLR projection under RCP 8.5 is more than five times 

the SLR projected for 2100 under RCP 4.5 (Pierce et al., 2018). 

The National Research Council developed SLR projections for California in 2012, but these did not correspond 

lo futu.re emission scenarios (National Research Council, 2012). The SLR projections developed for the l~ourth 

Assessment use a probabilistic approach and, like the projections for temperature, are linked to RCP 8.5 and RCP 4.5. 

A more recent scientific review prepared for the Ocean Protection Council reports similar values as the ones used for 

the Fourth Assessment (Griggs et al., 2017; see "Text Box: Sea-Level Rise Projections: Fourth Assessment and SLR 

Guidance). 

Flooding from sea-level rise and coastal wave events leads to bluff, cliff, and beach erosion, which could affect large 

geographic areas (hundreds of kilometers). In research conducted for the Fourth Assessment, Erikson et al. (2018) 

found that if a 100-year storm occurs under a futu.re with 2m (6.6 feel) of SLR, resultant flooding in Southern California 

could affect 250,000 people and lead lo damages of $50 billion worth of property and $39 billion worth of buildings. 

Recognizing the need 

to have projections of 

SLR in combination with 

coastal storms, the Fourth 

Assessment supported the 

development of the U.S. 

Geological Survey Coastal 

Storm Modeling System 

(CoSMos) for the South 

Coast (Pt. Conception to 

the U.S./Mexico border) 

(Erikson et al., 2018). This 

additional investment 

extended the model's 

coverage, and the dynamic 

modeling tool is now 

Fourth Climate Change Assessment 

The SLR projections developed for the Fourth Assessment present a broader range of SLR 

estimates than the recent report Rising Seas in California: _An Update on Sea-Level Rise 

Science, which was used by the Ocean Protection Council (OPC) in the preparation of State 

ofCatifnrnla Seit-Levd Rlse Cuicfonce (2018). Hie Fourth Assessment SLR projections 

indude, under the RCP 8.5 scenario, a slim possibility that sea-level rise will exceed 9 feet 

by 2 lOD. This is about the same magnitude as the very high H ++ scenario included in the 

recently released OPC Sea Level Guidance, but the OPC extreme scenario is nol assigned 

a probability and is not attached to an individual emission scenario. Both programs' 

proje,:tions are based on estimates of contributions to SLR from primary sources using 

different methods, induding model projections and expert input. However, the hrnrth 

Assessment uses new modeling results that quantify the potential rapid demise of the 

Antar,:tk land-based ice mass. Because there is still considerable uncertainly in these 

results, the Fourth Assessment projections are meant for research purposes, while the OPC 

projections are meant for regulatory and planning purposes. 
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available for all the major urban areas of 

the state. A number of Pourlh Assessment 

projects use CoSMos lo assess SLR and 

coastal storm impacts from tides, waves, 

and storm surge (see example in Egure 10).3 

In a recent study, researchers use the 

CoSMoS model to simulate the long-shore 

and cross-shore transport of sand and other 

processes, and to estimate the dynamic, 

long-term impacts of SLR and waves on 

500 km (312 miles) of coastline in Southern 

California. The simulation of the historical 

period (1995-2010) shows excellent 

agreement with observations. The future 

simu.lations estimate that 31 lo 67 percent 

of Southern California beaches may become 

completely eroded to the landward limit of 

coastal infrastructure or cliffs by the end of 

the century, assuming SLR scenarios from 

0.9 to 2 m (3 to 6.6 ft) and limited human 

intervention (Vitousek et al., 2017). 
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Chapter 2: Climate Change Impacts in California 

limate risk is a function of climate and vveather events, exposure, and vulnerability (IPCC, 2012), California 

is already experiencing the effects of a changing climate, and these impacts are projected to worsen, even 
with only moderate increases in global greenhouse gas emissions, Chapter I outlines how climate changes 

are expected to evolve in California over the coming century However, how these changes are experienced 
will be affected by exposure and vulnerability. Exposure is the presence of people, infrastructure, natural systems, and 

economic, cultural, and social resources in areas that are subiect to harm (adapted from IPCC, 2012). Vulnerability 
is the susceptibility to harm and can be attributed to social, economic, demographic, and physical factors. Both 

vulnerability and exposure are directly affected by California's population growth, development patterns, and success 
in addressing underlying vulnerabilities, including equity and social vulnerability.4 

This chapter starts vvith a discussion of population growth and land use, as well as equity and social vulnerability 
,,,, factors that will have an important influence on how climate change is experienced by Californians. The chapter 

then provides an overview of ho\N climate change will affect people, infrastructure, and natural systems. The 
interdependencies and linkages among these systems are complex, but crucial to consider in taking steps to respond 
to and build resilience in the face of a changing climate (A.dger et aL, 2011; Adger et al., 2003; Dietz, 2003; Meero1N 
et al., 2016). 

Land Use and Population Growth in a Changing Climate 

Population growth and associated development have always had significant impacts on the environment, and these 

become even more important under a changing climate. The ways in which people organize, build, and plan will 

not only affect how the climate continues to change, but also how people will experience the impacts of climate 

change ( Garmestani & Allen, 2014). California has a variety of urban and rural communities, with distinct and 

geographically specific attributes. Although 95 percent of the state's population resides in urban areas or dusters (U.S. 

Census Bureau, 2012), rural populations and communities will also feel significant effects from a changing climate. 

Land use and development patterns are a determinant of climate change exposure f::::ir people, infrastructure, and 

natural systems. Land use conversion can result in the loss of habitat or natural features (e.g., floodplains) that 

provide natural protection for communities and infrastructure. Development in high-hazard areas (e.g., coastal areas 

at risk of SLR and flooding) place people, infrastructure, and other assets at risk. Design standards and features can 

mitigate this exposure, but underlying land use and development patterns should be factored into consideration of 

climate impacts. 

The Fou.rth Assessment includes projections of population and land use change through the end of the 21st century 

to enable this consideration. These projections build on previous research on land use and population change 

(Thorne et al., 20 l 2 ), but use a new approach developed by Sleeter et al. (2017) that considers land use change across 

all land types and uses, not just urban development. TI1e scenarios consider different population growth rates, but 

assume that development follows historical patterns (i.e., these scenarios do not include consideration of more 
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compact growth patterns 

versus sprawl). The 

projections include rates of 

population change based 

on California-specific 

historical data for a 

business--as--usual scenario 

and three additional 

county-level growth 

scenarios developed by the 

Department of Finance for 

the Fourth Assessment (Table 5). 

l\Jlediu0~ Ci:owth 

High C:owth 

JOVvS tG 52 '~ ill1on by 

g;ows at a rate s1dir to histO(lca~ 1·citroc;, to 

''""'' dic,inisl"''' over tnlc': 

51 mJ1on by the em! of thf' 

Under historical development patterns, urbanization will continue lo have profound effects on the composition of 

ecosystems in California and in particular on natural and working lands. Por example, under the Medium Growth 

Scenario, development is projected lo increase by 60 percent by the end of the century, resulting in a net decline 

in grasslands of 8 percent. Under the three population scenarios, developed lands are projected to increase 40 to 

90 percent by 2100. The land use change modeling found that urban expansion will most likely occur adjacent to 

existing cities, with some towns continuing to merge into larger metropolitan areas. 

Several Fourth Assessment studies used these projections, including analysis of wildfire scenarios (v\Testerling, 2018), 

impacts on the electrical transmission and distribution grid (Dale et al., 2018), homeowner's insurance (Dixon et al., 

2018), and for adaptations in crop and livestock systems (Medellin-Azuara et al., 2018). However, it is important to 

indicate that undertaking more compact development patterns (e.g., accommodating more people in existing urban 

areas) results in the least conflict with ecological objectives such as preservation of biodiversity corridors and less 

conversion of agricultural areas lo development (Thorne, Choe, Boynton, et al., 2017; Thorne, Santos, et al., 2017). 

This and other climate-friendly land use developments should be explored in future assessments. 

Equity and Social Vulnerability 

Vulnerability can be measured in both absolute and relative lerrns.5 However, as a matter of policy design and 

implementation, Califrlrnia is focused on vulnerability in relative terms, frlr people and communities with the least 

capacity and resources lo undertake climate action and to prepare for, respond to, and recover from climate impacts. 

Several factors contribute to people's vulnerability to climate change. These can include personal attributes (i.e., 

age, economic status, race, citizenship, etc.), the physical environment (i.e., pollution or lack of shade trees), and 

historic underinvestment and marginalization (e.g., Cooley et al., 2012; Gamble & Balbus, 2016; Kersten et al., 2012; 

Roos, 2018). Por example, vulnerability is exacerbated by institutionalized racism and a legacy of de jure and de 
facto segregation (e.g., Rothstein, 2017). Proximity to pre-existing sources of pollution is another source oflong-

"m exam0l12, a bil!ic11a;c;o· who lost $7CO,OOC has !ost r·"y·,c in absdct;o· t12rms t·,2:-, a r·ddle class oecsoc: vv! o !os;o·s SSOC,COO. 8;;t ;n c;htive to•c:11s. th;o· 

nddle ,-lass P2'YJn has lost 1mre as a p2•c2•,t:cge d Dverall a··sets tlia'' J1e bil!1cn:c1'e lias. 
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enduring vulnerability (Mdlale el al., 2018). Sources 

of vulnerability can also amplify each other. It is well 

established that the disparities between the physical 

and social environments in which people live, such 

as proximity to toxic pollution (Cushing et al., 2015), 

are fundamentally linked to residential segregation 

and social inequality (Casey et al., 20 l 7; J esdale et al., 
2013; Landrine & Coral, 2009). However, it should be 

noted that vulnerability is not necessarily a permanent 

characteristic (Dilling et al., 2015; Simon & Dooling, 
2013). 

Nonetheless, the uneven distribution of vulnerability 

lo climate impacts means that without deliberate 

planning and action, certain groups and individuals will 

experience greater impacts. As Kersten el al. (2012) note, 
"Those who are least able to anticipate, cope with, resist, 

and recover from the worst consequences will be the first 

to face the brunt of climate change hazards:' 

Multiple studies of vulnerability and climate impacts 

indicate that existing inequities can be exacerbated 

by climate change. For example, the consequences of 

climate-related water impacts are particularly acute 

for communities already dealing with a legacy of 

inequalities. A recent study on drought and equity in 

California found that low-income households, people 
of color, and communities already burdened with 

environmental pollution suffered the most severe 

impacts caused by waler supply shortages and rising cost 

of water (Feinstein et al., 2017). In a report prepared 

as part of the Fourth Assessment, Ekstrom et al. 

(20 l 8) found that while all water districts faced similar 

challenges during the drought, small waler districts 

(defined as those serving less than I 0,000 people or 

less than approximately 3,300 connections) were less 

Fourth Climate Change Assessment 

A recent paper by Jones, Wheeler, and Kammen (2018) 

shovv·s large disparities in the responsibility for greenhouse 

gas emisskms, and indirectly for the impacts of associated air 

pollution at neighborhood scales in California. Populations 

in dense urban cores are generally the least responsible for 

emissions on a per household basis, but among the areas most 

susceptible to air pollution. However, the analysis shows that 

as California makes progress towards reducing statewide 

greenhouse gas emissions, those disparities will largely 

disappear over time. 

Tue analvsis shows a five-fold difference in consumption-
- ' 

based household contributions to greenhouse gas emissions 

within urbanized areas in California, ranging from about 

15 metric tons per household to over 75 tons between 

neighborhoods. If California meets its 2050 climate target, 

household carbon footprints would be reduced from an 

average of 44 metric tons C02e to less than 15, with far fewer 

differences between neighborhoods. 

Consumption-based greenhouse gas emissions inventories 

serve as a complement to traditional production-based 

inventories. TI1ey consider the effect of all household 

consumption, including life GHG emissions from 

transportation, energy, waste, water, food, goods, and services. 

These inventories are particularly useful to engage households 

in climate action by pointing out the most promising 

oppnrtunities to reduce emissions. A consumption-based 

inventorv for California, along with mitigations strategies at 

city and ~eighborhood scales, on line maps, data, and carbon 

calculators is available at 
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likely lo have the resources and capacity to overcome those challenges. These districts are most likely lo serve small, 

rural communities in California. Pu.rthermore, for marginalized populations in rural areas of the state, agricullu.ral 

actions in response lo the drought, including increases in ground waler pumping and crop choices, are increasing and 

reshaping their vulnerability to drought and water shortage (Greene, 2018). 

Inequities not only exist in varying exposures to climate risk, but also in the availability and implementation of 

potential adaptation or resilience solutions. Recent research analyzed differences in tree canopy, an important tool for 

adapting to the effects of extreme heat, at the census block group scale in coastal Los Angeles and found disparities 

between canopy in high-income and low-income neighborhoods (Locke et al., 2017). This disparity can have 

implications for communities because of the benefits tree canopy provides in reducing the negative effects of extreme 

heat events. A study prepared for the Fourth Assessment provides one of the first estimates of these benefits in one 

location (Taha et al., 2018). 

TI1e imperative to address the types of inequities discussed above is encompassed in the principle of climate justice. 

TI1e concept of climate justice is that "that no group of people should disproportionately bear the burden of climate 

impacts or the costs of mitigation and adaptation" (Cooley et al., 2012).6 Unlike environmental justice, climate 

justice,7 does not necessarily have a pollution component. Like environmental justice, climate justice also captures 

the concept of inter--generational equity, which states that foture generations should not bear a disproportionate 

burden from climate-- related impacts. Implementation of climate justice requires examining and designing processes 

for planning and adaptation that reflect principles of equity and inclusion from the outset, as well as considering the 

distribution of climate burdens and benefits (Bulkeley et al., 2014; Schlosberg, 2007). California's adaptation policy, 

research, and programs emphasize ensuring that low-income and vulnerable communities are meaningfully included 

in plans and programs for climate adaptation plans and projects (CNRA, 2018). For additional information on 

climate justice in California, please refer to the Fourth Assessment's Climate Justice Summary Report (2018). 

6 Ih\ theG'Y h:c:, ber:Dme cencral 1.c the state c/ C.aiifor1112. Exec;t1ve (}de' 8-3C-1 'i. wh1cl1 1equi•es all a9em·ies to :11t2gral.e chi•de d1a11ge 111tG pla•,,,in~1 and 

i11vest11ent, idenc.-k::' prctec.trn1 Df the State's rncisl vuh•cable CGrfll':C<':i<ie:; as a princ!ple of that WlYk. 

7 En•imn1-rno·c:t2i iustice is a;r-"cd at pno·ve:··ting and r12pairh; ;;da distriix:tions of rnvimnm12ntal harms o: goo(s 2coss pcoclaticc:s (>roos, 2018: Si:h osb12r;_i, 

2001). 
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Impacts of Climate Change on People 

Climate change will affect Californians through several different mechanisms, including increased exposure of 
people to climate-related risks, and threats to infrastructure and the natural environment This section focuses on 
direct threats to people and communities, starting 1Nith a discussion of public health and economic impacts. It then 
revie1Ns emergency management and concludes with a 
discussion of tribal and indigenous communities, who 
face unique challenges under a changing climate. 

PUBLIC HEALTH AND WHLBE!NG 

Available science indicates that because of climate 

change, many people will endure more illness and be al 

greater risk of early death in California. High ambient 

temperatures have been shown to adversely affect public 

health via early death (mortality) and illness (morbidity) 

(Basu, 2009; Ostro et al., 2011; Sherbakov et al., 2018). 

Drought and wildfire, associated with climate change, 

present significant health and wellbeing risks for 

California populations. It is estimated that the drought 

ending in 2016 affected nearly the entire state (DWR & 

NRA, 2016), and that more than 2.7 million Californians 

(>7 percent) currently live in high-risk wildfires areas, 

in part due lo historic land decisions ("CalBRACE," 

2018). Exposure to wildfire smoke is linked to increased 

incidences of respiratory illnesses (Reid el al. 2016). 

Climate change will also have indirect impacts on public 

health, including increased vector- borne diseases, 

and stress and mental trauma due to extreme events 

and disasters, economic disruptions, and residential 

displacement (Gould & Dervin, 2012; McM ichael & 

Lindgren, 2011; USGCRP, 2016). These indirect climate 

impacts are discussed further in the Public Health 

chapter of Safeguarding California. 

Describing the potential health impacts of climate 

change in California requires understanding the 

various factors that already determine people's health 

and wellbeing. Over half of a person's long- term health 

outcomes result from social factors (CDPH, 2015). 

These determinants include the social and economic 

Fourth Climate Change Assessment 

Climate change poses direct and indirect risks to public health, 
and the public health benefits of deep greenhouse gas emission 
(GHG) reductions could be comparable to the cost of achieving 
the GHG reductions. 

Nevv methods are being applied to estimate the economic costs 
of climate change. Emerging findings for California show that 
costs are dominated by human mortality, damages to coastal 
properties, and the potential for droughts and mega-floods. 

Critical emergency infrastructure is at risk from flood and wildfire 
over this centurf, and a new tool is available to evaluate this risk 
via CERl.Climate (California Emergency Response Infrastructure 
C Ii mate Vulnerability Tool). 

Tribes and Indigenous communities in California face unique 
challenges under a changing climate. Tribes maintain cultural 
lifeways and rely on traditional resources (e.g., salmon fisheries) 
for both social and economic purposes. However, tribes are no 
longer mobile across the landscape. For many tribes in California, 
seasonal movement and camps were a part of living with the 
environment. Today these nomadic options are not available or 
are limited. This is the result of Euro-American and U.S. policy 
and actions and underpins several climate vulnerabilities. Tribes 
with reser;ations/Rancherias/allotments are vulnerable to climate 
change in a specific way: tribal lands are essentially locked into 
fixed geographic locations and land status. Only relatively few 
tribal members are still able to engage in their cultural traditions 
as livelihoods. 
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circumstances in which people grow up and live as adults, the educational opportunities they have, and the 

environmental quality and bu.ilt environment in which they live and work. These and other social factors combine in 

disadvantaged communities to create levels of toxic chronic stress and also influence behaviors, including smoking, 

diet, and sedentary lifestyles, which can be harmful to long term health. (McGovern el al., 2014; Mokdad et al., 2004; 

WHO, 2009). Many of these social determinants of health contribute lo lowering one's adaptive capacity, and when 

combined with climate impacts, increase vulnerability in the face of a changing climate. 

These social determinants, therefore, are crucial when assessing options to mitigate public health impacts of climate 

change. For example, studies of mitigation strategies for high heat strongly suggest considering relative income and 

access to greenery. Air conditioning has been shown to decrease mortality and morbidity from high heat (Barreca 

et al., 2013). In California, Ostro et al. (20 l l) estimated impacts on mortality resulting from average temperature 

increases under a high emission scenario to be 6,700 to 11,300 additional annual deaths in 2050.8 However, the same 

authors report that an increase in penetration of air conditioning units of 20 percent would decrease the mortality 

effect by 33 percent by 2050 (Ostro el al., 2011). Air conditioning usage varies within and across California counties. 

For example, in San Diego County's three distinct climatic regions (CEC, 2015), holler, interior regions have higher 

air conditioning usage than coastal regions. Guirguis et al. (2018) used this as a natural experiment to show that 

heat-related mortality was lower in regions with higher penetration of air conditioning units. Gu.irguis el al. (2018) 

also found that disparities in AC ownership were associated with income, race/ethnicity, and home ownership. The 

existence of air conditioning and its use are not always equivalent. Even when some have air conditioning, low­

income groups may not use it during high temperature events due to financial constraints (Bassil & Cole, 2010). 

Given that heat waves are expected to increase with climate change, understanding health impacts of heat and the 

role of air conditioning/acclimation is critical for reducing human health impacts in the foture (Guirguis et al. 2018). 

Disadvantaged communities may also lack easy access to cooling centers in metropolitan areas. In Los Angeles 

County for example, 80 percent of households are within walking distance of a public cooling resource such as a 

library or commercial establishment. While this fraction is high, 20 percent of households do not have easy access 

to publicly-available places with free access lo space cooling (haser et al., 2016). Outdoor workers are also more 

vulnerable to high temperatures. An analysis of communities in Los Angeles showed that for each percentage 

increase in residents working in construction, there was a 7.9 percent increase in heat-related hospitalizations, and an 

8.1 percent increase in heat-related hospitalizations compared to other communities (Riley el al., 2018). Alternative 

adaptation options should be developed for outdoor workers where access to areas with space cooling is not practical. 

A study using more than 6 million hospitalization records in California (warm seasons from 1999 to 2009) reported 

adverse public health impacts for heat waves as well as temperature events below the threshold to technically be 

considered heat waves. Adverse health impacts were also reported when temperatures were above the relevant mean 

daily mean temperatures in 16 climatic zones defined by the California Energy Commission for building energy 

standard purposes ( CEC, 2015; Sherbakov et al., 2018). The authors define heat waves as the mean temperature above 

the month-specific 95th percentile for a minimum of two days. TI1is suggests that precautionary measures should also 

be taken for conditions that are not considered as severe as a heal wave. 
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Temperature increases will impact populations in urban areas more severely due lo the Urban Heal Island effect 

(Slone el al., 2012). Urban heal island mitigation strategies indude increasing the lree canopy in cities, since trees 

reduce surface air temperature in streets and buildings, as well as using cool roofs and pavements that reflect more 

radiant energy due to being painted a white color, or that are covered with a roof-top garden (James el al., 2015; 

Jesdale et al., 2013). A Fourth Assessment study demonstrates that neighborhood-scale tree canopy and increases in 

albedo (e.g., roofs that reflect solar radiation) reduce ambient air temperatures (Taha et al., 2018 ). TI1is is one of the 

first studies to use real--world data to quantify benefits of cool roofs and canopy cover in urban areas in California and 

needs to be duplicated in other cities and settings in the state. 

v\Thile increasing temperatures present a direct threat to public health, climate change will also result in a number of 

indirect negative impacts to health and well-being. Higher temperatures associated with climate change could lead 

to increases in ground-level ozone and reduce the effectiveness of emission reductions taken to achieve air quality 

standards, a phenomenon known as the "climate penalty" (Jacob & Winner, 2009; Mickley, 2007; Rasmussen el al., 

2013). While many analyses still show improvements in air quality over the coming century (e.g., Shen et al., 2017; 

Trail et al., 2014), even with changing climate, Trail et al. (2014) show that these improvements are less than expected 

because of climate change. Please see the text box in Chapter 3, "Public Health Benefits of Deep GHG Emission 

Reductions in California'', for further discussion of the potential benefits of deep GHG reductions and associated 

reductions in NOx, particulate matter, and volatile organic compounds (VOCs) (Zapata el al., 2018). Climate 

change is also expected to affect water quality through increased runoff and the associated potential for algal blooms 

(Michalak, 2016). These effects must be closely monitored, and mitigation measures put into effect to minimize the 

potential threat to human health. 

ECONOMIC IMPACTS OF A CHANGING CLIMATE 

Impacts of climate change are already being detected and attributed at varying spatial scales (IPCC, 2015 ). A sizable 

literature has attempted to quantify the future direct impacts on the global economy (Carleton & Hsiang, 2016). 

Economists are now taking advantage of "big data'' and natural experiments to estimate damages of climate change 

to specific groups or sectors. The new economic studies follow groups (e.g., counties, labor in different industries, 

nations) and information on behavior over time under different weather conditions to infer the response of these 

sectors to changes in weather and climate (see Heal and Park (2016) for an overview of the economic literature). A 

major finding of these studies is that the response of outcomes to temperature is not linear as assumed in some of the 

older economic studies. At a national level, changes to temperature above certain thresholds negatively affect macro­

level measures of economic activity such as gross domestic product (Burke et al., 2018; Burke et al., 2015). 

TI1e most recent comprehensive study provides the first county-level estimate of direct economic damages from 

climate change in the U.S., by examining impacts to agriculture, crime, coastal storms, energy, human mortality, and 

labor ("Hsiang et al., 2017). The study finds relatively high direct economic damages to California and the southern 

part of the United States in general (see Figure 11 ). However, several of the study's assumptions limit how well it 

represents damages in California. For example, there are no estimated coastal damages for California because the 

study only accounts for hurricanes, and agriculture impacts do not include consideration of high value crops grown 

in California. Despite these limitations, the study by Hsiang and others (2017) is an important methodological 

contribution on how to estimate direct economic impacts that could be emulated for California. 

Fourth Climate Change Assessment Statewide Summary Repmt I 40 



-13 -10 -5 0 5 10 15 20 25 28 

Total economic damage(% county GDP) 

dist,ibut:::n of VCJect,"d due to dc:ate at coun1y ~eve~ nlc':ciian values !01· 2080 tc 2099. Sou1·ci:; eta,2017 

Several studies, mostly associated with the current and past California Climate Change Assessments, have attempted 

to estimate economic impacts on the California economy for market (e.g., agricultural revenues) and non-market 

(e.g., human mortality) goods. Table 6 summarizes the available estimated costs of different climate impacts, and 

identifies some gaps where information is not available. However, it is important to note that the values in the table 

are not fully comparable because they derive from studies that use different assumptions, including socio-economic 

conditions, climate and sea-level projections, and other factors. 111e uncertainty in the estimates is very high, and 

the individual impacts should not be added up to estimate total direct impacts to California. Nonetheless, this 

table provides some order of magnitude estimates of economic impacts and suggests that without adaptation, the 

economic impacts of climate change will be very costly. 

Based on the estimates in Table 6, direct damages by the middle of this century appear to be dominated by frmr factors: 

human mortality, damages to coastal properties, the potential impacts of inland mega floods (similar to the devastating 

flood experienced in 186 l --1862 (Swain et al., 2018) ), and droughts. However, many other important impacts have 

not been quantified, including public health and property damage from wildfires, impacts on human morbidity from 

high temperatures, impacts of drought on water quality. and impacts to habitat and other ecosystem services. All 

of these damages are likely to be costly. For instance, a recent UC Davis analysis estimates that the 2016 drought in 

California resulted in over $600 million in direct economic damages (annual losses) and resulted in the loss of 4,700 jobs 

(Medellin-Azuara et al., 2016). Even though $600 million is a small fraction (0.02 percent) of the $2.7 trillion California 

economy, these damages had severe economic impacts to agriculture and agricultural workers in particular. 

Analysis al the national scale shows that economic impacts in the second part of this century tend to increase 

exponentially, but they are substantially dampened if efforts to reduce global GIIG emissions are successful (e.g., 

Hsiang et al., 2017), and if effective adaptation measures are implemented. 
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EMERGENCY MANAGEMENT ANO DISASTER PREVENTION 

Climate change will continue to increase the frequency and severity of some extreme weather events around the 

world and in California. TI1ese extreme events will likely be one of the most acute ways that Californians experience 

climate change. Emerging research examines the causal relationships between climate change and extreme weather. 

The 2016 Bulletin of the American Meteorological Society (AMS) on extreme events summarizes research results 

demonstrating, for the first time, that three 2016 events (a global heal record, heat across Asia, and a marine heat 

wave off the coast of Alaska) would not have been possible without dim ate change (AMS, 2018). 

Emergency management encompasses disaster preparedness, response, recovery, and longer-term resilience 

planning. Emergency management and preparedness across this planning spectrum are critical lo protect people, 

infrastructure, and natural systems across the state. Building resilience of people and infraslru.cture is necessary to 

minimize the impacts of a disaster and to expedite recovery. 

Tnfrastructure provides the physical necessities of modern life, including electricity, gas, transportation, and water. A 

Fourth Assessment study by Lauland et al. (2018) categorizes California's critical emergency response infrastructure 

by evaluating exposure and infrastructure impacts from projected floods and wildfire hazards, using RCP 8.5 and the 

median for flooding or average for wildfire among GCMs. 111e results indicate that critical facilities at risk from both 

flood (0.5 feet exposure threshold) and wildfire (50 percent burned threshold) increase by the end of the century, 

with expected losses of over $1. 7 billion (using a business-as-usual population scenario). 

Chapter 3 discusses how climate change will affect infrastructure in California. In the context of emergency 

prevention and management in California, evaluating the vulnerability and risks to infrastructure across the slate is 

critical to improve overall community resilience. When infrastructure is impacted by an extreme event, communities 

can lose "lifeline" systems (Paton & Johnston, 2017), leaving people vulnerable and in need of services. Furthermore, 

these vulnerabilities are often exacerbated and have greater negative impacts on disadvantaged and vulnerable 

populations, as discussed above (Moser & Finzi--Hart, 2018). The impacts of connected lifeline systems on vulnerable 

communities are a significant barrier toward building and retaining their resilience to climate change and extreme 

events (Mc Nichol, 20 I 7). 

Fourth Climate Change Assessment Statewide Summary Repmt I 43 



TRIBAL AND INDIGENOUS COMMUNITIES 

Tribal and indigenous communities face unique challenges under changing climate conditions. Over 115 federally 

recognized tribes (·~20 percent of all tribes in the US.) exist in Califrlrnia, and they self-identify into three regions: 

Northern, Central, and Southern California" A Tribal Chairmen's Association exists frlr each region. Although 

many tribes have developed economic enterprises (e.g., roughly half the tribes across the state have casinos), 

tribal communities are among the most socio--economically disadvantaged in the State. 10 While the impacts of 

climate change will affect all tribes across the state, as with all California communities, each tribe is distinct with 

unique histories, cultures, practices, resources, and relationships to their environment. 111e following discussion 

is not a comprehensive assessment of the impacts climate change will have on tribes across the state, but rather, it 

highlights some of the key findings and messages from the inaugural from Tribal and 

Communities v:ithin California. 

This is the first lime a Tribal and Indigenous Communities Report has been included as part of the California Climate 

Assessment. The goal was to put together an author team for the report that spans across a range of sectors, regions, 

expertise, and commitment lo working on climate-related issues. 

Expert elicitation is a methodology used to combine the subjective judgments of technical experts when data is 

insufficient or unavailable to inform decision-making and there is a need to quantify the extent and causes of 

uncertainty (Morgan, 2014). Although expert elicitation generally depends on statistical methodologies and presents 

subjective judgments in a quantified manner, the underlying theory behind the methodology is that experts have 

more informed frames for viewing specific problems (Colson & Cooke, 2018). Furthermore, by combining their 

perspectives il is possible to have more informed policy under conditions of uncertainty (O'Hagan et al., 2006). This 

underlying theory can be used in less-quantifiable but still structured ways lo elicit and combine expert opinion, as 

done for the Summary Report from Tribal and Indigenous Communities within California. 

Information on climate impacts, strategies, and actions taken by tribes and Indigenous communities to mitigate 

and adapt to these impacts is often not documented in peer-reviewed scientific literature. How climate change is 

explained and understood differs between government agencies and \\Testern scientists, and Tndigencms Peoples and 

knowledge holders. Indigenous science, which includes long-term observations, monitoring, testing, and validation 

over generations, is often documented through oral traditions and passed down through traditional knowledge 

systems. Given this, a key guiding principle in the author selection process for the Summary Report from Tribal 

and Indigenous Communities within California was that the value of traditional knowledge would be honored, 

recognized, respected, and protected. 
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Before outlining key findings from the report, it is important lo set a brief context for how historic events continue 

to perpetuate contemporary conditions, which are exacerbated by climate impacts. Prior to European contact, tribes 

were the land managers of North America. Tribes used a wide array of techniques to maintain an environment 

capable of supporting large, thriving human populations. These practices varied from tribe to tribe, but generally 

focused on ecosystem interconnectivity, respecting the carrying capacity ofland, and viewing humans as an integral 

part of the environment. Much of that interconnectedness has been lost, and few tribal members are able to engage 

in their cultural traditions as a livelihood today. Nonetheless, these practices and their basis in Traditional Ecological 

Knowledge (TEK) are re--emerging as foundations of, compliments to, and accelerators of modern techniques 

to combat climate change. Traditional Ecological Knowledge is unique to each tribe and underpins many tribes' 

environmental management and community and economic development approaches." 

Both tribal and non-tribal communities across the state are currently facing, and will continue to face, impacts from 

a changing climate. However, compounding social, economic, and political conditions exacerbate the severity of the 

impacts experienced by tribal communities. For example, the public health risks due to extreme heat are exacerbated 

for tribal communities because of a lack of infrastructure and public facilities (e.g., cooling centers), limited 

economic means to cover increased energy prices, and, for rural communities, limited access lo medical facilities in 

the event of heat-related illness. Many tribal communities rely on local waler sources (ground and surface), so an 

increase in drought frequency and severity will impact both water availability and quality (Summary Report from 

Tribal and 1 ndigenous Communities within California, 2018). Increased drought will also affect local ecology, with 

the potential to make traditional plant and animal resources scarce. Increased wildfire is a particular risk to rural and 

isolated tribal communities and can damage or destroy cultural sites, as well as traditional gathering areas. Tribes 

may also lack the ability to relocate because of legal or cultural constraints and considerations. Tribal lands are fixed 

al a certain location, so tribes are essentially locked into Rancherias, allotments, or other types of fixed geographic 

locations and land status. Where these tribal lands are subject to climate impacts that could make land uninhabitable, 

tribes could be forced to relocate as a last resort after efforts are made to adapt. In all cases relocation to new tribal 

lands -- often federal trust land -- is administratively difficult, prohibitively expensive, takes years or decades to 

accomplish, and is fraught with cultural, social, and economic upheaval. 

Climate change also affects cultural resources, which can include environments, conditions, practices, places, plants, 

and animals that are of significance in a particular tribe's culture. Climate change impacts affect cultural resources 

across all tribal lands. For example, South Coast tribes are threatened by a loss of gathering areas, traditional plants 

used for food, medicine, and basketry, and a loss of a sense of continuity with connection to the land. Tribal gatherers 

in central California have had to travel north to the Hoopa Reservation, Lake Tahoe, or south lo Tehachapi lo gather 

enough Black Oak acorns for their cultural events. 
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Where resources remain, the ability to achieve stewardship necessary lo maintain the resources is limited. For 

instance, decades of wildfire suppression have exacerbated the risk of wildfire across the landscape, and many 

tribes have felt this quite specifically. Prescribed fire has long been a tribal practice for managing the land. Current 

constraints that limit setting prescribed fires (e.g., air quality regulations and conflicts with metropolitan areas) 

disrupt this traditional practice and increase the risk of wildfire in tribal areas. While climate change's historic scale 

and rate of change are not foreign to tribes, the ability to actively engage in stewardship to buffer against the impacts 

of climate change is largely beyond tribal control, as the ability to steward at a landscape scale does not exist under 

the purview of tribal planning and action. 

Further compounding climate impacts are historic gaps in energy, water, and transportation infrastructure within 

tribal communities; there are large tribal areas in California that have never had an electrical grid, natural gas, 

internet, or other basic utility services. For example, many rural tribal communities only have one-way road access, 

limiting emergency response and preparedness efforts in response lo extreme even ls. 
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Climate Change and Infrastructure 
in California 

As mentioned in sections above, climate change impacts 

to energy, transportation, and \Nater infrastructure will 

have multiple ripple effects on people in California. In 

this section, the anticipated climate change impacts on 

infrastructure itself are outlined. 

111is report uses the IPCC definition of the energy 

sector, which includes all the fuels, energy carriers 

(e.g., electricity), and infrastructure that provide 

energy services, such as lighting, heating and cooling, 

water treatment, industrial heat, electricity generation, 

and transportation (Bruckner el al., 2015). Using this 

definition, the energy sector in California accounts for 

more than 80 percent of the state's annual greenhouse 

gas (GHG) emissions (California Energy Commission 

Staff, 2017). This definition highlights the critical 

importance of transforming the energy system in order 

to meet GHG emission reduction goals. Tn Califrlrnia, 

transportation plays a critical role in this transformation. 

Emissions from cars, trucks, and other land and marine 

vehicles accounted frlr approximately 39 percent of 

the total annual GHG emissions in 2015 (ARB, 2017). 

Other sources of GHG emissions outside the energy 

sector include methane emissions from landfills, nitrous 

oxide emissions from the application of fertilizers, 

methane emissions from enteric fermentation from 

ruminants such as cows, methane emissions from 

waste water treatment plants, GHG emissions from the 

manufacturing of electronic equipment, and other source 

categories (ARB, 2017). 

California has adopted a goal to reduce GHG emissions 

40 percent below l 990 levels by 2030 and 80 percent by 

2050. Califrlrnia's prior Clirnate 

have shown that the energy system is vulnerable to 

climate impacts. The Fourth Assessment builds on this 
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Electricity demand is projected to increase in inland and Southern 
California, with more moderate increases projected in cool 
coastal areas. However, increased residential energy demand for 
electricity due to greater penetration and use of air conditioning 
is expected to be more than offset by reduced use of natural gas 
for space heating. Increases in peak hourly demand during the 
hot months of the year will be more pronounced. 

Nevv measurements for the Fourth Assessment found mean 
subsidence rates for some of the levees in the Delta of -1-2 
centimeters per year. This subsidence compounds the risk that 
SLR and storms could cause overtopping or failure of the levees, 
exposing natural gas pipelines and other infrastructure to 
damage or structural failure. 

Analysis of the transportation fuel network found that product 
pipelines and central distribution terminals are the most critical 
assets, and that the network depends on supporting sectors such 
as electricity and gas. Docks, terminals, and refineries are most 
exposed to coastal flooding, whereas roads and railroads, \Nhich 
are used to transport transportation fuels, are the most exposed 
assets to vvildfire. 

Current management practices for water supply and flood 
management in California may need to be revised for a changing 
climate. This is in part because such practices were designed 
for historical climatic conditions, which are changing and will 
continue to change during the rest of this century and beyond. 
As one example, the reduction in the Sierra Nevada snowpack, 
vvhich provides natural water storage, will have implications 
throughout California's water management system. 
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work and considers climate impacts on the energy sector, when possible, in the context of the dramatic changes 

needed in the near and foreseeable future to achieve the State's GHG emissions reduction goals. This section includes 

a brief discussion of what California's energy system might be like in 2050. Then the latest research is synthesized on 

the potential impacts of climate change to supply and demand in an evolving energy system. 

Potential Energy Pathways for California 

Scientific studies suggest that the most plausible and cost--effective way to reduce GIIG emissions involves deep 

decarbonization of the electricity--generating sector, electrification of energy services where feasible (e.g., electric 

heat pumps for space heating, water heating, electric vehicles for transportation), and substantial increases in energy 

efficiency (Wei et al., 2013; Williams et al., 2012). The electrification of energy services would make electricity the 

most important energy carrier in California. 

Three recent California studies of deep GHG reductions also included for the first time a partial consideration of 

the effects of climate change, including the availability of hydropower generation and changes in energy demand for 

space cooling and heating (Mahone el al., 2018; Tarroja et al., 2018; Wei et al., 2018). New findings from the three 

studies include: 

1. Market penetration of electric 

vehicles must accelerate to 

achieve GHG reduction goals. 

Mahone et al. (2018) indicate 

2. 

the need for penetration of 

approximately 6 million zero 

emission vehicles on California's 

roads by 2030, which is comparable 

lo the 5 million zero-emission 

vehicles recently mandated by 

Exc~d1tive Order B-48-18. 

Shifts in energy demand and 

hydropower generation due to 

dimatk changes in California and 

the \Vestern U.S. may not impede 

compliance with California GHG 

emission goals (Mahone et al., 

2018; Tarroja et al., 2018). 

3. Electrif-ying the state's 

transportation sector, space 

heating (e.g., heat pumps), 

and other energy services will 
increase electricity demands, 
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even with unprecedented increases in energy 

efficiency (Mahone et al., 2018; Tarroja el al., 2018). 

A second peak in electricity demand may appear in 

the winter season driven by the demand for electric 

space heating (Wei et al., 2013). 

A caveat is that these three studies did not consider 

extreme weather events (including extended droughts) 

and other climate-related impacts to the energy system, 

such as reduced efficiency of thermal power plants with 

hotter temperatures. 

Climate Change impacts to the Energy System in 

California 

Changing climate conditions will affect the energy 

system in several ways: by changing energy demand, 

changing performance of the energy delivery system, 

and by direct risks lo infrastructure. 
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are below 65°F. TI1e long-term record, from 1970 to the present, suggests a decline ofHDD of about 20 percent in 

California (NOAA NCDC). Demand for natural gas in the residential sector and HDD declined substantially from 

2000 to 2015, even as the economy grew by about 40 percent in real terms (CA (Figure 13 ). 

The geographic distribution of potential changes in energy demand is also important for energy planning and 

for detailed studies about the vulnerability of the energy system to climate change. Auilliammer (2018) estimated 

spatial changes in annual residential electricil y and natural gas demand al the five-digit ZIP code level. This fiourth 

Assessment study found more pronounced increases in electricity demand in inland and Southern California, and 

more moderate increases in cool coastal areas (Figure 14). This study also found that increased residential energy 

demand for electricity due to greater penetration and use of air conditioning is expected to be more than offset by 

reduced use of natural gas for space heating. This measure of net energy in homes is site energy, which does not take 

into account the energy required to generate electricity and to transport the electricity to homes. In addition, with 

the electrification of space healing with heat pumps and other technologies, total electricity demand in homes would 

mcrease. 

Regardless of whether annual average household energy demand increases under changing climate conditions, the 

projected increases in peak electricity demand in the hot months of the year have important implications for the 
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electricity system. Climate warming has been projected 

to affect peak electricity demand lo a greater degree 

than it will affect annual electricity demand in the U.S. 

(Auilliammer el al., 2017) and in California (e.g., hanco 

& Sanstad, 2008) without consideration of electrification 

of space and waler heating. 

In a study prepared for the Fourth Assessment, Burillo 

et al. (2018) estimate increases in peak hourly electricity 

demand under a changing climate in Los Angeles 

County, accounting for population growth (using 

Department of Finance projections), building stock 

turnover, different energy efficiency scenarios, and 

increased penetration of air conditioning units (Figure 

15). The analysis shows a 35 percent increase in peak 

hourly electricity demand by 2060, relative to 2010. 

Almost 4 percent of this increase is attributed to high 

temperatures. 

Projected increases in peak summer demand associated 

with rising temperatures pose risks to energy 

infrastructure and may exceed the capacity of existing 

substations and distribution circuits. 111e electricity 

system encompasses grid infrastructure, including 

substations, and power sources such as power plants, and 

solar and wind farms. Modeling for Los Angeles County 

found that the current grid would become vu.lnerable to 

service disruptions by mid-century and indicates where 

upgrades or other solutions would be needed (Burillo 

et al., 2018). Specifically, the area east of West Valley lo 
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Pomona is al the highest risk of service interruptions due lo potential overloading of the serving substations by the 

middle of this century. However, certain adaptation measures can mitigate this risk. TI1ese include installing 700 MW 

additional substation capacity, distributed energy resources, or load shifting to avoid overloading local substation 

capacities (Burillo et al., 2018). 
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In one study conducted for the Fourth Assessment, ICF worked in collaboration with San Diego Gas & Electric 

(SDG&E) to examine sea-level rise-related risks to electricity sector assets and potential impacts lo customers 

(Bruzgul el al., 2018a). Using CoSMoS to investigate tidal inundation, extreme storm events, and coastal erosion 

associated with SLR of up to 2.0 m ( 6.6 ft), ICF found that direct risks to assets are dominated by substations in low-­

lying areas (such as San Diego Bay and Mission Bay). Inundation of substations during storm events could lead to 

service interruptions to thousands of customers given a storm event coupled with 2.0 m ( 6.6 ft) of SLR. Impacts to 

other assets, such as underground duct banks and pole-mounted transformers, would likely manifest as increased 

maintenance and repair costs rather than widespread service disruptions. 

Another Fourth Assessment study found that a relatively small number of wildfires caused much of the damage 

that occurred to California's electricity grid between 2001 and 2016 (Dale et al., 2018). The estimated cost of these 

wildfires exceeded $700 million (Dale et al., 2018). The effects of climate change on Santa Ana wind conditions that 

have driven the worst fire disasters are still a large uncertainty, as indicated in Chapter 1. Fire threat to the Northern 

California grid is expected to increase (Dale et al., 2018). 

Modeling of hydropower generation suggests that early season inflow will tend to increase the amount of waler 

that managers would need to "spill" to avoid dangerous overflow (Tarroja et al., 2018). This temporal shift in runoff 

leads to increased electricity generation in winter and spring, and decreased generation in the summer during the 

annual peak demand period. 111is loss of low-carbon summertime electricity would need to be replaced with more 

generation from other sources that may not be carbon-neutral. On the positive side, if more energy services are 
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electrified, such as space healing in winter as described above, the generation of additional hydropower could help 

meet that increase in the winter seasonal load. Solar generation would also be al its annual minimum in the winter; 

the added hydropower could complement the annual cycle of solar energy availability. lmpacts on hydropower 

systems cou.ld also affect the amount of spinning reserve power available to be dispatched lo the grid on short notice. 

This potential loss would also need to be made up through other energy resources (Tarroja el al., 2018), which could 

include flexible non--generaling resources such as energy storage or smarl--charging electric vehicles. 

The impacts of climate change on other renewable electricity sources are less clear. Downscaled data from the 

average of nine GCMs project a relatively small change in solar radiation due to decreases in summer being offset by 

increases in fall, winter, and spring (Pierce et al., 2018). Solar capacity could also be constrained by the availability of 

cooling water under climate change in the best resource areas (Tarroja et al., 2018). \Vind energy is highly variable, 

which makes it difficult to forecast, and the effects of climate change on wind magnitude and operating conditions are 

uncertain. One new study, using a single GCM, projects increased summertime wind power production followed by 

a decrease in fall and winter power production from near-term climate change al major wind energy facilities across 

California (Wang et al., 2018), but the resu.lts must be validated. 

IMPr'\CTS TO ~'f:Rf-Of{MMKE i\f~D f{l':SILH~CT OF THf' f,il\TUfU\l. Cii\S SYSTf'N 

Many natural gas facilities such as underground natural gas storage units and pipelines are concentrated under 

islands in the Sacramento-San Joaquin Delta. Previous research with airborne laser scanning measu.red the 

subsidence of the levees, and new measurements for the Fourth Assessment f::::mnd mean subsidence rates of "-1-2 

centimeters per year ("-0.4 to 0.8 inches per year) (Brooks et al., 2018). TI1is subsidence compounds the risk that SLR 

and storms could cause over lopping or failure of the levees, exposing natural gas pipelines and other infrastructure 

to damage or structural failure (Radke el al., 2016). Buried infrastructure can also be exposed to humid conditions 

due to flooding or an increase of the elevation of the waler table due to sea--level rise (Hummel et al., 20 l 8). TI1e 

combination of subsidence, SLR, and a 100--year flood event could lead to levees failing lo meet the federal levee 

height standard by 2060 or 2080, depending on the rate of sea-level rise (Brooks et al., 2018). 

ICF and SDG&E conducted a mu.lti-hazard risk assessment of the natural gas system in SDG&E territory to coastal 

and inland flooding, wildfire, and extreme heal (Bruzgul et al., 2018b). The study shows that the natural gas system in 

SDG&E territory is generally not very vulnerable lo these risks. Endings from the study include: 

• Despite low exposure and sensitivity to wildfire, impacts from costs and staff time associated with restoration of 

service connections after fire events could be substantial. 

• Extreme heat could result in accelerated wear and tear on, and increased cooling costs for, compressor equipment. 

• TI1e transmission line running from Los Angeles to San Diego is a major pipeline asset that is potentially exposed 

lo projected coastal hazards and could experience disruption. This pipeline is important because it serves coastal 

beach communities along about half of the San Diego coastline. However, this line was seen to have low sensitiv­

ity overall because it is backfed (i.e., supplied from both northern and southern ends), which would limit service 

disruptions. 

• Cathodic protection is the prevailing approach lo minimizing pipelines' corrosion risks in coastal areas al risk to 
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inundation and saltwater intrusion. However, these protections require regular inspection and maintenance (So­

CalGas, 2016), and the potential for the effectiveness of this protection to diminish due to weather-related factors 

has been raised in public filings (CPUC, 2016). 

California's Transportation Fuel Sector 

The Fou.rth Assessment undertook the first attempt lo consider weather-related risks posed lo California's 

transportation fuel system (TFS) as a physically connected, multi-sector network (Radke et al., 2018). Because the 

vast majority of fuels currently used in the transportation sector originate from crude oil, this section only addresses 

the petroleum sector (e.g., refineries, terminals, pipelines frlr crude oil and refined products, gas stations). Specifically, 

Radke et al. (2018) explore wildfire- and flooding-related risks and uncertainties, and how these may intensify under 

a changing climate. TI1is study frmnd that product pipelines and central distribution terminals are the most critical 

assets within the TFS network, and that the network depends on supporting sectors such as electricity and gas. 

Docks, terminals, and refineries are the TFS assets most exposed to coastal flooding, whereas roads and railroads, 

which are used to transport transportation fuels, are the most exposed assets to wildfire. 

TRANSPORTATION INFRASTRUCTURE 

Many of California's roads, railroads, pipelines, waterways, ports, and airports are integral to the U.S. economy and 

will be significantly affected by climate change. Disruption in one part of the system can create downstream 'ripple 

effects', including both direct and indirect economic impacts of inter-connected, inter-dependent, infrastructure 

systems. Por example in 2005, damage to oil and gas production and delivery by Hurricanes Katrina and Rita 

impacted natural gas, oil, and electricity systems in the rest of the United States (Building a Resilient Energy Gulf 

Coast, 2010; Wilbanks el al., 2014), impacting markets as far as New York and New England (Rosenzweig & Solecki, 

2013). California is a key supplier of goods and services lo the rest of the United States; a disruption in California's 

transport system has the potential to cause disastrous consequences for the rest of the country. 

Increased Average and Extreme Temperatures 

The increased average and extreme temperatures projected for California (see Chapter l) will affect paved roads and 

rail tracks. Higher temperatures increase the probability of track buckling, requiring implementation of procedures 

that reduce speeds, adding delays with associated costs. Projected temperature increases are estimated to add 

approximately 3--9 percent to the cost of road construction and maintenance over a 30-year period (Underwood et 

al., 2017). Without successful adaptation of roadway materials (i.e., asphalt and pavement), researchers estimate that 

the median total cost to California for 2040-2070 will be between~$ I billion frlr RCP 4.5 to "-$1.25 billion for RCP 

8.5. Nationally, the cumulative projected cost of climate change impacts on the rail system (2016---2099) is estimated 

to range from an increase over historical costs of $25 to $45 billion under the RCP 4.5 scenario to $35 to $60 billion 

for RCP 8.5 scenario. These costs only take into account delay-minute costs associated with the physical deformation 

of the rails with higher temperature, which requires reduced traffic or temporary lack of service. However, the 

deployment and use of temperature sensors could be used to optimize traffic and reduce time delays, substantially 

reducing economic impacts (Chinowsky et al., 2017). 
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Flooding 

Sea-level rise, intense coastal storm events, increased precipitation events, coastal land subsidence, and extreme heat 

threaten coastal transportation infrastruclu.re (Radke el al., 2016; Schweikert et al., 2014). California'.s transportation 

system is highly vulnerable lo flooding of roads, railways, and airport runways in coastal areas through the combined 

effect of sea-level rise and storm surges (National Research Council Transportation Research Board, 2008). Modeling 

of SLR coupled with a hundred-year storm event in 2100 in the San Francisco Bay area shows minimal temporary 

roadway inundation, but significant effects on critical nodes (connectors) in the regional road network, increasing 

the potential for major disruptions in regional commute patterns (Biging et al., 2012). 

Recent modeling of tlood events indicates that -,225 km ( ~ JAO miles) of highways are susceptible to flooding in a 100 

year storm event by 2020, and ~595 km (~370 miles) by the year 2100 (Radke et al., 2018). The amount of temporary 

road inundation is estimated to be approximately 2,460 km (1,540 miles) in the 2020-2040 simulation window, and 

6,085 km in 2080-2100, but Radke et al. (2018) show that the impacts of this flooding remain localized and will not 

increase the probability of failures for regional accessibility. 

California's rail system is a critical element of the slate's economy. Railway operations are disrupted if only I 0 cm 

C~4 inches) of flooding occurs. However, these disruptions are typically short lived, as rails can be quickly repaired 

or replaced (Radke et al., 2018). An estimated 0
" 184 km C~ l 15 miles) of rail is projected to be exposed lo coastal 

flooding in the period 2020--2040; this number more than doubles to ~483 km (0 ,300 miles) in the 2080-2100 period 

(Radke et al., 2018). 

Seaports are often in the most vulnerable areas to climate change-driven flooding impacts (Becker et al., 2012). Major 

seaports in California have already experienced minor impacts of SLR and storm surge. This trend will continue to 

increase to the end of the century (Table 7) with risk increasing greatly by 2080. Although the dock infrastructure 

may nol be completely submerged, the bumpers and docking infrastructure required lo successfully dock a boat will 

be compromised. Importantly, Andeavor Long Beach Terminal liBerth 121, a marine terminal that otiloads crude 

from marine tankers and supplies 80 percent ( ~500,000 barrels i day) of Southern California's crude oil, is impacted 

by 2080 (Figure 16; Radke et al., 2018). 

The terminals of the Port of Los Angeles are well above 

current mean sea-levels. A recent study conduded that 

no major upgrades are necessary at this point, but that 

the situation must be reassessed every time a major 

upgrade of this port takes place. Implementing adaptation 

measures in coordination with major facility upgrades 

would lower costs substantially and, in addition, new 

scientific information could inform the design of specific 

adaptation measures (Sriver el al., 2018). 

TI1ere are approximately 200 commercial airport 

facilities in the state ( Caltrans, 2016); the major effects 

of anthropogenic climate change on California's biggest 

airports will be mainly due to flooding. Modeling of 
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SLR at the thirteen busiest 

airports suggests that 

Oakland (OAK) and San 

Francisco (SPO) have 

already, or will shortly 

begin to, experience 

flooding from SLR and 

storm surge projected 

for the 2000- 2020 time 

period (Radke el al., 2018). 

The Santa Barbara (SBA) 

airport begins to tlood in 

the 2020-2040 period, and 

San Diego (SAN) begins to 

flood by 2060-2080 (Radke 

et al., 2018). 

Wildfire 

Wildfire may be the 

biggest immediate 

threat to California's 

transportation system, 

as vegetation fuel 

barre!s I 

r'~ediar' .. 311d '''inirncVi·, eslirnales of che 

2020-2040 and 2080-21 Sm1rce: Radke et a!., 2018. 

cie'''onst•-ates the rnaxi'''urn, 

SLR .311d storr'~ event of different sce•i.oriGs yeas 

accumulation continues to increase (Calkin et al., 2015). Wildfires can also have cascading impacts lo lransporlalion 

infrastructure through sequential extreme events; for instance, mudslides following the 2018 Thomas wildfire in 

southern California resulted in the closure of liighway 10 I, a major north-south corridor for the state. Unlike 

flooding, where high-- risk conditions are found in low-- lying regions or near the coast, wildfire threat is ubiquitous 

throughout the state. Many transportation system assets exist in high--risk areas, and although there is an excellent 

record of response and repair, long term chronic disturbances due to climate change are only now being discussed 

(Radke el al., 2018). 

By intersecting all transporlalion infrastructure with wildfire perimeters from 1990-2017 and reporting lengths/ 

counts, the study by Radke et al. (2018) finds that a considerable amount of infrastrncture is exposed to wildfire risk, 

with the highest risk being lo roads and highways (Table 8). Transportation infrastruclu.re can be both directly and 

indirectly affected when exposed to wildfire. Rails may warp due lo thermal expansion from direct wildfire exposure. 

Smoke and fire-fighting operations can lead to temporary service disruptions that can affect movement of goods and 

services (Finlay et al., 2012; Radke et al., 2018). 

Mapping and measuring regional wildfire risk for transportation due to climate change is critical in long term 

strategic planning. Using averaged annualized mean estimated values for area burned by wildfire (v\Testerling, 2018), 

Radke et al. (2018) developed a Modeled Wildfire Threat Rating system to analyze spatio-temporal trends in areas 

burned by wildfire. Roadways have the greatest exposure, with trends that continue to increase to the end of the 
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century. Railways have approximately half 

the exposure of roads but also have an 

increasing exposure trend. 

WATER INFRASTRUCTURE 
Waler is central to California's people, 

economy, and natural systems, all of 

which rely on, and are part of~ a complex 

network to store and distribute water 

throughout the state. Available science 

indicates that there is a significant potential 

for frequent and severe water availability 

and water quality problems resulting 

from a combination of increased volatility 

in precipitation, continued reductions 

in snowpack, unsustainable use of 

groundwater, a tendency toward decreased 

soil moisture, and higher overall in-stream 

temperatures (see Chapter 1). California'.s 

unique hydrology and statewide water 

infrastructure amplify the complexity of 
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managing water resources in the face of changing climatic conditions. This section focuses on findings from Fourth 

Assessment technical reports along with other relevant literature to provide insight on the challenges, advances, and 

future research needs related to water management in California. 12 

Fluctuations in precipitation are a fundamental feature of California's climate (see Chapter l), and reliance on snowpack 

and groundwater are critical parts of California water resources. During a typical year, approximately 40 percent of 

the state's total water supply comes from groundwater. During dry years, this increases to more than half of the state's 

total supply, with groundwater thus serving as a critical buffer against the impacts of drought. One of the challenges for 

California's water supply is a spatial and temporal mismatch of supply and demand. v\Thereas most of the precipitation 

falls in the northern part of the State (Figure 5) in the winter, water demand is concentrated in major urban centers 

and the agricultural areas in central and southern California, particularly during the summer and early fall. In order to 

support growth and a vibrant economy, California has developed an extensive network of water conveyance facilities­

both natural and built-to store and deliver water to agricultural and urban areas. The Sacramento-San Joaquin Della 

(Delta) serves as the hub of California's waler operations, providing water lo millions of people and thousands of acres of 

farmland, as well as providing habitat for abundant wildlife including migratory and resident fish species. 

Much of California's water conveyance infrastructure was developed with a heavy reliance on snowpack for seasonal 

water storage. 111e recent 2012-2016 drought provides a strong example of how recent episodes of unusually warm 
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temperatures and low snowpack can diminish water availability to California's waler system, which supports the large 

and growing population of the slate-whose water needs have increased nearly 80 percent since the severe drought 

of 1976-77-and also supports agricultural production, energy generation, ecosystem health, and the economy 

(OEHHA, 2018; Mann & Gleick, 2015). As mentioned earlier, climate projections suggest snowpack will decrease 

with air temperature warming, regardless of whether precipitation increases or decreases (Thorne el al., 2015). 

The ability of California's water infrastructure to withstand and rebound from climate change is compromised by 

its advanced age, deferred maintenance, funding constraints, and ongoing technological changes (Vahedifard et al., 

2017). In the Delta, over 1,000 miles of levees are vulnerable to collapse from earthquakes, rising sea-levels, and 

potentially increasingly severe storms. Two Fourth Assessment reports examine what can be expected for water 

infrastructure. 111ese studies find that across the state, a decline in performance of storage and conveyance systems 

is expected, including a decline in reservoir carryover storage (amount of water available in the reservoirs before the 

start of the wel season in October), reduced Delta water exports, and diminished drought resilience and operational 

control to meet future downstream river flow temperature requirements (Schwarz et al., 2018; \Vang el al., 2018). 

-

Figure 17 illustrates the substantial reduction of carryover 

storage (i.e., the volume of waler remaining in a reservoir in the 

fall) projected for Shasta and Oroville, the largest reservoirs in 

Northern California. This parameter gives a usefo.l depiction of 

the resilience of the large--scale systems to drought shortages. 

Figure I 7 shows that, on average in ten climate models under 

RCP 4.5 and RCP 8.5 scenarios, carryover storage in the largest 

reservoirs (i.e., Shasta and Oroville) is projected lo decline 

markedly, by roughly one-third over the course of this century. 

TI1is stored waler will not be available to use during dry years. 

---------T·--------r--------T·--------r---------T---------r---------T---------r---------T---------r---------T-------"'"---------

Two Fourth Assessment reports highlight challenges within 

the regulatory and administrative system in the state, especially 

in terms of ils flexibility and response time in addressing 

drought-stressors within the water conveyance system (Green 

Nylen et al., 2018a, 2018b). Because future California droughts 

are likely lo be more frequent, longer, and more intense, 

they will pose increasing challenges for water management, 

raising the stakes for effective drought response (Green Nylen 

et al., 20 I Sa). Analysis of water rights administration and 

oversight dming the last four major statewide droughts (from 

l 976 to 2016) suggests there was little proactive preparation 

in advance of droughts, resulting in heavy reliance on in­

drought improvisation. These studies, and the suite of studies 

prepared for the Fourth Assessment, indicate that current water 

management practices will need to continue to improve to be 

resilient to what is expected from a changing climate. 
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l\latural Systems and Working Lands and Waters 

California's natural and working lands are important components of communities, the economy, and the culture 

of California. California's natural landscapes include forests, chaparral, deserts, and riparian and wetland habitats; 

working landscapes include rangelands and agricultural lands. These confer multiple benefits for the state. The state's 

forested upper watersheds are a critical component of the state's water system, interconnected landscapes provide 

habitat for the state's rich biodiversity, and working landscapes produce food and support healthy soils to store \Nater 

and carbon, habitat for migratory species, and pollinator habitats. Healthy, vvell~managed natural and working lands 

can also remove and store carbon from the atmosphere and are an important contribution to the state's efforts to 

reduce GHCi emissions (CNRI\ 2017). 

f\]atural and working landscapes also provide important 

opportunities for natural infrastructure solutions. 

Publicly-held lands can be managed and protected 

to provide ongoing ecosystem services such as \Nater 

delivery, and they can potentially serve as needed 

solutions to climate change challenges, including 

potential carbon storage, migration corridors for wildlife, 

groundwater recharge, and for flood management 

(Opperman et aL, 2017). One Fourth Assessment report 

estimates the carbon stored in land acquired by the 

State Coastal Conservancy and shovvs higher than 

average carbon storage compared to statewide average. 

The report also estimates benefits associated with the 

avoided conversion of this land to agricultural or urban 

uses (Ackerly et al., 2018). 

This section discusses how climate change is affecting 

California's natural and working lands and summarizes 
ne1N research findings from the Fourth A.ssessment, 

where applicable, as well as other recent research. Topics 

covered include agriculture, biodiversity and ecosystems, 

forest health, and California's ocean and coast \/Vater 

concerns and impacts are vvoven into each of these 

sections, as climate change impacts to precipitation and 

California's \Nater system significantly affect each of 

these areas. 
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An economic optimization modeling study suggests that 
agriculture can remain economically viable while confronting 
climate change impacts through adaptive decision-making and 
technological advancement However, that viability may be at the 
expense of agricultural jobs and the dairy sector. 

An extensive literature revievv on fuel treatment in forests 
concluded that practices that reduce stand density and restore 
beneficial fire can improve climate resilience, reduce the 
likelihood of severe wildfires, and minimize the long-term carbon 
losses from forested areas. 

In the last few years, California has experienced unusual events 
in the ocean and along the coast, including an unprecedented 
marine heat wave, a record harmful algal bloom, closures of 
fisheries, and significant loss of northern kelp forests. There is 
increasing evidence that climate change is transforming and 
degrading California's coastal and marine ecosystems due to 
impacts including sea-level rise, ocean acidification, and ocean 
vvarming. Continued climate-driven changes to the ocean and 
coast will have significant consequences for California's coastal 
ecosystems, economy, communities, culture, and heritage. 
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California produces over half of the nation's specialty crops, including fruits, vegetables, nuts, flowers, and nursery crops. 

California agriculture has faced increasing pressure in recent decades, including the conversion of agricultural land for 

urban development, new regulatory challenges, and the impacts of extreme climate events, including droughts, floods, 

and warmer temperatures. Under changing climate conditions, agriculture is projected to experience lower crop yields 

due to extreme heal waves, heat stress and increased water needs of crops and livestock (particularly during dry and 

warm years), and new and changing pest and disease threats (Hatfield et al., 2015; Pathak el al., 2018). Many of these 

impacts can be lessened through on-farm management practices and integration of climate change in decision-making, 

as presented in some Fourth Assessment reports discussed in Chapter 3. 

Although it is difficult to narrow down impacts from climate change for all agricultural commodities and regions, it is 

evident from recent droughts that agricultural production will be challenged by water shortages, higher temperatures, 

changing atmospheric conditions, and conversion of agricultural land to developed uses (Medellin-Azuara el al., 

2018; Wilson el al., 2017). Agriculture is the economic foundation for many of California's communities, particularly 

rural communities where other employment opportunities are limited. Roughly 6.7 percent of jobs statewide are 

generated by farms and farm processing, and in the Central Valley the figure is much higher (22 percent) (UC 

Agricultural Issues Center, 2012). TI1is means that climate change impacts to agriculture, and even nuanced impacts 

such as shifting cropping patterns, may create hardships in the rural communities where agriculture is foundational. 

Different crops have different labor demands (Medellin-Azuara et al., 2016), and shifting crop patterns may result 

in changes in employment throughout the agricultural sector (Greene, 2018; Villarejo, 1996). A Fourth Assessment 

study found that in the 2012-2016 drought, to access higher market prices and compensate for the higher cost of 

water, many farms switched to higher value crops, for which cultivation and harvesting could be largely automated----­

leaving agricultural workers with employment shortages beyond the drought (Greene, 2018). A report by the 

University of California found that in 2016, the drought resulted in a $603 million loss to the economy and the loss of 

4,700 jobs due to the impacts on agriculture (Medellin-Azuara et al., 2016). 

The impacts of climate change on California's water availability and delivery infrastructure were discussed in the 

last section; here effects of a changing water system for agriculture are summarized. Califrlrnia has historically 

experienced multi--year droughts and has been able to support agricultural water demands through groundwater 

reserves, winter snowpack, reservoir storage, and conveyance of waler throughout the state in canals. I-Iowever, as 

outlined in Chapter I, higher temperatures will likely decrease snow storage, which, coupled with increased evapo­

transpiration rates and the potential for more frequent and severe droughts, will call for additional preparedness for 

more frequent surface water shortages and reliance on sustainable groundwater management. 

Griffin and Anchukaitis (2014) and Medellin-Azuara el al. (2015) highlight the vulnerability of agriculture to waler 

shortage and over-reliance on groundwater lo withstand droughts. Groundwater withdrawals increase the climate 

vulnerabilities of other social groups and systems, including many in the food and agriculture systems (Chrislian­

Smith el al., 2015). for example, groundwater withdrawals during the 2012-2016 drought impacted the availability 

and affordability of domestic water for many rural disadvantaged communities who are largely employed in 

agriculture (l~einslein el al., 2017). Additionally, a l~ourth Assessment report found that long-term overdraft makes 

reliance on groundwater less available as a drought response adaptation measure in the future, meaning actions must 

be taken to balance water resources and use (Langridge, 2018). 
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Perennial crops, such as fruit and nut trees, are particularly vulnerable lo climate change because their decades-long 

lifespans will cause them to experience the increasing impacts of a changing climate. fruit and nut trees pose particular 

difficulties: they are vu.lnerable to thermal risk due lo projected decreases in chilling hours, and they will experience 

increased water demand and water-induced stress (Pathak el al., 2018). Limited information is available on potential 

yield changes of perennial crops under changing climate conditions. One recent study examining the thermal niche of 

almonds under climate change frmnd that by the middle of this century, almond growth and development patterns in 

the Central Valley would experience about a two-week delay in chill accumulation, and from about a one to two and a 

half week advance in the timing of bloom and harvest (Parker & Abatzoglou, 20 l 8). ·However, most of the Central Valley 

would continue to be viable for almond cultivation at least until the middle of this century. Almonds are an important 

case study, as California provides nearly I 00 percent of the almonds cultivated in the U.S. and about 80 percent of their 

global production. Uncertainty exists in how other specialty crops will respond to climate change due lo their diversity 

and the complexity of direct and indirect impacts (Kerr et al., 20 I 7). 

An economic modeling study completed as part of the Fourth Assessment indicates that through adaptive decision­

making and technological advancement, agriculture can remain economically viable in the face of climate change 

(Medellin-Azuara et al., 2018). However, that viability may be at the expense of agricultural jobs and the dairy 

sector. ln optimization modeling of crop changes in response to water shortage, some idling ofland occurs in water 

strained scenarios (Medellin-Azuara et al., 2018). In the modeled scenarios, farms are also able to respond to higher 

costs/scarcity of water and land by shifting to crops that tolerate the new climate and yet provide high value. The 

use of crop switching to handle higher costs of water seen in the model has a real life analog: Greene's (2018) study, 

mentioned above, frmnd that in the 2012-2016 drought many farms did switch to higher value crops. Based on 

the modeling in Medellin-Azuara et al. (2018), another implication of movement towards high-value crops is that 

production of livestock feed crops is expected to decrease in the 2050 timeframe, impacting livestock operations 

such as dairies (Medellfn--Azuara el al., 2018) and related businesses. TI1e Agricultural Issues Center determined that 

190,000 jobs were supported by dairies and the dairy-processing sector in 2014. These jobs were located on dairy 

farms and in related dairy processing facilities (Sumner et al., 2015). 

BIODIVERSITY AND ECOSYSTEMS 

California is one of 25 global biodiversity hotspots (Myers et al., 2000), in large part because of its diverse mountain 

ranges, geology, and climatic conditions. Because California's various climates strongly influence its biodiversity, 

climate change is expected to have direct and indirect impacts to the plants and animals of the state, both terrestrial 

and aquatic. No Fourth Assessment reports specifically examine impacts on biodiversity and ecosystems, so this 

section relies on current literature. However, Chapter 3 includes resu.lts from a Fourth Assessment study on climate­

wise corridors for terrestrial species (Keeley et al., 2018). 

Direct effects of climate change lo California's ecosystems include the physiological stress that species will experience 

as temperature and precipitation change. This stress will cause population declines in many species and may force 

vegetation communities and individual species to shift their geographic distributions or ranges to track the shifts 

in suitable climates. Changes in the timing of the seasons could also disrupt the timing of critical life cycle events 

(i.e., phenology). Climate change will also facilitate the spread of invasive species, pests, pathogens, and diseases that 

affect ecosystems and species. Given the speed at which climate is changing, geographic shifts in plant and animal 
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communities may require human assistance. A likely consequence is the creation of novel ecosystems, made up of 

native species from a diversity of sources and non-native species from all over the world. 

Early studies on the impacts of climate change to terrestrial species tended to focus on the movement of climate 

conditions suitable for those species. TI1e greater a change in conditions, the further away the similar conditions may 

move, a concept called climate velocity (Ackerly et al., 20 IO; Loarie et al., 2009). In mountainous terrain, climate 

velocity could be slower, due to the wide range of climate conditions found dose to each other. Researchers have 

modeled many species in California (e.g. Fernandezet al., 2015; Franklin, 1998; Seo et al., 2009), and in many cases, 

these models show a decline in the size of species' ranges as suitable climate locations become smaller (Loarie et al., 

2008). However, a number of well-documented concerns about species distribution models suggest that such results 

can be used to gauge direction but likely lack sufficient accuracy to be used by themselves as the basis for adaptation 

planning (Faurby & Araujo, 2018). 

A study developed in collaboration with forest managers in California's southern Sierra Nevada Mountains used 

a place--based approach to examine how far climatic conditions could shift from optimal frlr the vegetation type 

currently located in a given area (Thorne, Choe, Boynton, et al., 2017). TI1is climate exposure approach (Thorne 

el al., 2016; TI1orne, Choe, Boynton, el al., 2017) can identify locations where a vegetation type will potentially be 

less climatically stressed from areas with higher stress. Sites that retain suitable climates can be considered climate 

refugia, whereas those that shift to marginal or unsuitable conditions would become more vulnerable. Under the 

RCP 8.5 scenario (similar to the current global emissions rate), between 45-56 percent of the natural vegetation of 

California becomes climatically marginal by 2100, whereas only 21-28 percent of the vegetation becomes climatically 

marginal under a lower emissions scenario (RCP 4.5 scenario). Some of the most impacted regions are predicted to 

be the Sierra Nevada foothills, the south coast including Los Angeles and San Diego, the deserts, and under some 

scenarios, the coast ranges north of the San Francisco Bay Area. 

Changes in the timing of climatic events can also affect the liming of species' lifecycle phases. Many species have 

co--evolved with others so that their respective development needs are synchronized. A well-known example is with 

the emergence of butterflies and the simultaneous flowering of their host plants. Earlier flowering times are linked 

to early warming temperatures (Cayton et al., 2015), and observations show advancing spring flight of butterflies in 

Califrlrnia (Forister & Shapiro, 2003). If butterflies and host plants are not able to adapt at the same rate, butterflies 

may suffer from lack of food, and the hosts from lack of pollinators, or they may shift to non-native plants. Other 

examples may involve predator-prey relationships and migratory species. Shifts in the suitable climatic conditions for 

seedling establishment of two common California oaks indicate significant decreases in the "establishment windows" 

and suggest future population declines (Davis et al., 2016). 

Climate change is expected to promote the success of invasive species, pests, and pathogens (Anderegg et al., 

2015). One of the most graphic examples California is already experiencing is the large outbreak of bark beetles in 

California's conifer forests. These beetles have always been present in periodic outbreaks, and normally cold winter 

weather keeps their population somewhat in check, preventing large tree die-offs. However, as winter temperatures 

rise, and in conjunction with the recent drought, their populations have burgeoned lo create unprecedented tree die­

offs. TI1is is especially true in the southern Sierra Nevada, where in places tree mortality is nearly l 00 percent. TI1e 

lack of surviving seed trees is likely to cause failure of pine regeneration and result in forest conversions lo shrub land 

(Stephens et al., 20 l 8). 
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Aquatic species also face challenges under changing climate conditions. Under cu.rrent emissions trajectories, 82 

percent of native fishes have an increased probability of becoming instinct by 2100 (Moyle el al., 2013 ). Many of 

these species, including iconic salmon and sleelhead trout, are already at risk and listed as species of special concern 

or endangered, even without climate change impacts (Quinones & Moyle, 2015). In contrast, non-native species are 

thriving in the warm water of reservoirs and the increasingly warm waters of California's rivers, taking the place of 

many native fishes. In the next 50--100 years, many aquatic ecosystems in California will have morphed into new 

ecosystems, highly modified and supporting fishes, aquatic plants, and invertebrates from all over the world, with 

just a few native species remaining (Moyle, 2014). This situation already exists in the Delta and many Central Valley 

streams. 

Shifting water regimes and related changes in management strategies are impacting aquatic species as well as 

terrestrial ecosystems. The shifts already observed in the water cycle have altered water quality (e.g., sedimentation 

or algal blooms), habitat suitability, and management strategies for native species. Por example, streamtlow and 

suspended sediment transport simulations to the Bay-Delta indicate a shift in future sediment events that will impact 

freshwater and estuarine species (Stern el al., 2016). Significant consequences arise from shifts in sediment supplies. 

Increased sediment supply lo the Bay-Delta will help bolster the resilience of marshes against sea-level rise by 

aiding in marsh accretion. However, water quality may decline due lo increases in contaminants such as pesticides, 

herbicides, nutrients, and mercury. 

\;\Tater quality for aquatic habitats as well as human use is also affected by wildfires. v\Tildfires drastically change the 

terrain and make the ground less able to absorb water, creating conditions conducive to flash flooding and mudtlows. 

111e burned hillsides from the 2017 wildfires have left communities vulnerable to catastrophic mud and debris flows, 

which also negatively impact natural systems. 

FOREST HEAi.TH 

Forests cover roughly 33 million acres of California's 100 million acres, and approximately l 9 million of the forested 

acres are public lands. hlrests provide important habitat, capture, store, and filler precipitation lhal goes into 

the slale'.s water system, and support economic activities through recreation and timber. The Pourlh Assessment 

contributes lo California's ongoing forest programs, management, and research with studies on wildfire projections 

(Westerling, 2018), and an extensive literature review on fuel treatment (Moghaddas et al., 2018). Given the 

importance of California's forest health, this report also summarizes recent literature on what can be expected for 

forests, and what questions remain. 

Climate change can affect forests directly through temperature and precipitation changes, but also through the 

interaction of multiple stressors. As discussed in Chapter l, uncertainty exists in how climate change will affect total 

precipitation (He et al., 2018). Models also suggest that there is a tendency for wetter conditions in the northern part 

of the state and drier conditions in the south (Neelin et al., 2013; Pierce et al., 2018; Seager et al., 2014). In addition 

to changes in annual precipitation, forests are sensitive to the variability and sequencing of precipitation events 

(e.g., Jump et al., 2017). The 2012-2016 drought contributed to widespread tree mortality throughout the state, due 

to associated warmer temperatures that stressed the trees and made them more susceptible to pests and pathogens 

(Asner el al., 2016; Stephenson et al., 2018; Young et al., 2017). 
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Regardless of the direction of changes in precipitation, warming will influence forest ecosystems through changes in 

the liming of seasonal and natural patterns, respiration, snow storage, and atmospheric moislu.re demand (Anderegg, 

et al., 2015; Mankin & Diffenbaugh, 2015; Williams el al., 2013; Thorne et al., 2015; Wolkovich et al., 2012). Droughts 

co-occurring with and worsened by increasingly high temperatures are of particular importance in California's fores ls 

(Diffenbaugh el al., 2015; Williams, Schwartz, et al., 2015). The recent drought highlighted this effect: precipitation 

shortfalls were not record- breaking in a centennial context, but when coupled with record--breaking heal, they 

resulted in record- breaking drought conditions as quantified by the Palmer Drought Severity Index (Griffin & 

Anclmkaitis, 2014; Williams, Seager, et al., 2015). 

Higher carbon dioxide concentrations in the atmosphere enable plants to improve water-use efficiency through 

increased stomata] regulation (Farquhar, 1997; Field et al., 1995), which has been said to counteract at least some of 

the drying effects of heat during drought (Kirschbaum & McMillan, 2018; Milly & Dunne, 2016; Swann et al., 2016 ). 

While satellite observations indicate that global vegetation water-use efficiency has increased in parl due to higher 

C02 concentrations in recent decades (Huang et al., 2015), observations suggest that this increase has not been as 

large as predicted by models (Smith et al., 2016). Additional research is needed to better understand these dynamics. 

Although wildfires have long played an important role in Califrlrnia's forests, human impacts on natural fire regimes 

have been varied and substantial (e.g., timber harvests, changing ignition patterns, fire suppression, land development). 

At relatively broad scales, climate affects fire regimes in two fundamental ways: altering vegetation growth rates (which 

affects fuel accumulation rates), or through changes in fire season length and severity (which affects fuel flammability 

and fire weather) (Krawchuk & Moritz, 2011; Littell et al., 2009; Meyn et al., 2007; Westerling, 2018). Continued shifts 

in local anthropogenic influences will cause additional disruptions to natural forest patterns and processes, and climatic 

shifts will continue to threaten the health and persistence of California forests. 

However, key uncertainties exist about how futu.re fire weather and increased atmospheric C02 concentrations 

may intluence fire activity in California fores ls. Extreme fire weather, particularly in the form of hot and dry winds, 

can have a strong influence on shrubland fire regimes (e.g., Jin el al., 2014; Moritz et al., 2010), and contributes to 

conversion of shrub lands lo grasslands, as described in a Fourth Assessment report (Jennings el al., 2018). Strong 

winds have also been associated with severe frJrest fires in Califrlrnia (e.g., Safford et al., 2009; Thompson & Spies, 

2010), meaning that climate change impacts on wind patterns may also strongly affect frJrests, potentially serving as 

the trigger mechanism for conversion of forest to other types of vegetation (Goforth & Minnich, 2008). 

An extensive literature review about fuel treatment in forests prepared for the Fourth Assessment concludes that 

practices that reduce stand density and restore beneficial fire can improve climate resilience, reduce the likelihood of 

severe wildfires, and minimize the long-term carbon losses from forested areas (Moghaddas et al., 2018). An analysis 

prepared for the Mokelumne River watershed in the Sierra Nevada region shows that fuel lreatmenl reduces the size 

and intensity of wildfires, and that the economic benefits of these treatments may be up to three times greater than 

their costs. The benefits derive from avoided structure loss, lower fire suppression and post-event restoration costs, 

and the avoided loss of merchantable limber and biomass that could be used for energy (Buckley et al., 2014). Recent 

fires in the study area could allow for additional analysis to explore the robustness of these results. 

In addition to the threats summarized above, questions remain about how much of the currently forested landscape 

will be able to sustain viable forests in the future. Forest loss is already a global concern (Allen et al., 2015). Climates 
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in some regions are changing relatively quickly, and 

it is likely that many forest species will nol be able to 

persist where they are now. A number of recent studies 

also show evidence that forest regeneration patterns are 

shifting as temperatures warm (e.g., Pellows & Goulden, 

2012; Kueppers et al., 2017; Liang et al., 20 l 7b; Monleon 
& Lintz, 2015; Serra-Diaz et al., 2016), and introduced 

species appear lo show disproportionate upward shifts in 

elevation (e.g., Wolf el al., 2016). 

Long-lived plants, such as forest tree species, will need to 

disperse to and regenerate in new suitable environments 

relatively quickly, and whether these new forests occupy 

land that is protected from development may be critical 

lo their long-term persistence (Batllori et al., 2017). It is 

likely that some conifer forest types will replace others at 

higher elevations, while al lower elevations such forests 

will likely be displaced by drought-resistant hardwood 

dominated ecosystems (e.g., Liang et al., 20 l 7b; Mcintyre 
el al., 2015). Some forest trees, such as those in the 

highest mountains of California, will not be able to shift 

upward in elevation and may be lost altogether (Ackerly 
el al., 2010) or may invade current meadows (Lubetkin et 

al., 2017), potentially altering mountain hydrology. 

A recent study found that most forest types in California 

will be at very high levels of exposure to negative climate 

impacts later in this century, although this effect is not 
quite as severe under wetter climate futures (Thorne, 

Choe, Boynton, et al., 2017). Regardless, il is certain that 

chronic temperature stress, episodic extreme droughts, 

pest and pathogen outbreaks, and wildfires will interact 

as compound disturbances that amplify effects and 

facilitate major ecosystem transitions in California 
(Batllori et al., 2017; Bum a, 2015; Dale et al., 200 l; Paine 

et al., 1998). 

Fourth Climate Change Assessment 

Moisture stress in conifer forests enhances tree vulnerability 

to insect infestation, particularly by bark beetles (Anderegg 
et al., 2015; Bentz et al., 2010; Berryman, 1976; Gaylord et al., 

2013; Hart et al., 2014; Kolb et al., 2016; Raffa et al., 2008). 

Behveen 2010 and 2017, an estimated 129 million trees have 

died (Young et al., 2017). 

Bark beetle outbreaks may be promoted by warming frlr 

multiple reasons (Bentz et al., 20.l 0). Warming may promote 

successful beetle overwintering (Weed el al., 2015) and may 

also promote earlier timing of adult emergence and flight in 

spring/early summer, which may enable beetles to increase 

the frequency at which they can mate, lay eggs, and emerge as 

adults (Bentz et al., 2016). 

Importantly, much remains to be understood about how 

,Jimate changes and accompanying tree demographic changes 

will ,:ombine to affect future trends in bark beetle activity in 

California and elsewhere (Six, et al., 2014). Beetle responses to 

climate change wiU be species-specific and strongly influenced 

by, and coupled to, species--specific shifts in tree distributions 

(Thorne, Choe, Boynton, et al., 20 l 7; Williams & Liebhold, 

2002), 

It is worth noting that the vast expanses of beetle-killed trees 

throughout western U.S. forests have motivated concerns 

about increases in fire danger following infestations (Hicke 

et al., 2012), While the connection between vast expanses of 

dead trees and fire danger appears intuitive, empirical analyses 

focusing on recent decades indicate that areas attacked by 

beetles have tended not to burn with a higher frequency or 

severity than similar non-attacked forest during the observed 

period (Andrus et al., 2016; lfart et al., 2015; Harvey et 

aL, 20 l4; Kane et 2017; Meigs et al., 2016; Mielkiewicz 

& Kulakowski, 2016). However, some have suggested the 

potential for rare but severe types of fire over large areas in 

coming decades (Stephens et al., 2018). 
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OCEAN AND COAST 

The Fourth Assessment includes the first synthesis report detailing climate change impacts, research needs, and 

adaptation solutions for California's ocean and coast Ocean and Coast 2018). The 

findings from that report, including relevant Fourth Assessment technical reports, are summarized here and in the 

following chapters. 

From the Oregon border to Mexico, California's ocean and coast support a large economy and many coastal 

communities. Although California's 19 coastal counties only account for 22 percent of the state's area, they are 

home to 68 percent of its people, 80 percent of its wages, and 80 percent of its GDP (ERG, 2016). California's ocean 

supports a vast diversity of marine life, as well as fishing communities that depend on fish and shellfish for their 

livelihoods, which provide a diverse supply of seafood to the state and for export. In 2012, approximately 1,900 

commercial fishing vessels operated in California and 7,700 jobs were supported by recreational marine fishing 

(NOAA NMFS, 2012). 

TI1e ocean is the main regulator of the planet's climate and is now severely impacted by human- induced climate 

change. The ocean has absorbed about 93 percent of the excess heat trapped by the Earth as a result of greenhouse 

gases (USGCRP, 2017). Ocean waters are warming, becoming depleted of oxygen, and acidifying, while sea-levels 

are rising. 111ese changes are subjecting coastal areas to more frequent and intense flooding and storms, and they are 

also already affecting marine fisheries and aquaculture, which account for about 17 percent of the global population's 

intake of animal protein (FAO, 2016). In the coming decades, 10 percent of the world's population may face 

micronutrient and fatty acid deficiencies simply because the oceans are running out of wild fish (Golden et al., 2016). 

California is much less susceptible than other regions, but the state's role in providing wild-caught fish to a global 

market will be impacted, and presently emerging global patterns will eventually impact the health of Californians. 

In the last few years, California has experienced unusual events in the ocean and along the coast, including an 

unprecedented marine heat wave, a record harmful algal bloom, closures of fisheries, and a significant loss of 

northern kelp forests. There is increasing evidence that climate change is transforming and degrading California's 

coastal and marine ecosystems due lo impacts including sea-- level rise, ocean acidification, and ocean warming. 

Climate-driven changes to the ocean and coast - both already occurring and projected - will have significant 

consequences for California's coastal ecosystems, economy, communities, culture, and heritage. These consequences 

will also have ripple effects in California well beyond the local area affected, effects that could extend into the U.S. 

economy (for instance in the case of key port facilities such as Los Angeles-Long Beach) (Grifman et al., 2013; 

Hummel et al., 2018; Moser et al., 2018). Projected impacts to California's ocean and coast are summarized below, as 

well as the consequences for California. 

Rising Sea-levels 

The phenomenon of SLR and its impacts to infrastructure are discussed in earlier parts of this report. Here risks 

to human population and communities are summarized. Importantly, SLR combined with extreme storms will 

have drastic impacts along the coastline as well as f::::ir inland flooding. The impacts lo the economy are expected to 

be severe, and coastal ecosystems will face challenging conditions lo which they must adapt. A new report by the 

California State Coastal Conservancy and the Nature Conservancy produced the first statewide assessment of the sea--

Fourth Climate Change Assessment Statewide Summary Repmt I 65 



level rise vulnerability of California's coastal habitats, species, and conservation lands (Heady et al., 2018). This report 

found that 55 percent of current habitat by area is highly vulnerable to five feel of seal level rise, including 60 percent 

of beaches, 58 percent of rocky intertidal habitat, 58 percent of marshes, and 55 percent of tidal fiats. Furthermore, 

41,000 acres of public conservation lands are projected lo be inundated by sublidal waters (Heady et al., 2018). 

Seventy--five percent of California's population lives in coastal counties, and millions live along a coastline 

increasingly subject to sea-level rise. Adaptation to sea-level rise over the next 30-40 years will likely utilize protection 

strategies such as beach nourishment, tidal marshes, and potentially coastal armoring. However, with increasing sea­

level rise and coastal storms by mid-century, localities may begin to consider retreat strategies, which may require the 

expansion of inland cities. 

Sea-level rise will raise the waler table in areas dose to the ocean. ln some areas, elevated water tables may result in 

groundwater flooding and/or exposure of buried infrastructure. An analysis for the San Francisco Bay Area suggests 

that impacts of sea-level rise on wastewater treatment plants will be significantly higher if groundwater flooding is 

also taken into account (Hummel et al., 2018). 

Ocean Temperature-Driven Changes 

From 1900 to 2016, California's coastal oceans warmed by "-0. 7°C ( l .260°F) (USG CR P, 20 l 7). Long-term temperature 

records indicate that the California Current System is warming, which in recent years has been accompanied by 

unusual variability. TI1is variability was evidenced by the large patch of warm waler along the West Coast known as 

"the Blob" that persisted from 2013-2016. 

Observations show that unusually warm ocean temperatures contributed lo an increase in harmful algal blooms 

(HABs) along the Pacific Coast (Gobler et al., 2017; McKibben et al., 2017). HABs pose threats to public health, 

especially those blooms that produce domoic acid, which can which can be fatal for people who eat tainted shellfish 

(McKibben et al., 2017; Moore el al., 2008). Perhaps the most well-recognized of these organisms is the toxic diatom 

Pseudo-nitzschia, responsible for mass marine organism mortalities and shellfish contamination that led lo an 

unprecedented five--monlh delay in opening the commercially-- important Dungeness crab fishery in 2015 (Callahan, 

2016; Chavez et al., 2017; McCabe et al., 20 l 6). TI1is caused substantial economic hardship, though precise measures 

of the losses have not been made. More frequent and widespread HABs may result in increasing economic damages 

and threats to the health of people, marine mammals, and seabirds (Gobler el al., 2017; McKibben et al., 2017). 

Ocean Chemistry 

Increases in atmospheric carbon dioxide concentrations are fundamentally changing the chemistry of the ocean (e.g., 

Caldeira & Wickett, 2003; Feely et al., 2004). The ocean absorbs approximately 30 percent of the C02 released into 

the atmosphere every year, increasing the acidity of the ocean (termed 'ocean acidification'). Ocean acidification (OA) 

is predicted to occur especially rapidly along the West Coast (e.g., Gruber et al., 2012 ). Ocean acidification presents 

a clear threat to coastal communities through its significant impacts on commercial fisheries and farmed shellfish 

(Ekstrom et al., 2015) as well as to ocean ecosystems on a broader scale. Ocean acidification affects many shell­

forming species, including oysters, mussels, abalone, crabs, and the microscopic plankton that form the base of the 

oceanic food chain (Kroeker et al., 2013; Kroeker et al., 2010). Significant changes in behavior and physiology of fish 
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and invertebrates due to rising C02 and increased acidity have already been documented (e.g., Hamilton et al., 2017; 

Jellison et al., 2017; Kroeker el al., 2013; Munday et al., 2009). Species vulnerable to ocean acidification account for 

approximately half of total fisheries revenue on the West Coast (Marshall et al., 2017). 

Alongside these observations of changing carbon dioxide content, measurements indicate a decline in dissolved 

oxygen (DO) within California's Current System, including expansion of hypoxic zones (i.e., waters with low or 

depleted oxygen concentrations). Climate change may reduce oxygen content in coastal eastern Pacific waters to 

levels lower than any naturally occurring conditions by 2040 (Henson et al., 2017; Long et al., 2016). 

California's marine waters, and the coastal climate itself, respond strongly to changes in wind and weather pal terns. 

For California's north and central coast, each spring and summer feature persistent northwest winds that cause cool 

waters to rise lo the surface from deeper in the ocean (i.e., upwelling). When these cool waters rise up and come into 

contact the overlying atmosphere, they produce a damp and chilly marine layer with persistent coastal fog (described 

as "marine layer clouds" in Chapter I). In coastal Califrlrnia, the growing season of economically important crops 

overlaps with the occurrence of coastal fog, which provides shading and direct water inputs. Iconic species such as 

coastal redwoods also depend on coastal fog. In addition to the marine layer, upwelling brings nutrient rich, oxygen 

poor, and low pH water lo the coastal zone, significantly influencing marine life ( Checldey & Barth, 2009). In fall 

and winter, weaker and less persistent north- lo-south coastal winds mean that upwelling is less frequent and intense, 

and mostly confined to the southern part of the California Current. \\Tith climate change, upwelling is expected to 

intensify in spring but weaken in summer, and these changes are expected to expand beyond natural variability in the 

second half of this century (Brady et al., 2017). 
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Chapter 3: Adaptation and Resilience 
in the Face of Climate Change 

alifomia is undertaking an integrated approach to climate change that includes reducing GHG emissions 
and preparing for the impacts of a changing climate. California's efforts to prepare for climate impacts 
include taking actions that will reduce the acute and long-term effects of a changing climate and increase 
resilience of the state's people, economy, infrastructure, and natural systems. Recently, the State developed 

a definition of resilience, shown in Figure 18 

This chapter presents the Fourth ?.ssessment's analysis of the benefits of G HG emission reductions, and then focuses 
on recent policy developments and analyses prepared for the Fourth Assessment to inform the State's approach to 
preparing for climate impacts. Crosscutting resilience strategies are discussed first, including planning and planning 
support, governance and financing, and natural infrastructure. Then analyses and strategies for adaptation are 
presented for communities, infrastructure, and natural systems. 
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llEM El NllllNIS: FRDM !IHI E FGUJR~H llSSES:S MEN!li 

Both emission reductions and resilience-building strategies are needed to protect California from the impacts of a 
changing climate, An analysis prepared for the Fourth Assessment quantifies the benefit to California in a future where 
emission reduction commitments under the Paris Agreement are met. 

Several Fourth .Assessment studies examined tools and resources to support better climate resilience: 

• ,A, new tool developed for the Fourth Assessment provides public health officials with information likely to be most 
relevant for California conditions. 

• A study of a simulated cascading emergency events demonstrates that maps of interconnected lifeline systems are 
critical, particularly in metropolitan areas, to help practitioners be more aware of the importance of cascading events and 
geographically-connected impacts (teleconnections), and effective efforts to prevent or otherJVise mitigate them. 

f~evv tools and approaches will be needed across communities, infrastructure, and natural systems to support adaptation 
actions and to build resilience: 

• An extensive literature review examining fuel treatment in forests concludes that practices that reduce stand density 
and restore beneficial fire can improve climate resilience, reduce the likelihood of severe wildfires, and minimize the 
long-term carbon losses from forested areas. 

• Natural infrastructure can deliver substantial environmental and recreational values while also providing protection 
from sea-level rise. One study developed technical guidance on design and implementation of natural infrastructure 
for adaptation to sea-level rise. 

• Soll organic carbon can be used to both reduce GHG emissions and contribute to resilience of agriculture. A field trial 
and modeling study demonstrates that a single application of compost to rangelands in California can increase soil 
organic carbon sequestration for up to 30 years and enhance net prima1y productivit;, while also increasing water 
infiltration and support groundwater recharge. 

A. critical review of climate-wise corridors for terrestrial species makes recommendations to capture connectivity needs of 
the majority of species, Including incorporated projected climate data to identify future similar habitat patches. The study 
also identifies a framework to guide successful implementation of corridors, which considers governance challenges and 
the need for coordination across landowners and jurisdictions. 

Traditional Ecological Knowledge-based methods are gaining a revitalized position within a larger statewide toolset to 
combat the causes and effects of climate change by tribal and non-tribal stakeholders alike. The importance of maintaining 
TEK is not isolated to environmental and ecological improvements. These ancient, traditional practices are closely linked to 
climate resilience across tribal cultural health, identity, and continuity. Cultural practices and traditional land management 
are also linked to improving physical and mental health among tribal members. As an example of applied TEK science, 
many tribes use prescribed, controlled burns --- commonly deployed within a centuries-old cultural context --- to manage 
meadows, forests, and other areas ·within tribal lands. These TEK techniques are increasingly incorporated by non-tribal 
land and resource managers as a part of wildfire prevention and ecosystem management. 
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Heducing GHG Emissions: Implications of the Paris Agreement for California 

Reducing GIIG emissions is the central pillar of the State's climate change strategy. California GHG emissions 

are declining, and the State is working with other jurisdictions to support GHG emission reductions beyond its 

borders. An analysis contributing to the Fourth Assessment estimates the benefits of achieving global GHG emission 

reduction goals as envisioned in the Paris Agreement. The results of this analysis underscore the importance of 

reducing GHG emissions alongside efforts to prepare for climate impacts. 

Global agreements to limit GHG emissions are designed to avoid the worst impacts of climate change. The 2015 Paris 

Agreement went into force in 2016; the primary goal of the Paris Agreement is to strengthen global efforts to address 

climate change and to limit global temperature rise this century lo well below 2°C (3.6°F) above pre-industrial levels, 

and lo undertake efforts to limit the temperature increase even further lo l.5°C (2.7°F). Meeting the goals of the Paris 

Agreement will require emissions much lower than those in the RCPs used in the Fourth Assessment (Rockstrom et 

al., 20 l 7; Sanderson et al., 20 l 6; Walsh el al., 2017). 

A strong correlation exists between certain physical climate impacts in California (e.g., temperature, snowpack 

conditions, soil moisture) and cumulative global carbon dioxide emissions. TI1is correlation holds from the statewide 

to the local level, which allows this relationship to be used to estimate physical impacts at almost any potential future 

GHG global emission scenario (Franco et al., 2018). Table 9 presents estimated impacts to California assuming 

compliance with the Paris goals, as compared to a historic baseline and RCP 8.5 scenario. 
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In addition lo the potential benefits outlined in Table 9, another recent study shows that efforts to reduce GHG 
emissions can result in significant indirect health benefits due to reduction in pollutants from fossil fuel combustion 
(see text box on Public Health Benefits of Deep GHG Emission Reductions). 

Many sources that emit greenhouse gases (GHGs) also release criteria air pollutants, including particulate 
matter (PM), nitrous oxides (NOx), and volatile organic compounds (VOCs). Actions lo reduce GHG 
emissions wifl indirectly improve air quality by decreasing emissions of these pollutants. A recent detailed 

analysis suggests that adoption of low-carbon energy in California to reduce GHG emissions 80 percent below 
1990 levels would lead to a 55 percent reduction in air pollution mortality rates relative to 2010 levels (Zapata 
et aL, 2018). These public health improvements have a value of$ ll-20 billion/year in California (Zapata et al., 
2018). Tue majority of these public health savings are associated with reductions in PM concentrations, which 
is the primary air quality challenge in California. TI1ese public health savings are driven by local emissions 
reductions, assuming no actions outside of California. Therefore, the transition to low-carbon energy sources 

in the state has immediate benefits for air quality. 

Ozone is the second main air quality challenge in California. Tiie national ambient air quality standard 
(NAAQS) frlr ozone of 70 parts per billion (ppb) is approximately equivalent to the 98th percentile of measured 
8--hour ozone concentrations (Parrish et aL, 2017). Ambient ozone concentrations include ozone produced 
locally phrn any baseline ozone transported into California. Baseline ozone is caused by NOx and VOC 
ernissions in the Northern Hemisphere, often from sources that also emit GHGs. Baseline ozone concentrations 
in California have a 50th percentile concentration of •• 35 ppb and a 98th percentile concentration of 60 ppb 

(Parrish et aL, 2017). At the higher baseline level, local ozone production in excess of lO ppb will violate the 
NAi\.QS. 

Deep GHG reductions at the global scale reduce NOx and VOC emissions in the Northern Hemisphere, which 
in turn redm:es baseline ozone transported into California. Global adoption of low-carbon energy would 
avoid 8,000 deaths a<.:ross the U.S. in one year due to reduced baseline and locally-generated ozone (Zhang el 

al., 2017). Foreign GHG emission reductions contribute about 60 percent of the avoided mortality in the U.S. 
due to ozone. Roland-Holst et al. (20t8) interpreted these results from Zhang et al. (2017) for California in 
a scenario that results in 80 percent reductions of GHG emissions from l 990 levels by 2050. TI1is study also 
predicts public health benefits due to reduction of morbidity effects (e.g., asthma attacks, hospital admissions), 
increasing the overall estimation of public health benefits in California. Lower baseline ozone levels associated 
with global GHG reductions will also facilitate compliance with the 70 ppb ozone NAAQS in California 

(Parrish et aL, 2017). 

'Ihe public health savings of deep GHG emission reductions in California in isolation or in combination with 
global action are comparable lo the potential cost of GHG reductions (Roland-Holst el al., 2018; Zapata et al., 
2018), 'Ibis holds even without consideration of other benefits of deep GHG reductions, such as lower overall 
dimate risks from higher temperatures and sea-level rise. 
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Hesilience-Building Strategies 

The adaptation approaches addressed in the Fourth Assessment consider adaptation from different perspectives 

and include consideration of sector--specific activities and crosscutting needs. T n many cases, the analyses build on 

ongoing research. Tn this section, current adaptation approaches and needs are discussed, highlighting new findings 

that emerged in Fourth Assessment studies. First, crosscutting approaches are covered, including local planning and 

planning support, governance and financing, and natural infrastructure. Then, adaptation approaches are presented 

for Communities and People, Infrastructure, and Natural Systems. 

ADAPTATION PLANNING AND PLANNING SUPPORT 

Many of the strategies to build resilience in people and communities will be implemented by local government 

decision makers. Local governments have the primary authority over land use and development decisions, which 

have critical implications for exposure and vulnerability under a changing climate. This includes land use decisions, 

but also the development of strategies lo respond to climate risks. 

Legislation signed in 2015 (SB 3 79) requires that cities and counties consider climate risk in their General Plan 

(California Gov. Code§ 65302). California state law requires each city and county to adopt a general plan "for the 

physical development of the county or city, and any land outside its boundaries which in the planning agency's 

judgment bears relation lo its planning" (California Gov. Code§ 65300). The 2017 General Plan Guidelines released 

by the Governor's Office of Planning and Research highlight the relationship between land use planning decisions 

and transportation patterns, electricity demand, and housing (Governor's Office of Planning and Research, 2017). 

Two Fourth Assessment studies focused on support for local climate planning: 

local Capacity Building 

Local governments control land use decisions within their boundaries and will be at the forefront of adapting to 

climate change. However, many do not have the resources to address the challenge. Researchers funded through the 

Fourth Assessment engaged local government stakeholders to develop a toolkit for local governments to identify 

opportunities to improve existing capabilities in order lo pursue climate change adaptation initiatives more effectively 

and holistically (Kay et al., 2018). The toolkit is available online for use by local governments.13 

Supporting Response to Heat Emergencies 

The Fourth Assessment also includes the development of a prototype warning system known as California Heflt 

;\ssessmcnl Tool (CHAT). CHAT is a prototype to support public health departments in laking action lo reduce 

heat--related morbidity and mortality outcomes. It is designed to provide infrJrmation about heat events most likely lo 

result in adverse health outcomes in California (Steinberg el al., 2018). TI1e current National Weather Service (NWS) 

heat warning system does not fully capture heat events likely to result in adverse health outcomes in California. 

Between 1999 and 2009, 19 heat related events in California had significant impacts on human health. TI1ese resulted 

in approximately 11,000 excess hospitalizations, but NWS heat advisories were only issued for six of the events 
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(Guirguis et al., 2014). CHAT uses observed heat thresholds in California, taking into account the factors discussed 

in the public health section in Chapter 2, lo identify Heat-Health Events, which are likely to capture heat events more 

relevant and effective for California conditions from local lo regional scales. 

All of the information on projected climate change projections prepared for the Fourth Assessment is included in 

the States online climate tool, Researchers and programmers at UC Berkeley have developed Cal-Adapt 

to present information in an accessible format that is relevant lo utilities, local planners, and other practitioners. TI1e 

Fourth Assessment invested to maintain and further develop Cal--Adapt; this includes adding new climate projections 

such as wildfire scenarios used for the Fourth Assessment (Thomas el al., 2018). 

GOVERNANCE AND FINANCING 

Several Fourth Assessment studies examine governance and financing aspects of adaptation action: 

Proactive Planning and Improved Governance 

Governance across multi-sectoral and complex climate impacts with varying geographic impact areas is a challenge 

across the state, for infrastructure, ecosystems, and communities. Change in governance will be a crucial component 

of effective climate adaptation along with natural, economic, and social changes already underway. Two governance 

challenges that are highlighted in the Fourth Assessment are focused on concerns for water management and sea­

level rise adaptation planning. 

Wr'\TFY C10Vf'f{~jN~U: 

Although a wide variety of ledmical solutions have the potential to adapt California's waler system to climate change, 

the feasibility of these solutions depends on available funding, the legal and political landscape, socioeconomic 

barriers, and behavior (e.g., Kay et al., 2018). California'.s water management and governance system is comprised of 

a patchwork oflocal, state, and federal agencies, alongside public and private water utilities. Collaboration is critical 

lo ensure lhal the efforts of each of these individual stakeholders are successful to respond lo hydrological slressors. 

Two Fourth Assessment analyses examine these challenges and recommend establishing multilevel collaborative 

governance structures to meet new groundwater management requirements under the Sustainable Groundwater 

Management Act (Conrad et al., 2018; Langridge el al., 2018). 

srn-LEVEL RISE (_iOVER~J,l\l\JCE: 

A study contributing to the Fourth Assessment frJcused on the need for collaborative, regional approaches to 

preparing for sea-level rise. Lubell (2017) examines the "governance gap" between SLR risks and the implementation 

of solutions. TI1is gap arises due to the need to engage in multi-level cooperation among various stakeholders, even 

though the problem and the solutions may be already understood. As Lubell (2017) states, "sea-level rise adaptation 

entails interdependencies, where the vulnerabilities and adaptation decisions oflocal actors impose regional costs 

and benefits. vVhile regional cooperation is beginning to emerge, most stakeholders see a critical need for shared 

learning, coordination, and planning." 
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Financing Adaptation 

The findings of recent studies, including from the Fourth Assessment, stress the financing needs oflocal governments 

to adapt to specific climate change impacts (Moser et al., 2018; Mann et al., 2017). Moser el al:s (2018) study focuses 

on the financial needs to meet the multiple challenges of adaptation, provides an analysis of existing and proposed 

solutions, and cautions against potential solutions that would reinforce long-standing injustices and disparities. Their 

analysis also points out that financing challenges are about more than money; the challenges encompass institutional 

and governance considerations. Additional work is needed lo identify how existing funding tools can support 

adaptation and resilience efforts, and to develop a more robust understanding of adaptation costs and benefits. 

Climate Change and !nsurarn:e 

Tnsurance is one mechanism to protect assets from damage from dimate--related impacts. Tn their recent investigation 

into climate, wildfire risk, and insurance in California, Dixon et al. (2018) describe how insurance markets in 

wildfire prone areas of the state are facing major changes. Premiums in wildfire prone areas are high, but insurance 

professionals noted in interviews that they do not think those high prices accurately reflect the difference in risk. 

v\Tith climate change, Dixon et al. (2018) estimate that premiums per $1,000 of coverage in wildfire prone areas would 

rise 18 percent, while the insurance take-up rate is projected to drop by 7 percent. As with other studies of cost, they 

estimate that early reduction of emissions will substantially reduce economic impacts. 

NATURAL INFRASTRUCTURE 
New research from the Fourth Assessment affirms that natural infrastructure (e.g., healthy watersheds and soils, etc.) 

is a key tool for building resilience. 

Terrestrially, land conservation and soil management are increasingly being recognized as a means to improve soil 

water--holding capacity, increase base flows and aguifor recharge, reduce flooding and erosion, and reduce dimate­

related water deficits (Flint et al., 2018). TI1e California Department of Food and Agriculture has developed a Healthy 

Soils Initiative that is investing in demonstration projects throughout the state. Experiments are taking place with 

flooding fields and orchards in high rain years lo encourage groundwater infiltration and enhancement rather than 

sending the water out to sea. Managing floodplains in general as 'green infrastructure' can have major benefits lo 

native fishes, birds, and other biota (Opperman et al., 2017). Intensive thinning in highly productive forests generates 

substantial reductions in evapotranspiration, suggesting that forest thinning could result in increased base flows of up 

to 10 percent for dry years and 5 percent for all years (Roche et al., 2018). Headwater lands are also seen as a critical 

natural infrastructure in need of greater attention to secure the water quality benefits and habitat they provide (Solins 
et al., 2018). ic1 

Natural infrastructure can deliver substantial environmental and recreational values while also providing protection 

from sea-level rise. One study prepared for the Fourth Assessment developed technical guidance on design and 

implementation of natural infrastructure such as the use of vegetated dunes, marsh sills, and native oyster reefS, for 

adaptation to sea-level rise. The report also provides definitions and case studies to illustrate demonstrated benefits 
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and lessons learned (Newkirk el al., 2018; Judge el al., 2017). Using five case studies, they demonstrate natural 

shoreline infrastruclu.re projects lhal range from fully natural approaches that preserve or restore natural systems, 

hybrid solutions that integrate engineered aspects into restored or created natural featu.res, and folly engineered 

structures like seawalls and revetments. These case studies are designed lo be useful examples for coastal planners, 

local governments, and others working on solutions and making decisions regarding climate-related coastal hazards, 

and to also take into consideration the diversity of the California coast and need for tailoring projects to particular 

conditions. 

BUILDING RESILIENCE IN COMMUNITIES AND PEOPLE 

Chapters l and 2 demonstrate that climate change impacts to weather and extreme events can have disproportionate 

impacts on certain communities. Here, tribal approaches to adaptation are covered, as well as the importance of 

emergency preparedness f::::ir overall resilience. 

Tribes and indigenous Communities 

Tribal climate change perspectives trace back thousands of years. For many tribes, climate solutions come from 

a selection of actors, ancient history, generational, and place-based knowledge from eras when the relationships 

between climate, environment, and human action were more symbiotic. 

Conducting meadow restoration, carbon sequestration, building sustainable energy, and protecting and improving 

salmon runs are among an extensive array of tribal climate actions undertaken to adapt to and mitigate climate 

change, and to exert bold management lo restore their lands and shared environment frorn Tribal 

and Communitie,; wilhin 2018). Tribes are also leading innovative partnerships with state 

and federal agencies. For example, many tribes are developing and enhancing emergency preparedness efforts, 

including negotiations with the U.S. Forest Service lo create multiple access routes to tribal lands. TI1e Karuk Tribe 

and the Klamath and Six Rivers National Forests have entered into a Memorandum of Understanding (MOU) based 

upon the Government--to--Government relationship established between the Tribe and the Forest Service. This MOU 

establishes a framework upon which the Tribe and the Forest Service may jointly identify, plan, and accomplish 

mutually beneficial projects and activities that provide for watershed restoration, job opportunities, and community 

economic development. 15 

Emergency Preparedness and Disaster Mitigation 

Building on the findings from Fourth Assessment reports and others on the utility of fine resolution exposure 

projections, professionals and staff overseeing key infrastructure for California need the appropriate information and 

capacity to prepare for changing climate conditions (Moser & Pinzi-lfarl, 2018; Radke et al., 2018). Managers of the 

water system and electricity grid have used weather and climate data to better manage infrastructure (Allen el al., 

2011; Lach & Rayner, 2017; Rice et al., 2009). 

'. 5 -,,, __ ,- ;1·c;;m1-y i{c-pcrt frcc;c "frib2i ac( ;digrncc's Cc--ni-cc'clcic-s wich;c; C2domi2 provides many r·-me <2Xamples of Cal;fomia triks' ;c;novative scratqi12S ad 
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A study prepared for the Fou.rth Assessment demonstrates that managers also need maps of interconnected lifeline 

systems, particularly in metropolitan areas (Moser & Finzi-Hart, 2018). These integrated maps can help practitioners 

be more aware of the imp or lance of cascading even ls and geographically-connected impacts ( teleconnections), as 

well as effective efforts lo prevent or otherwise mitigate them. This study highlights that some interconnections may 

be beyond the traditional jurisdiction scope oflocal emergency managers and may occu.r far outside their territory. 

Emergency managers and other planners need the tools and knowledge to assess, internalize, and capitalize on 

the understanding of how electricity infrastructure, economic sectors, and other systems are interconnected. Th is 

information must be used not only by emergency managers, but also by control room operators f::::ir those who 

oversee the states critical infrastructure systems (Roe & Schulman 20 l 5). TI1is is vital because the full spectrum of 

emergency management must start with the emergency prevention activities taken for key critical infrastruclmes. 

Fmther research lo develop and test methods for more inclusive risk and vulnerability assessments is needed. 

BUILDING RESILIENCE IN iNFRASTIUJCTUIU 

TI1e resilience of California's energy, transportation, and water infrastructure to climate change impacts is critically 

important to overall community resilience and well-being, as well as to prevent cascading impacts of disasters. 

Energy 

State agencies and California electricity and natural gas utilities recognize the threat of climate change and are 

working together to build climate resilience. For example, the California Energy Commission (CEC) and the 

California Public Utilities Commission (CPUC) have created a high-level adaptation working group for information 

sharing across numerous slate agencies. As part of the 2017 lntegraled Energy Policy Report, electric and natural gas 

utilities are also engaged with CEC in discussions about potential climate impacts and adaptation options. Recent 

legislation farther requires local governments, which own multiple publicly-owned utilities, lo prepare adaptation 

plans as part of their regular hazard mitigation plans (Chapter 10, IEPR, 2017). 

TI1e CPUC currently requires electric and natural gas investor-owned utilities to discuss climate adaptation as part of 

their Risk Assessment Mitigation Phase (RAMP) filings. Additionally, the CPUC recently issued an Order Instituting 

Rulemaking16 to consider strategies and guidance for climate adaptation for all investor-owned utilities, beginning 

with electric and natural gas utilities. The Rulemaking will consider: how to define climate adaptation for these 

utilities; data, tools, and resources necessary for utility planning and operations related to adaptation; impacts on 

disadvantaged communities; and frameworks for addressing climate adaptation issues both in CPUC proceedings 

and in utility planning and operations. 

The studies for the Fourth Assessment, as before, will inform the deliberations at the CPUC, CEC, and other 

agencies. Appendix A lists the energy-related studies that are part of the Fourth Assessment. 
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Transportation infrastructure 

A number of specific activities are already underway lo address climate risk for certain elements of the transportation 

system. These are outlined below. 

Highways: Caltrans, in coordination with state and federal agencies and research institutions, is conducting 

Ass.:ssrnents for each Cal trans District using locally relevant data sets. 17 TI1ese assessments focus on 

the State Highway System and will help Cal trans districts identify vulnerabilities to SLR, storm surge, precipitation, 

wildfire, and temperature increases, as well as to identify adaptation options. TI1is effort will identify segments of 

highway that are most susceptible to these climate-related events. 

Railways: California railway companies use Risk Management Status Reports to adopt preventive behaviors while 

executing due diligence. Current railroad operating procedures incorporate speed restrictions to avoid track-buckling 

events due to high temperatures. These costly restrictions manifest currently as blanket reductions in speed. Adapting 

sensor technology could reduce delays by focusing speed restrictions to specific spatial locations, rather than having 

broad speed reduction procedures (Chinowsky et al., 2017). 

Afarine.facilities: Permits to construct a new marine facility. or to undertake upgrades to existing facilities, require 

designs to address SLR. 18 The Chevron Richmond Long Wharf facility upgraded a number ofberths in 2016 to 

accommodate both vessel fleet requirements and SLR. The Naval Supply Systems Command Fleet Logistics Center of 

San Diego (NAVSUP - FLC) upgraded their 100-year-old Defense Fuel Support Point terminal at Point Loma at a cost of 

$195 million. This state-of-the-art facility was rebuilt using climate change and SLR adaptation accommodations, and it 

was the first marine terminal facility of this kind to receive LEED Certification (Seaman, 2015 ). 

Airports: TI1e San Francisco International Airport Five--Year Capital Plan (SFO, 2015) identifies actions that can be 

implemented sequentially in an adaptive manner in response to flooding and rising sea--level predictions. T n the near 

term these include filling the remaining gaps in the existing seawall, reinforcing embankments, and raising low--lying 

areas at the end of runways. In the longer term they include the replacement, armoring, and heightening of seawalls 

to protect against wave energy. 

Water Infrastructure 

Despite the challenges faced in managing California's water systems for both people and ecosystems, efforts in 

science, water management, and governance can improve the state's capacity to anticipate and respond to climate 

change impacts on the state's water system. 

The loss of sno\\Tack projected during the rest of this century (see Chapter 1) necessitates revisiting California's 

expectations for waler supply and demand, as well as relevant water management practices. Por example, 

groundwater recharge is one technique that may help lo offset the lack of snowpack. As reported in Kearns & Parker 

(2018), a multidisciplinary group of experts met in 2017 and suggested making groundwater recharge a part of 

climate adaptation plans.19 Researchers at UC Davis have mapped potential suitable areas that could be used to 
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recharge groundwater, including areas that are in use for agricultural purposes (O'Geen et al., 2015). They have also 

tested the recharging performance and the impact of intentional flooding of cropping areas during the winter season 

using "excess" water available in wet years. The results are encouraging, showing that crops such as alfalfa (Dahlke 

et al., 2018) and almonds (Ulrich et al., 2017) could be temporarily flooded in the cold season without deleterious 

effects on the quantity and quality of the crops. This practice could also be in duded as part of the plan being 

developed to comply with the Sustainable Groundwater Management Act (Bachand et al., 2016). 

Institutional constraints discussed in Chapter 2 affect both the adaptive capacity and resilience of the water system 

(Green Nylen et al., 2018a, 2018b ). Nylen et al. (2018a, 20 l8b) highlight that there are actions the State Water 

Resources Control Board (the Board) and other water agencies can take to improve their preparedness and response 

to drought events. In the past, the Board has had to make basic decisions during a drought crisis about what drought 

response strategies to use, how to reconcile competing priorities, and how to communicate with stakeholders. 

The Board and other water agencies can make future drought responses more timely, effective, and transparent by 

proactively adopting a contingency-based framework lo support drought decision making, and by taking a suite of 

related actions including working to make key policy decisions in advance of droughts, maximizing learning from 

past droughts, and prioritizing waler rights enforcement between droughts. 

While urban and agricultural water interests were largely able to mitigate the negative impacts of drought, the 

aquatic environment suffered greatly during the 2012--2016 drought. Lack of an effective governance system meant 

that environmental water was sacrificed or minimized during the drought (Mount et al., 2017). v\Tidespread aquatic 

extinctions will only be prevented with smart management of the water released from darns, which should include 

restoring spawning and rearing habitats for fishes (Opperman et al., 2017). 

The fiourth Assessment also presents technical options, discussed below, lo improve the resilience of the state's waler 

system: 

Technical Advances: Tmproving current flood and waler supply frJrecasting (as well as predictive models) are crucial 

efforts to move to a proactive approach to managing and responding to extreme precipitation events with a well­

planned strategy for water management. Several Fourth Assessment technical reports provide improved projections 

and analysis of precipitation impacts to facilitate adaptive decision-making for water management (AghaKouchak et 

al., 2018; Avanzi et al., 2018; He et al., 2018). 

Strategically employing precipitation and ru.noff forecasts has some potential to improve the operation of reservoirs, 

flood control, infiltration strategies, and hydropower, and this could accommodate potential water supply shortages 

from a drier and warmer climate, especially in southern Califrlrnia. As highlighted in a Fourth Assessment technical 

report, such operational changes will often be more cost--effective than some reservoir capacity expansion proposals 

(Herman et al., 2018). Other studies explore the utility of hydrological frJrecasts (with and without climate frJrecast 

components) and find them lo be beneficial management aids for storing water and providing frlr multiple competing 

uses (e.g., Georgakakos et al., 2014). Demonstrations of one such decision--supporl tool show that its implementation 

could significantly reduce water shortages, increase electricity generation, and improve timing the release of waler to 

reduce salinity in key areas in the Delta, while also providing adequate flood protection (Georgakakos et al., 2014). 

The California Department ofv\Tater Resources was able to secure funding and authorization to start implementing 

and using a similar system. Likewise, another tool is being developed for Sonoma County in what is known as 

Forecast Informed Reservoir Operations (FfRO). 
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BUILOING RESILIENCE IN NATURAL SYSTEMS AND WORKING LANDS 

Similar to infrastructure, California's ability to be resilient to climate change is dependent on the resilience of its 

natural systems and working lands. Adaptation of agricultural practices, adaptive conservation techniques for 

biodiversity and ecosystems, f::::irest management, and various adaptive and conservation practices for California's 

coast and ocean will build resilience. Furthermore, it is important to consider the principles above of engagement and 

partnership when building resilience in natural systems; traditional ecological knowledge (TEK) available through 

partnerships with California's tribal communities can be a valuable resource in developing projects and adaptation 

priorities from Tribal :ind C0mrnunities within 2018). 

Agriculture 

Based on prior actions taken in droughts, the traditional adaptation strategies for agriculture have been shifts in crops 

and cropping patterns, water management, and on-farm management practices. To face potential water shortages, 

adopting a water portfolio approach can increase the sustainability and resiliency of the agricultural sector. In the water 

portfolio approach, farms and irrigation districts identify alternative sources of water and manage these various water 

sources sustainably. Nol only does securing multiple water sources sustain production, it also contributes to economic 

security by increasing agricultural land values (Mukherjee & Schwabe, 2015). This is significant because land that is 

highly valued for agricultural production and profitable as farmland is less likely lo be lost lo development. 

Another method for farms lo increase resiliency to water shortage is through enhancing soil organic matter. Adequate 

soil organic matter has been linked to improved water retention of soil as well as increased water recharge, soil 

stabilization, and protection from erosion (Andrews et al., 2002; Flint et al., 2018; Mitchell et al., 2017, 2012). Practices 

that contribute to increasing soil carbon stocks include addition of soil amendments, cover cropping, and reduced 

tillage or no tillage (Chambers et al., 20 l 6; Flint et al., 2018; Griscom et al., 2017). A Fourth Assessment field trial and 

modeling study demonstrates that a single application of compost to rangelands in California can increase soil organic 

carbon sequestration for up to 30 years and enhance net primary productivity (Silver et al., 2018). 111e resulting 

increase in soil organic matter and increased vegetation also supports infiltration of water during precipitation events, 

contributing to recharge of aquifers (Flint et al., 2018). 111ese studies suggest that the composting of organic waste 

streams for the purpose ofland application results in fewer GHG emissions than alternative waste pathways, including 

cu.rrent practices such as landfilling and anaerobic manure storage (Hint el al., 2018; Silver et al., 2018). In another 

Fou.rth Assessment study, Hint et al. (2018) find that the carbon sequestration potential of this practice will be most 

beneficial under lower global carbon emission scenarios. A recent expert elicitation exercise examining the potential 

net GHG benefits of soil carbon sequestration reports increasing carbon in rangelands as the most promising option 

(Stanton el al., 2018). However, the net GHG sequestration is more modest than the potential reported in flint el al. 

(2018). TI1e assumptions between the two studies vary, potentially resulting in these differing results. 

Surveys show that farmers perceive greater risk from potential climate change policies than they do from climate 

change itself (Haden et al., 2013; Niles et al., 20 l 3 ). Tirns, research into adaptation options for agriculture should be 

designed to provide information and demonstrate the alternatives to climate-friendly practices, for both mitigation 

and adaptation, while leaving the decision on how and if to adapt to the farmers. TI1is could be done, for example, by 

developing plants that are more adapted to expected future climatic conditions, while also testing and demonstrating 

more efficient waler irrigation practices (Wolf et al., 2017). 

Fourth Climate Change Assessment Statewide Summary Repmt I 79 



Biodiversity and Ecosystems 

Scientists expect that many species will not be able lo disperse rapidly enough lo track suitable climate conditions, 

or that barriers (cities, freeways, farms) will impede such dispersal. In sllch cases, "assisted migration" has been 

proposed as an adaptation strategy (McLachlan el al., 2007). This would involve the "translocalion of representatives 

of a species or population harmed by climate change lo an area outside the indigenous range of that unit where il 

would be predicted to move as climate changes, were it not for anthropogenic dispersal barriers or lack of lime" 

(Hallfors et al., 2014). However, controversy exists around this strategy. 

To address the loss of habitat for wildlife, protected areas have been and are currently being established around the 

world. California's protected state and federal lands provide an opportunity for climate adaptation of terrestrial 

species, although in their current form, they do little for aquatic species (Grantham et al., 2017). However, wildlife 

populations in isolated reserves may have a lower chance oflong-term survival. Because of this, a common 

conservation tool, conservation corridors, may otfer climate adaptation possibilities. These corridors are broadly 

defined as areas of the landscape that facilitate movement, and they serve to counteract fragmentation and thereby 

prevent extinction of area-sensitive species, conserve genetic variability, and allow species lo shift their geographic 

range with climate change (Heller & Zavaleta, 2009; Hilty el al., 2006). for aqllatic systems, the corridors historically 

were stream channels, which are now mostly blocked by dams and diversions; thus, the large-scale blockage or 

deslru.ction of stream channels means that conservation either has to be in situ, in isolated stream reaches, or through 

deliberate movement of fish to new habitats by people. 

A critical review by Keeley et al. (2018) for the Fourth Assessment evaluates numerous strategies for designing and 

implementing climate-wise corridors for terrestrial species. TI1is study recommends starting with structural connectivity 

designs (based on land use and land cover) to capture the connectivity needs of the majority of species. Corridors should 

be prioritized that connect habitat patches to sites where, based on projected climate data, the future climate will be 

similar to the current climate in the habitat patch (i.e., climate analogs) and climate refugia should also be incorporated 

in the design. TI1e study also identifies a framework to guide successful implementation of corridors, which considers 

governance challenges and the need for coordination across landowners and jurisdictions. 

Forests 

An extensive literature review on fllel treatment in forests prepared for the Pourlh Assessment concludes that 

practices that reduce stand density and restore beneficial fire can improve climate resilience, reduce the likelihood 

of severe wildfires, and minimize the long-term carbon losses from forested areas (Moghaddas et al., 2018). This 

approach aligns with the State's recently completed Porest Carbon Plan, which recognizes that fuel reduction, 

thinning, and the use of prescribed fire is currently insufficient to restore forest health. The Plan identifies the need 

for partnership with private and federal landowners and tribes lo achieve forest health objectives, and to llSe regional 

and landscape-scale approaches to improve forest health (CNRA, 2017). 
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Ocean and Coast 

Studies prepared for the fiourth Assessment examine several dimensions of adaptation and resilience for California's 

coasts and ocean. 

Sea-Level Rise: Coastal and ocean monitoring and observation systems have allowed the documentation and 

quantification of ongoing climate-related changes, such as increases in ocean temperature and acidity, or more 

frequent and extensive harmful algal blooms. TI1ese monitoring systems are critical to illuminate the effects of 

compounding climate impacts. Continuing to monitor these and other environmental indicators will also expand 

the ability to track the extent of climate change impacts, enabling the state to respond with appropriate and timely 

mitigation and adaptation measures. 

The U.S. Geological Survey (USGS) developed the Hazard Exposure and Analytics (HERA) tool, which allows 

visualization of the sea-level impacts estimated with CoSMoS, and also uses socio-economic data to estimate the 

number of people that would be affected by SLR, the infrastructure at risk, the replacement costs of residential and 

commercial buildings, and the roads that would be affected. Furthermore, the option lo download scenario data at 

local, regional, or statewide levels makes HERA a useful planning tool frlr the exploration of practical adaptation 

measures (Erikson et al., 2018). This tool is used in a fiourth Assessment study to estimate impacts based on the 

projections of shoreline changes from the updated CoSMoS model and implemented for Southern California 

(Erikson et al., 2018). TI1ere are plans to use the updated CoSMoS model developed frlr the Fourth Assessment to 

estimate shoreline changes for the rest of this century for other coastal areas in California. 

Another Fourth Assessment study conducted a new survey as part of a longitudinal study of coastal managers. 111e 

survey results show that SLR has become the dominant concern for coastal managers, followed by water quality 

concerns (Moser et al., 2018), and that funding and financing is a major barrier lo action. While there remain 

additional challenges and barriers to preparing for and adapting lo climate impacts, there are adaptation efforts 

underway in California. 

Ocean Acidification and Hypoxia: Researchers at the state and federal level have identified indicator species that 

might be most sensitive to ocean acidification and declining dissolved oxygen in order to assist in planning for these 

phenomena. These preliminary indicator species can be employed for biological and chemical monitoring. For 

example, the Ocean Climate Indicators report summarizes potential indicator species for North-Central California 

(Duncan et al., 2014). Potential indicator species (mussels, oysters, and small plankton that form the base of the food 

web (pteropods)) have also been reviewed in the Indicators of Climate Change in California report by California's 

Office of Environmental Health and Hazard Assessment (OEHHA, 2018). 

A recent study completed as part of the Fou.rth Assessment suggests a promising role for California mussels (lviytilus 

mlifornianus) to serve as bio-indicators of ocean acidification in California's coastal waters (Gaylord et al., 2018). 

Controlling or reducing nutrient runoff from sewage disposal and agricultural fertilizers can also help mitigate 

ocean acidification, as can the restoration of marine plants and seaweeds in coastal environments. TI1ese systems 

also provide other important benefits, such as carbon storage. Because of the important functions of coastal habitat, 

protection, preservation, and restoration remain important goals (Nielsen et al. 2018). 
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Chapter 4: Research Needs 

•lllPiiiiill he Fourth Assessment extends and builds on previous assessments and recent literature, demonstrating 

that California is already experiencing the effects of climate change and that these impacts will increase 
in magnitude over the corning century. While the magnitude of these impacts will be determined by the 

future accumulation of global GH(j emissions, some amount of change is inevitable and is already being 

experienced. Franco et al.'s (2018) analysis of the impact of stabilization pathvvays for California reiterates that 

accelerated efforts to reduce GHG emissions must be made a priority both in California and across the globe. 
Furthermore, understanding the extent to which adaptation measures can decrease the potential economic costs of 

climate change (see Table 6) - even given their O\Nn implementation costs - is a critical emerging area of research at 

local, state, national, and international scales. 

V\Jhile the Fourth Assessment improves understanding of climate impacts and potential adaptation approaches, it also 
reveals areas vvhere additional research and investigation is needed. These research needs span natural and social 

sciences. Therefore, alongside efforts to address climate change, it is important that the State continue to invest in 
research. This chapter highlights some key areas for research and action that will facilitate translating the Fourth 

Assessment into action. 

LAND USE. EXPOSURE, AND VULNERABILITY 

The studies in the Fourth Assessment use a set of land use projections that consider high, medium, and low 

population sizes. However, they do not consider alternative development patterns and the effect of different 

development patterns on climate hazards, exposure, and vulnerability. Development patterns will affect GHG 

emissions and also exposure to climate risk. Additional research is needed to examine how different development 

patterns and densities affect future climate exposure and vulnerability. 

IMPROVED SUPPORT AND INTEGRATION OF USER NEEDS 

An important finding from several of the fiourth Assessment reports and in recent literature examining adaptation 

activity is that more information is needed to support action on the ground (Baker et al., 2018; Ekstrom et al., 2017; 

Moser & Ekstrom, 2012). However, earlier studies on barriers lo adaptation have identified that there are many 

obstacles lo adaptation, not only a lack of information. These include governance, political attitudes, financing, and 

leadership (Moser & Ekstrom, 2012). As part of the Fourth Assessment, Moser et al. (2018) show that funding and 

financing challenges are among the top barriers to adaptation, but that these are affected by a number of other non­

financial factors. Furthermore, several studies show that less populated and rural institutions generally lag behind 

actors in larger urbanized areas (Ekstrom et al., 2018; Moser & Finzi--Hart, 2018). 

Looking ahead, increased attention must be paid to bridging the gap betvv-een researchers and practitioners. This should 

include increased efforts to test and implement models of co-production (Vogel et aL, 2016), as well as the use of tools 

like robust decision making (Sriver el al., 2018) and risk management under high uncertainty (Kunreulher et al., 2013) 

that engage decision-makers to better understand uncertainty and how climate change will affect outcomes over a 

range of future climate scenarios. Experiments and pilots that explore learning by doing should also be supported. An 

example of this type of work is the California Department of fiish and W ildlife'.s climate risk assessment for California's 
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vegetation. The study was co-developed by University and natural resource management agencies and is being used for 

planning purposes within the agency (Thorne et al., 2016; Thorne, Choe, Boynton, el al., 2017). 

Continued investment and engagement around is one pathway f::::ir reaching practitioners, as is continued 

investment and engagement around the regional and synthesis reports prepared as part of the Fourth Assessment. 

Increased investment in tools and approaches that support interaction and coordination across decision-- makers and 

researchers will help as well. 

Research is also needed to better understand adaptation approaches (including public-private cooperation) in 

mitigating the effects of climate change, as well as socio-technological strategies for adaplalion. These strategies 

should include an evaluation of equity outcomes, and coordination between public agencies and private landowners 

in developing planning and designing policies. 

CLIMATE JUSTICE, TRIBAL COMMUNITIES, ANO ENGAGEMENT 

Climate justice is a priority for the State's climate change programs. However, additional research, engagement, and 

partnerships are needed to understand the distribution of climate impacts and experience of climate change on 

disadvantaged and vulnerable communities, as well as how to integrate needs of these communities and populations 

into planning. For instance, in the agricultural sector, a Fourth Assessment report demonstrates that seasonal and 

migrant farmworkers are neglected in climate vulnerability and adaptation plans (Greene, 20 l 8). A few studies have 

looked al barriers to disaster preparedness and recovery for Latino and undocumented farmworkers (Burke et al., 

2012; Orozco, 2010), but these studies are limited. 

Additional research and partnerships are especially critical to engage with tribal communities in California. Up 

lo this point, the State's climate change assessments have not worked with tribes or addressed research questions 

focused on tribes. Additional work is also needed lo better understand and account for Traditional Ecological 

Knowledge in the design of climate solutions. There is a particular need for a comprehensive assessment, led 

by tribes, lo understand climate impacts on tribal lands, tribal engagement and partnerships in crafting and 

implementing adaptation projects, and to build tribal capacity lo play an appropriate role in ecosystem management. 

Such an assessment would also provide opportunity for stronger partnership between tribal and non-tribal actors to 

learn from traditional tribal ecosystem management. Additional research is also needed on tribal--specific adaptation 

strategies in the context of the legal, cultural, and political considerations specific to tribal communities. Investments 

are needed to develop documentation and case studies of integration of Traditional Ecological Knowledge and 

collaborative approaches lo support climate resilience. Finally, data that can be utilized by tribes are needed to 

support adaptation. 

CLIMATE, WATER, AND PEOPLE 

Research on the vulnerability, adaptive capacity, and potential impacts of climate-related hydrological stressors for 

disadvantaged communities needs significant advancement. For example, approaches to studying variable levels 

of preparedness, adaptive capacity, and impacts will need to be specific to the communities under consideration. 

Advances in social science research highlight the need for context- and community-specific studies to discern 

variable levels of exposure lo and preparedness against climate change impacts, as well as adaptive capacity. ·while 
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small water system providers need assistance with climate adaptation, they may require different approaches than 

what are provided lo larger systems (Ekstrom et al., 2018). In addition, there should be a focus on the common 

disadvantages that hinder drought resilience, such as limited staff capacity, financial burdens, and outreach 

challenges. 

Furthermore, responses lo waler vulnerability can vary even in the same location and may have uneven impacts on 

different groups and between urban and rural areas. For example, in a Fourth Assessment report focused on drought 

in the San Joaquin Valley, Greene (2018) observes that the short-term response of farmers (increased groundwater 

pumping and switching to low-labor crops) helped them survive the drought, but it exacerbated the insecurity of 

farmworkers and rural communities. Greene's (2018) study suggests that technical solutions to drought need to first 

consider the differing social and environmental causes of vulnerability across communities. 

IMPROVED ACCOUNTING OF CO~BENEFITS 

California has placed a priority on implementing adaptation solutions that also support reducing GHG emissions. 

Several studies show that climate actions can result in a range of additional benefits (e.g., Zapata el al., 2018 for public 

health). Developing more robust tools and techniques lo quantify and account for the multiple benefits of climate 

actions can be helpful to address a range of future concerns, including climate justice issues. A "multiple-benefit" 

approach can provide opportunities for funding of climate-related projects and actions from multiple sources. This 

can also apply lo marine and coastal ecosystems, as additional research is needed to understand where carbon storage 

and ocean acidification amelioration potential may be greatest within the variety of physical environments along 

Califrlrnia's coast. A guide lo some methods for accounting for co--benefits has been assembled by the California Air 

Resources Board.20 

INTERCONNECTION AND CASCADING EFFECTS 

Fourth Assessment funded research - in addition lo other recent literature - advances our understanding of 

potential pathways for the future energy system and the vulnerabilities of the current and future system to the 

effects of climate change. However, these studies also identify new or emerging knowledge gaps for future research 

to address. Studying the energy sector or subsectors of the energy system provides a partial view of real-world 

vulnerabilities. More integrated studies are required to determine potential modes of failure when considering 

the interconnection between energy and telecommunications, transportation, and other sectors (Moser & Finzi­

Hart, 2018; Radke et al., 2018). 111is includes exploring the likelihood of cascading infrastructure effects and their 

prevention in other sectors (e.g., roads, bridges, and drainage), and then integrating the results in macroeconomic 

models to cap lure the indirect economic effects of diverting GDP-enhancing capital investments toward climate 

defensive infrastructure (Neumann et al., 2015; Roe & Schulman, 2015). 

Similarly, infrastructure system changes do not occur in a vacuum; the actions of people are closely tied lo the 

technical characteristics of their energy systems (see, e.g., Rutherford & Coulard, 2014). Future transitions in the 

energy systems are highly social as well as technical; energy users are critical to the evolution of demand, supply, 
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efficiency, infrastructure, and the bu.ill environment. Energy users are also central players in adaptation, resilience, 

and coping with the effects of environmental and technical change. Research that synchronizes attention lo the social 

in combination with the technical, environmental, and economic will be required for successful transition planning 

and implementation. Attention lo distributional interactions, emergent creativity, and the physical, emotional, and 

economic well-being of individuals and groups will also be necessary. This will requ.ire nuanced analyses moving 

beyond the consumer-centered studies that have dominated this research field to date (Moezzi et al., 2018). 

HIGiHH:SOUJTION CLIMATE DATA AND PROJECTION NEEDS 

Tn many sectors, data are needed al a scale that is relevant for planning and decision-making, which may extend 

beyond the resources provided by Cal-Adapt. For example, spatially downscaled results can be used to measure the 

cumulative exposure lo transportation infrastructure, such as roads, rail, and bridges, within physiographic sub­

regions-such as a watershed-and administrative or political regions in order to assess potential impacts and cost­

effective adaptation (Neumann et al., 2015). 

More research is needed on downscaled sea-level rise projections, particularly for the inland impacts of SLR. The 

Delta's vulnerability to climate change and SLR, and required adaptation, are of critical importance. For smaller flood 

events, SLR has a large effect on water surface elevation in locations further downstream in the Della. In the Pour th 

Assessment, Maendly (2018) shows that for larger flood events, the effect of sea-level rise diminishes because tlood­

tlows drive the water surface elevations. Additional research and action are needed to increase understanding of the 

Delta's vulnerabilities lo changes in climatic condition. 

In the case of wildfire, climate change is affecting the drivers of fire behavior in novel ways, and this report high lights 

uncertainties around wildfire projections under climate change. Research is needed to better understand how the 

unprecedented tree mortality during the 2012-2016 drought has changed fuel conditions and fire response. Tn addition, 

researchers have reached different conclusions about the effect of climate change on wind regimes, particularly on 

extreme wind events such as the Santa Ana and Diablo winds that create many of the most devastating wildfires in the 

state. These changing factors have not been adequately incorporated into wildfire risk analysis. 

Wildfire projections in the Fourth Assessment explicitly focused on the likelihood and size of fires in forest, 

shrub land, and grassland, and do not address fire spreading into developed areas or the Wildland- Urban Interface. 

As seen in 20 l 7, the most costly wildfire damage occurred in developed areas like Santa Rosa and Montecito. More 

work is needed to incorporate new knowledge into wildfire risk modeling to simulate both near-term risk when 

red flag conditions are approaching, and long-term risk for assessing vulnerability to the grid and other critical 

assets that need to be powered during emergencies (e.g., hospitals, fire stations), so that adaptation measures can be 

implemented. 

INTEGRATION OF CUM.ATE CHANGE INTO CONSERVATION Pl.ANNING 

As the climate changes, California needs to improve its understanding of how climate change will affect strategies and 

investments in conservation. In the discussion of forest health, biodiversity and ecosystems, and California's ocean 

and coast, important questions were identified about how well suited current conservation areas are to future climate 

conditions. More work is needed to identify what types of landscape connectivity projects will be most effective 
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for enabling species movements, and more systematic work is needed to consider the range of land management 

techniques available and where they might be applied lo promote ecosystem resilience. Purthermore, better 

quantification of the value of ecosystem services provided by natural systems, and the potential benefits of improving 

ecosystem processes such as carbon sequestration on working lands, could help incentivize conservation projects. 

Marine and Aquatic Species and Conservation 

Additional research is needed to enable sustainable fisheries in California waters. A dearer understanding of the 

oceanic conditions that are affecting individual commercial or recreational fish or shellfish species can provide better 

guidance for management agencies on establishing harvest quotas. One of the goals of California's Marine Protected 

Areas (MPAs) is to protect the diversity and function of marine life and ecosystems. In fact, the adaptive value of 

California's network of MPAs to conserve marine natural heritage and biodiversity in the face of climate change may 

be more important than previously appreciated. Recent research has revealed a relatively persistent spatial mosaic 

of exposure risk to increasing ocean acidity (Chan et al., 2017), raising questions about whether California's MPA 

network is optimally configured to provide genetic adaptation benefits. 

Additional research is needed on the biology and status of native fishes and invertebrates, and the 'health' of aquatic 

ecosystems throughout California. A statewide strategy for protecting and managing the state's highly endemic 

and highly endangered aquatic biota is needed, with immediate implementation. The work of Howard et al. (2018) 

provides a step toward this goal. 

Adaptive Forest Management 

Research is also needed to understand the potential tradeoffs between forest management approaches and outcomes, 

including f::::ir species living in forests. One key research need is evaluating performance metrics for forest restoration 

under climate change. Por example, forests are valued for their role in sequestering carbon in California (e.g., 

Battles et al., 2018; Moghaddas et al., 2018), but it is not dear what priority maximizing carbon should be for 

management under changing climate conditions (e.g., Campbell et al., 2012; Hurteau & Brooks, 2011 ). Another area 

for research is identification and evaluation of tradeoffs in the use of prescribed fire, which is increasingly promoted 

as a tool for forest management (e.g., Moritz et al., 2014; North et al., 2015; Stephens et al., 2018). However, better 

characterization and analysis of the health effects and general discomfort of nearby populations in response to this 

strategy is needed (v\Thite et al., 2017). Research is also needed to better determine seed collection and planting 

location in forest restoration under a changing climate, including the potential for assisted migration. 

INNOVATIVE APPROACHES TO IUJILDING RESILIENCE 

Increasingly, adaptation and resilience solutions are laking a more integrated approach that considers how climate 

change will affect syst:ems, or the networks that connect people, infrastructure, and nature. Designing and supporting 

adaptation strategies requires understanding not just the magnitude of the effect, but also the social and material 

dimensions of that change. For example, Moser and Pinzi-Hart (2015) identify societal teleconnections as an 

important factor in how climate risks are experienced. Societal teleconnections are institutional relationships 

that propagate risk in space and time. These connections include institutional agreements, social contracts, 

and interpersonal relationships. In the Fourth Assessment, Moser and Finzi--Hart (2018) explore how such 
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teleconnections affect lifeline services in Los Angeles, illustrating how a shock event can ripple through a region, and 

the importance of recognizing these relationships. 

Following Hurricane Sandy, the U.S. Department of Housing and Urban Development (HUD) worked with the 

Rockefeller Foundation to support Rebuild by Design, a competition to support resilient recovery in the affected 

region. The design-based approach is built on the interconnections across infrastructure, nature, and people. This 

approach has been employed in other contexts including the San Francisco Bay Area (Hesilient Design), and in 

a HUD-winning project being implemented in Tuolumne County to support resilient recovery after the 2013 Him 

Fire. Additional investment and support for design-based approaches to building resilience are needed to better 

understand and identify opportunities to achieve multiple benefits and leverage funding sources. 

Fourth Climate Change Assessment Statewide Summary Repmt I 87 



Conclusion: Assessment to Action 

alifornia's Climate Change ?.ssessments are developed to support the design, implementation, and 
evaluation of climate change policies and programs. The Fourth Assessment \Nas designed to support 

adaptation and resilience activities, and the results will support several initiatives. 

Cal-Adapt and Visualization Tools 

TI1e Fourth Assessment includes several projects designed to improve access and presentation of climate impact 

information in a manner that supports planning and decision--making. TI1is includes Cal-Adapt, the State's online 

portal for accessing climate projection data at a scale relevant for decision makers. Fourth Assessment funds 

supported the further development of Cal-Adapt to include all of the new projection data developed for the Fourth 

Assessment (Thomas et al., 2018). TI1e Fourth Assessment also includes further development of the CoSMoS model 

to better understand the impacts of sea-level rise and storms along the California Coast (Erikson et al., 2018). \\Tith 

investment from the Fourth Assessment, CoSMoS now provides information for all major urban areas along the 

California coast. 

Several State guidance documents already direct users to Cal-Adapt and/or CoSMoS to gather climate change data, 

including the General Plan Guidelines,21 Planning and Tnvesting for a Resilient California,:::: and the Adaptation 

Planning Guide.13 The importance of these tools for practitioners will increase as more planning and investment 

processes integrate climate change considerations. 

ResilientCAorg 

111rough the Integrated Climate Adaptation and Resiliency Program, the Governor's Office of Planning and Research 

has developed an Adaptation Clearinghouse, 1-c'sd1:.0::ua.Drg, to support a community of practice across the state on 

resilience and adaptation decision-making. The Clearinghouse provides access to climate data and tools, including 

Cal-Adapt and CoSMoS, guidance documents, and case studies. It allows users to access information by sector, 

climate impact, and geographic location. The portal will continue to develop as new resources are available and 

additional information is gathered on user needs. 

Climate-Smart Infrastructure (AB 2800) 

TI1e Climate--Srnart Infrastructure Workgroup has produced a report outlining actions and information needed 

to design infrastructure that will be resilient in the face of future climate conditions. 111e results of the Fourth 

Assessment will support the implementation of Assembly Bill 2800 by providing downscaled climate variables and 

tools such as Cal-Adapt and CoSMoS. Taken together, the Fourth Assessment and the Climate-Smart Infrastructure 

report will support the development of climate-ready building and engineering standards. 
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Continued Assessment and Progress Evaluation 

As noted at the outset of this report, research investment has been an integral element of California's climate change 

program since its inceptiorL The climate change assessment process has been developed to support policy design and 
implementation. Maintaining the Assessment process, both through continued investment and through engagement 

with planners and decision makers, is critical to ensure that the /\ssessment will be translated into climate action. 

As this Fourth Assessment is concluding, vvork is already underway to identify opportunities and needs for California's 

Fifth Climate Change Assessment Throughout this process, engagement must go hand in hand with continued 
evaluation of progress, challenges, and information gaps and needs. Regular monitoring of State activities through 

the implementation of Safeguardmg and of State, local, and regional actions through the Integrated Climate 
Adaptation and Resiliency Program should also be used to inform future research and assessment investments. This 

integration will help to ensure that information will most effectively be translated into action. 
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Appendix B: Estimates of the Direct Economic Costs 
of Climate Change in California 

Order of magnitude estimation of economic damages to different economic activities in California by the middle of 

this century due to climate change 
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