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EXECUTIVE SUMMARY
This document presents an updated assessment of the potential impacts of climate change on
the water resources of South Orange County (South OC) in support of the Integrated Regional
Water Management (IRWM) Plan being developed for the region.
Water supply in the planning region is largely obtained from imports. The Metropolitan Water
District of Southern California (MWD) provides Orange County with the bulk of its water.
According to its 2015 Urban Water Management Plan, in 2015 approximately one-third of the
water imported to the county is from the State Water Project (SWP), and two-thirds from the
Colorado River Aqueduct. The Municipal Water District of Orange County (MWDOC) is the
primary entity interfacing with local water agencies in the South Orange County region.
MWDOC distributes water to the local water agencies including El Toro Water District
(ETWD), Trabuco Canyon Water District (TCWD), Moulton Niguel Water District
(MNWD), Laguna Beach County Water District (LBCWD), Santa Margarita Water District
(SMWD), South Coast Water District (SCWD), San Juan Capistrano, and San Clemente.
Irvine Ranch Water District (IRWD) also supplies a portion of water to the region. The total
water demand for all 9 districts in 2015 is 38,203 million gallons per year (or 110 million
gallons per day, MGD), and 77% of it is imported from the Sacramento-San Joaquin and
Colorado River basins.
Because of the role of imported water supply in South Orange County, potential impacts of
climate change to water resources must be examined over a region broader than the IRWM
planning area. Changes in observed climatic variables across this larger region representing
the Western U.S. have been examined through data collected in the 20th century. Over this
period, particularly in winter and spring, temperatures have risen across western North
America. In the second half of the 20th century, the warming in the mountainous western
North America has led to a higher rain-to-snow ratio, lower snow water content, decline in
March snow cover, and a shift toward earlier annual snowmelt timing by 5 to 30 days. These
observations support the need for incorporating climate change into long-term water resources
planning efforts.
For estimating future climate conditions into the 21st century, global climate processes are
represented using atmosphere-ocean general circulation models (AOGCMs or GCMs, also
known as “global climate models”). Several published GCMs, developed by research groups
worldwide, are in common use, and this work primarily makes use of CMIP5 model results
which, build on CMIP3. GCMs are used to project future climate changes based on
assumptions of different economic growth pathways and emissions of greenhouse gases, with
RCP45 and RCP85, corresponding to B1 and A2 in CMIP3, being the most commonly used
scenarios in various climate impact studies. No one model or emission pathway is the best
estimate of the future, and, typically, most climate assessments utilize an ensemble of GCM
results for evaluating future conditions. In this work, sixteen candidate climate models were
selected for evaluation. The greenhouse gas (GHG) emission scenarios used are RCP26,
RCP45, RCP60, and RCP85, and represent a range of conditions. GCM outputs are developed
Tetra Tech, Inc.

xiii

November 2016

Climate Change Studies Relevant to South Orange County

at a low resolution and need to be converted into a more spatially detailed form through
downscaling, with statistical downscaling being the most commonly used approach. Statistical
downscaling is based on the development of relationships between local-scale observations
and large scale GCM projections, which are then used to estimate spatially resolved future
climate projections. Results from three 21st century periods, statistically downscaled to areas
of 1/8 degree latitude by longitude, or about 12 km by 12 km, were analyzed for impacts in
the early, mid, and late 21st century, defined as 2010–2039, 2040–2069, and 2070–2099
respectively. The projected data summary for the South OC IRWM planning region show a
small decrease in precipitation of slightly around an inch per year by mid- to late-21st century
periods (Table ES-1). They also show an increase in temperature of about 3 oF and 5 oF over
the same periods (Table ES-2). In general, climate models project more adverse conditions
from the standpoint of water resources (i.e., warmer and drier) in the latter part of the 21st
century compared to conditions observed in the second half of the 20th century.
Table ES-1
Average projected change in precipitation in the IRWM Region for GCMs
Change in Average Precipitation (inches/year)
Emission Scenario

2010-2039

2040-2069

2070-2099

RCP26

-1.0

-0.7

-0.6

RCP45

-0.7

-1.0

-0.8

RCP60

-1.3

-0.9

-0.8

RCP85

-0.9

-0.8

-0.7

Table ES-2
Average projected change in temperature in the IRWM Region for GCMs
Change in Yearly Average Temperature oF
Emission Scenario

2010-2039

2040-2069

2070-2099

RCP26

1.4

3.0

4.3

RCP45

1.4

3.0

4.5

RCP60

1.4

3.1

4.5

RCP85

1.5

3.2

4.7

Several major planning studies have been performed in the regions supplying water to South
OC that consider the impacts of climate change. Projected climate change conditions, typically
obtained from statistical downscaling of an ensemble of models, have been used for
developing plants in in both regions. A key feature that stands out from the comprehensive
analyses that have been performed is that both the California Delta and the Colorado Basin
are severely water constrained, where it will be challenging to meet current allocations in
future years. In both regions, planning model projections indicate years where deliveries will
sometimes fall short of allocations, over planning horizons that range from 20 to 50 years into
the future, under conditions where no changes are made to the existing operational
infrastructure of the system. Because the regions jointly affected by these basins are
continuing to experience relatively rapid population growth, and anticipated increased in
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municipal demands, water planners must address the dual challenge of reduced supplies and
increased demand.
Although variable at different points along the coast due to regional factors, in general, sea
levels are rising globally due climate warming including expansion of ocean water and
melting of land ice. Along the Pacific Coast, the highest values of sea level rise in Southern
California have been reported at Newport Beach, near the study region, where the observed
increase is 2.22 mm/year. These rates are projected to accelerate over the 21st century. A recent
review of different calculation approaches by the National Academy of Sciences reported that
global sea level is estimated to rise 8–23 cm (3-9 inches) by 2030 relative to 2000, 18–48 cm
by 2050 (7-19 inches), and 50–140 cm (20-55 inches) by 2100. This review projects that sea
level in Southern California is slightly higher than the global average because of land
subsidence, and will rise 4–30 cm (2-12 inches) by 2030 relative to 2000, 12–61 cm (5-24
inches) by 2050, and 42–167 cm (17-66 inches) by 2100. Maps illustrating the effects of sea
level rise to 2100 and a 100-year flood were developed for the IRWM planning region to
identify areas that are vulnerable. An example map is shown in Figure ES-1.

Figure ES-1.

Tetra Tech, Inc.

Zoomed-in area of South OC coastline, identifying areas (in yellow) that are under
flooding threat due to the combined effects of a 100-year flood and sea-level rise
to 2100 (55 inches). Numbers along the coastline are FEMA’s base flood elevation
values in feet.
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Greenhouse gas emissions associated with the water sector were estimated for the South OC
planning region. The General Reporting Protocol, Version 3.1, developed by the California
Climate Action Registry is used to calculate indirect emissions of greenhouse gases (GHG)
from electricity used for the water system in South Orange County. The water sector is the
largest user of electricity in the state of California. The bulk of the water imported into
southern California is transported over long distances up steep gradients and is therefore more
energy expensive than local sources. Energy use for water is quantified via energy intensity,
or the gross energy required for the water system to use a specific amount of water at a specific
location. Under current conditions, the water sector in the region generates GHG emissions of
over 93,000 metric tons in terms of carbon dioxide equivalent. Water projects that result in
lower volumes of imports, through efficiency, conservation, or recycled water use, directly
reduce GHG emissions, and have a climate change mitigation benefit.
An overall assessment of vulnerability to climate change for South OC was performed
following a checklist presented in the Climate Change Handbook for Regional Water
Planning, and specifically recommended for IRWM climate change planning. As noted above,
the major water supply system vulnerabilities in this region are not unique, but are tied to the
water supply system in California and the Colorado River Basin that are being evaluated
through statewide or regional efforts. Besides water supply, other areas of potential concern
for this planning region are coastal flooding due to sea level rise, increase in fire risk, and
impacts to ecosystems.
The primary differences between this document and the previous version is the use of CMIP5
projections which build on the previous CMIP3 projections, and an assessment of the historic
drought in California in terms of its place in history, the anthropogenic contribution from
climate change, and insights related to extreme weather events. CMIP5 model results have
been used to update climate projections in South OC. The Bureau of Reclamation used CMIP5
results to analyze the future water supply in the Sacramento-San Joaquin River Basins and the
Colorado River Basins, and results pertinent to the present analysis are included in this report.
Looking forward, it is expected that climate change planning in support of the IRWM, as well
as related activities, will be updated as better information on climate projections, including
extreme events, become available, and impacts to other sectors, such as water quality and
habitats will be similarly evaluated. Possible future work includes more detailed analysis of
the effects of sea level rise in specific areas along the coastline and data collection on the wave
climate (height, period, direction) in the region. From the standpoint of water supply and water
quality, the impact of sea level rise on the Latham Wastewater Treatment Plant needs to be
considered. The county may also interface with other research groups in the region that are
evaluating the effects of large floods across California. These scenario runs show planners the
extent of damage that may occur across the state, including in Orange County. This planning
exercise informs local-level agencies to address the effects of major storm event, in a manner
similar to that used for exercises related to earthquake preparedness in California. Longerterm planning studies, perhaps extending 50-75 years into the future may provide greater
insight for planners in support of long-term infrastructure sustainability assessment and for
investments with a lifetime greater than 20 years. Finally, the creeks and estuaries of the
South OC region are home to several native fish species that are the focus of ongoing recovery
efforts that may be affected adversely by climate change. A plan for continued monitoring of
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stream flows, water quality and temperature across the South OC region is recommended for
understanding and managing these species impacts.
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1. INTRODUCTION
Anthropogenic climate change is defined here as a long-term change in weather patterns,
including averages and extremes of temperature, precipitation, sea levels, and winds, driven
by changes in greenhouse gas (GHG) emissions. Climate change has been a focus of scientific
analysis over the past three decades. Global warming is a commonly used term to refer to the
increase in the average temperature of air and oceans observed since the mid-20th century and
is projected to continue. There is evidence in the scientific literature, particularly as
synthesized in the work of the Intergovernmental Panel on Climate Change (IPCC, 2013), that
climate change is occurring and is likely to accelerate over the 21st century. Many climate
related changes are already being seen in California and the Western United States through
monitoring over the past decades. Although there is general agreement on some types of
climatic changes (especially temperature), it is important to recognize that modeling of the
climate system is very complex, and that there is uncertainty associated with projection of
specific changes over the 21st century, especially when focused on a particular geographic
region.
Given the direct dependence of water resources on climatic factors, the California Department
of Water Resources (DWR) requires the evaluation of climate change as a component of the
Integrated Regional Water Management (IRWM) process, as one of 16 required Plan
Standards. The IRWM Plan Standards are components that must be part of an IRWM Plan
and may be used to determine eligibility for specific projects (Draft IRWM Guidelines, DWR,
2012a). The intent of the Climate Change Standard is to ensure that IRWM Plans, describe,
consider, and address the effects of climate change on their regions, and similarly, disclose,
consider, and when possible, reduce GHG emissions. The goal of this document is to present
an assessment of the potential impacts of climate change on the water resources of South
Orange County (South OC) that addresses the IRWM plan standards.
A particular area of focus in this analysis is the water supply system in the IRWM planning
region. South Orange County’s sources of water include groundwater, supplies from the
Municipal Water District of Orange County (MWDOC) via the Metropolitan Water District
of Southern California (Metropolitan or MWD), and recycled water. Metropolitan water
supplies constitute a large portion of South OC’s water supply. In turn, water withdrawn in
the Sacramento-San Joaquin Delta in Northern California, and conveyed through the State
Water Project, and from the Colorado River system, and conveyed through the Colorado River
Aqueduct, form the source of Metropolitan’s water supplies. The future sustainability of the
Northern California and Colorado River water supply sources are therefore of critical
importance to the SOC’s growing population and large economy. Figure 1-1 shows the South
OC IRWM region and its topography.
Snowmelt, either from the Sierra Nevada or the Rockies, is a major component of the water
supply to Metropolitan. A large fraction of the precipitation in western mountain regions falls
on days with temperatures just a few degrees below freezing (Bales et al., 2008). Thus,
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warming by even a few degrees might result in a large shift from snowfall to rainfall, a result
of great consequence to the Western US and California, where snowpack represents a
significant component of water storage during the year. In addition to the shift in storage, there
may be impacts caused by the change in the total quantity of precipitation, and in length and
severity of droughts across the large region that supplies water to South OC.

Figure 1-1

Map showing the regional topography and relative locations and boundaries of
the South Orange County IRWM planning region.

Changes in precipitation distribution as a result of climate change are anticipated to result in
more extreme wet events, with higher precipitation intensities and stormwater volumes, thus
increasing the flood risk potential in the highly urbanized South OC region. Because local
precipitation is not a major component of the water supply in the region, the flood risks in
stream channels flowing through urbanized areas must be evaluated separately from the water
supply risks identified above. The South OC region must also consider the potential of coastal
flooding as a result of winter storms superimposed on sea levels that are higher than current
levels.
This document is organized into the following topics:


1-2

Description of source waters of South OC planning region (Chapter 2).
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Changes in the climate of Western North America as inferred from data records
on temperature, flow, and precipitation in the twentieth century (Chapter 3).



Downscaled projections of future climate from global climate models for the
South OC region (Chapter 4).



Climate change planning studies applicable to the regions providing water
supplies to the IRWM region (Chapter 5).



Greenhouse Gas (GHG) emissions as a consequence of the water system
requirements in the South OC area and a methodology to calculate savings in
GHGs proportional to water savings for proposed projects in the region (Chapter
6).



Evaluation of sea level rise and associated impacts (Chapter 7).



A climate change vulnerability assessment for the South OC region following the
checklist presented in the Climate Change Handbook for Regional Water
Planning (DWR, 2011) (Chapter 8).

The IRWM climate change standard requirements and the information provided in this
document are related for each major area of assessment below:
Regional Vulnerabilities



IRWM Standard: A discussion of the potential effect of climate change on the
IRWM region, including an evaluation of the IRWM region’s vulnerabilities to
the effects of climate change and potential adaptation responses to those
vulnerabilities. The evaluation of vulnerabilities must, at a minimum, be
equivalent to the vulnerability assessment contained in the Climate Change
Handbook for Regional Water Planning (DWR, 2011)



Presentation in this report: The pertinent information in presented in Chapters
3, 4, 7, and 9.

GHG Emissions



IRWM Standard: A process that discloses and considers GHG emissions when
choosing between project alternatives and mitigation strategy.



Presentation in this report: GHG emissions associated with the water sector in
the planning region and with the specific projects are presented in Chapters 6 and
8.

Vulnerability Assessment



IRWM Standard: A list of prioritized vulnerabilities based on the vulnerability
assessment and the IRWM’s decision making process.



Presentation in this report: Key vulnerabilities of climate change in the South
OC region are discussed in Chapter 9.

Future Evaluation
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Presentation in this report: Because of the unique situation that almost all of the
region’s water supply is imported, the water supply vulnerability—a key concern
from the standpoint of the IRWM—is addressed through the ongoing regional
efforts in California and in the Colorado Basin as discussed in Chapter 5. Potential
future actions are described in Chapter 10.

Tetra Tech, Inc.

2. SOURCE WATERS OF SOUTHERN
ORANGE COUNTY
Key Points: Much of the water supply in South Orange County is imported from outside
the region, with supplies from the State Water Project and the Colorado Aqueduct
providing approximately 1/3 and 2/3 of the total supply in 2015. The Municipal Water
District of Orange County (MWDOC) distributes imported water to local water agencies in
the South Orange County region. Recycled water and local groundwater are two additional
sources of water that are significant in some districts.

2.1 SOURCE WATERS

Imported water is the primary source of water in Southern Orange County (SOC), with
recycled water and ground water also making a significant contribution to some districts.
Water imported to SOC is provided by the Metropolitan Water District of Southern California
(Metropolitan), via the Municipal Water District of Orange County (MWDOC) which
interfaces with nine local water agencies in the region1. The water distribution organizational
structure for South Orange County is shown in Figure 2-1. Metropolitan water is imported
from the Colorado River via the Colorado River Aqueduct (CRA), and the State Water Project
(SWP) by way of the California Aqueduct (Figure 2-2).

1

El Toro Water District (ETWD), Trabuco Canyon Water District (TCWD), Moulton Niguel Water District
(MNWD), Laguna Beach County Water District (LBCWD), Santa Margarita Water District (SMWD), South Coast
Water District (SCWD), Irvine Ranch Water District (IRWD), San Juan Capistrano, and San Clemente. The
Emerald Bay Service District, a small water agency, purchases its water from LBCWD. (MNWD), Laguna Beach
County Water District (LBCWD), Santa Margarita Water District (SMWD), South Coast Water District (SCWD),
Irvine Ranch Water District (IRWD), San Juan Capistrano, and San Clemente. The Emerald Bay Service District, a
small water agency, purchases its water from LBCWD. (MNWD), Laguna Beach County Water District (LBCWD),
Santa Margarita Water District (SMWD), South Coast Water District (SCWD), Irvine Ranch Water District
(IRWD), San Juan Capistrano, and San Clemente. The Emerald Bay Service District, a small water agency,
purchases its water from LBCWD.
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Figure 2-1

Organizational structure of water agencies in Southern Orange County.

Figure 2-2

Major aqueducts providing water to southern California. (Source: from MWDOC
2015 Urban Water Management Plan)

The quantity of water provided by Metropolitan from each source is shown in Figure 2-3,
where it can be seen that in 2015 approximately two thirds of the water was supplied by the
Colorado River Aqueduct, with SWP supplying the other third. In Chapter 5, these water
resources are examined in the context of climate change.
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According to the MWDOC 2015 Urban Water Management Plan, imported water accounts
for about 35% of the water supplied by MWDOC, with groundwater accounting for the
majority of local supplies. However, most this water resides in the northern or central regions,
and the majority of the demand in Southern Orange County is met with imported water.

Figure 2-3

Imported water to Metropolitan service area from 1995 to 2015 by source in
Million Acre Feet. (Source: MWDOC 2015 UWMP).

2.2 LOCAL WATER AGENCIES AND WATER USE

The nine local water agencies interfacing with MWDOC receive the bulk of their water from
MWDOC. The service areas for the water agencies are shown in Figure 2-4. Error!
Reference source not found. presents the 2015 water demand for the agencies in Southern
OC, as reported in each agencies 2015 Urban Water Management Plan.
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Table 2-1
2015 Water Demand and Sources by South Orange County Water Agency, Obtained from the 2015
Urban Water Management Plan for each Agency. All Units in Millions of Gallons (MG). Recycled
Surface Water and Recycled Water Have Been Consolidated into “Recycled.”
Water Agency

Water Demand

MWDOC

Groundwater

Recycled

El Toro Water District

2,980

2,818

0

162

Trabuco Canyon Water District

1,207

945

0

262

11,344

8,741

0

2,603

1,183

1,183

0

0

11,211

8,769

0

2,442

2,207

1,869

58

278

2,258

457

1,242

559

San Juan Capistrano

2,780

1,778

838

164

San Clemente

3,033

2,906

38

90

38,203

29,466

2,176

6560

Moulton Niguel Water District
Laguna Beach County Water District
Santa Margarita Water District
South Coast Water District
Irvine Ranch Water

Total2

District1

1

Only a portion of the IRWD service area falls within South Orange County (8,658 acres out of 115,840 acres, or 7.5%), so the
values for IRWD were scaled by the percentage of area overlap, 7.5%, for inclusion in this table.
2
The Emerald Bay Service District (EBSD) is not separately listed in this table, because it purchases its water from LBCWD and
is too small to be required to prepare its own Urban Water Management Plan. EBSD purchased an average of 272 AF (89 MG)
from LBCWD between 2011 and 2015, according to the LBCWD 2015 Urban Water Management Plan.
.

Imported water from MWDOC accounted for an average of 77% of water demand in the South
Orange County region in 2015. At the low end, IRWD imports 20% of its water, while on the
opposite end of the spectrum, LBCWD imports 100% of its water. Four of the water districts
currently access groundwater to supplement their imported water: IRWD (54%), SCWD
(2.6%), San Clemente (1%), and San Juan Capistrano (30%). All but one district (LBCWD)
count recycled water towards their total volume: ETWD (5.4%), TCWD (22%), MNWD
(23%), SMWD (22%), SCWD (13%), IRWD (24%), San Juan Capistrano (6%), and San
Clemente (3%).
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Figure 2-4
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Map showing the regional water agencies that are part of the MWDOC service
area. This IRWM plan is focused on the water districts in the southern portion of
Orange County and identified in Figure 2-1.
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3. TWENTIETH CENTURY CLIMATE
VARIABILITY IN THE WESTERN U.S.
AND CALIFORNIA
Key Points: Because of the importance of imported water supply to South Orange County
from the Sacramento-San Joaquin and Colorado River basins, potential impacts of climate
change to water resources must be examined over a region broader than the IRWM
planning area. During the 20th century, particularly in winter and spring, temperatures
have risen across western North America. In the second half of the 20th century, the
warming in the mountainous western North America has led to a higher rain-to-snow ratio,
lower snow water content, decline in March snow cover, a shift toward earlier annual
snowmelt timing by 5 to 30 days, and changes in the timing of biological events, such as
flower blooming. These changes illustrate the effects of climate change on the hydrology
of California’s mountains, and indicate the need to predict 21st century changes in order
that appropriate adaptation strategies to protect regional water-supply sources can be
developed.
In California mean annual temperature increases of 0.6 °C, and winter and spring
increases of 1.5 °C and 1 °C, have been documented, respectively, and these trends are
unlikely to be solely due to natural variability. The late-spring and early-summer runoff
fraction runoff of eight major rivers in the western Sierra Nevada in California have been
decreasing since the mid-20th century. There is evidence of trends in climatic and
hydrologic variables in western mountain environments in the second half of the 20 th
century – including temperature, precipitation, rain-to-snow ratio, snow water content, and
snowmelt timing. It has been concluded that many of the changes already observed, are,
to a high degree of confidence, attributable to climate change that has already occurred
over the latter part of the 20th century.

Because of the wide region from which South Orange County obtains its water supplies,
spanning the Sacramento-San Joaquin River basins and the Colorado River basin (Figure 3-1),
it is important to examine evidence of climate change over this region, including the role of
climate change on snow accumulation and snowmelt in the mountainous portions of the
basins. This chapter presents an overview of observed trends in temperature and precipitation
in the region supplying water to South Orange County.
During the twentieth century, temperatures, particularly in winter and spring, have risen
significantly across western North America (Dettinger and Cayan, 1995; Folland et al., 2001;
Karoly et al., 2003; Bonfils et al., 2008a, b). In the second half of the 20th century, such
warming in the mountainous western U.S. has led to:
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a higher rain-to-snow ratio (ACPI, 2004; Hamlet et al., 2005; Knowles et al.,
2006),



a lower snow water content (Mote, 2003; Mote et al., 2005; Regonda et al.,
2005; Knowles et al., 2006),



a decline in March snow cover (Groisman et al., 2004); and,



a shift towards earlier annual snowmelt timing by 5 to 30 days (Gleick, 1987;
Roos, 1987, 1991; Lettenmaier and Gan, 1990; Wahl, 1992; Aguado et al., 1992;
Pupacko, 1993; Dettinger and Cayan, 1995; Brown, 2000; Cayan et al., 2001;
Mote et al., 2005; Regonda et al., 2005; Stewart et al., 2005; Knowles et al., 2006;
Maurer et al., 2007a).

Figure 3-1

Map showing the Sacramento-San Joaquin and Colorado River basins relative to
the area supplied by the Metropolitan Water District of Southern California (red
border). (Source: Wikipedia Commons,
http://en.wikipedia.org/wiki/File:SoCal_Watershed.jpg)

The response of biological variables that are sensitive to climate have also been documented.
These include:

3-2



increasing tree mortality (Kelly and Goulden, 2008; van Mantgem et al., 2009);



shifts in tree species (Thorne et al., 2008);



earlier flower blooming (Cayan et al., 2001);



migration of small mammals to higher elevations (Moritz et al., 2008); and
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increased fire frequency (Westerling et al., 2009).

3.1 TRENDS IN TEMPERATURE AND PRECIPITATION

California has experienced a mean temperature rise of 0.6 °C, and winter and spring rises of
1.5 °C and 1 °C, respectively (Figure 3-2), which have been shown to be very unlikely due
solely to natural variability (Cayan et al., 2006).

Figure 3-2

Ten-year running average of temperature anomalies (°C) for California relative to
the 1961-1990 base period average using annual (black), winter (blue), spring
(green), summer (red), and fall (brown) means. The time-series are computed
from the monthly 1/8-degree resolution gridded meteorological dataset from the
University of Washington. Smaller inset plot shows estimated natural variability
of California temperature without forcing (bars), and observed temperature
change (dots) during the 1950-2000 historical record. Figure reproduced from
Cayan et al. (2006, fig. 1).

Mote et al. (2005) analyzed two separate temperature datasets covering western North
America: A) A dataset combining the U.S. Historical Climatology Network (USHCN) with
the Historical Canadian Climate Database (HCCD). The USHCN is a subset of the National
Weather Service Cooperative (COOP) data. B) The widely used PRISM2 dataset created at
Oregon State University (www.prism.oregonstate.edu) by interpolating temperature and
precipitation measured at climate stations. Mote et al. (2005) found particularly strong
temperature trends for the period 1950-1997 over the entire western region (Figure 3-3(a)).
Also using the PRISM data set as well as from NOAA Climate Division averages, Stewart et
al. (2005) also found rising temperature trends in the range 0.5-2.0 °C (33-35.5 °F) for 19482

PRISM stand for Parameter-elevation Regressions on Independent Slopes Model.
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2002. For precipitation, Mote et al. (2005) found increasing trends over most of the west,
excepting western Washington, western Oregon, and a portion of the Northern Rockies. These
trends are shown in Figure 3-3 (b).

a

Figure 3-3

b

Linear trends for 1950–1997 in winter (November-March) (a) temperature and (b)
precipitation. For temperature, negative trends are indicated by blue circles, and
positive trends by red circles; and values are expressed as degrees per century.
For precipitation, trends are given as a percentage of the starting value (1950):
positive trends are shown as blue circles, while negative trends are shown as red
circles. Figure reproduced from Mote et al. (2005, fig. 6).

Regonda et al. (2005) analyzed the 1950-1997 COOP stations records for springtime warm
spells. They defined a warm spell as a sequence of seven consecutive days with temperatures
above 12 °C (53 °F). They found trends for earlier occurrence of warm spells at an
overwhelming majority of COOP stations throughout the West (Figure 3-4 (a)). These trends
were statistically significant over the entire Pacific Northwest and over most of Colorado,
Utah, and Wyoming. Although present, the trend was not statistically significant for most
stations in California, Arizona, or New Mexico. The exceptions were a few high-elevation
stations (above 2,500 m, or 8,200 ft) in Sierra Nevada, as well as some in Colorado and Utah.
In the case of these stations, the trend was towards later warm spells rather than earlier;
however, such trends were rarely statistically significant. For precipitation, Regonda et al.
(2005) showed a distinct north-south demarcation in the statistically-significant trends of
winter precipitation in the coastal west (Figure 3-4 (b)). They suggest that these correspond
to different influences of the ENSO and PDO cycles.
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b

a) Changes in the timing of the spring warm spell (day) for each station location.
Circles indicate earlier timing and squares indicate later timing of spring warm
spells. b) Changes in winter (November-March) precipitation (cm). Filled and
open symbols respectively indicate stations passing and failing two-tailed t tests
of significance. Figure reproduced from Regonda et al. (2005, fig. 6a and b).

3.2 TRENDS IN THE RAIN-TO-SNOW RATIO

Trends in the rain-to-snow ratio were analyzed by ACPI (2004), Hamlet et al. (2005), and by
Knowles et al. (2006). The specific variable computed by Knowles et al. (2006) was the ratio
of snowfall liquid water equivalent (SFE) to total winter precipitation (P), i.e., the ratio SFE/P.
SFE is similar in definition to Snow Water Equivalent (SWE) but it differs from SWE in that
it is a running total of daily snowfall, rather than an accumulated total for snow on the ground.
Using COOP station records for 1949-2004, Knowles et al. (2006) found decreasing trends in
SFE/P for the majority of stations throughout the coastal West (Figure 3-5 (a)), a trend that
was unrelated to changes in total precipitation. SFE declines in the coastal West led to declines
in the SFE/P ratio, implying an increase in the total amount of (liquid) rainfall, and a rise in
the rain-to-snow ratio. Knowles et al. (2006) analyzed the minimum daily temperatures of
days with precipitation (“wet days”). They found that “the largest reductions (in SFE) were
shifts from snowfall to rainfall driven by warming and occurred at relatively warm, low to
moderate elevations.” The rise in the proportion of rain versus snow was most pronounced at
lower elevation watersheds (below about 2000 m) as shown in Figure 3-5 (b).
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a
Figure 3-5

b
a) Change, from water year 1949 to 2004, in the ratio of snowfall liquid water
equivalent to total winter precipitation (SFE/P ratio), after removing the effects of
trends in precipitation. Three-quarters of all stations experienced snowfall
reductions as a result of widespread warming. b) Stations’ elevations. Figures
reproduced from Knowles et al. (2006, figs. 7 and 2b, respectively).

3.3 TRENDS IN SNOW WATER EQUIVALENT

Trends in Snow Water Equivalent (SWE) in the West were studied by Mote (2003), Mote et
al. (2005), Regonda et al. (2005), Hamlet et al. (2005), and Knowles et al. (2006). The studies
by Mote (2003), Mote et al. (2005) and Regonda et al. (2005) looked at observed historical
trends, and the study by Hamlet et al. (2005) used a simulated SWE dataset using the Variable
Infiltration Capacity (VIC) distributed hydrological model. The study by Mote et al. (2005)
used the records from 824 snow stations belonging to the Natural Resources Conservation
Service (NRCS), the California Department of Water Resources, and the Ministry of
Sustainable Resource Management for British Columbia. It was found that, in the period
1950–1997, April 1 SWE declined at most snow stations (Figure 3-6). In the coastal West,
strong declines were found for western Washington, Oregon, and northern California. In the
southern Sierra Nevada, however, the opposite trend was found at high-elevation stations.
Mean winter temperature was found to be closely related to the identified SWE trends, the
largest declines in SWE being associated with the warmest snow-dominated watersheds.
Regonda et al. (2005) analyzed snow records at NRCS snow stations containing at least 80%
of data for 1950–1999 for March 1 SWE (469 stations), April 1 SWE (501 stations), and May
1 SWE (239 stations). However, this study did not include California snow survey data.
Statistically-significant declines in SWE were found throughout the West for all three dates
(shown for April 1 in Figure 3-7 (a)), with the lower-elevation stations (below about 2,500 m,
or 8,200 ft) showing the greatest SWE losses (Figure 3-7 (b)).
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Figure 3-6

a)

Figure 3-7
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Linear trends in April 1 Snow Water Equivalent for 824 snow stations from 1950
to 1997, relative to the starting (1950) value. Negative trends are indicated in red,
positive trends are in blue, and the size of the circle is proportional to trend size.
Figure reproduced from Mote et al. (2005, fig. 1). Lines on the map divide the west
into sub-regions for additional analysis in the original paper.

b)

c)

a) Trends in Snow Water Equivalent in accumulated snow pack for April 1. Circles
and squares indicate decreasing and increasing values, respectively. Filled and
open symbols respectively indicate stations passing or failing two-tailed t tests
of significance. b) Scatterplot comparing the trends in SWE (cm) against snowcourse elevation (m) for measurements taken on April 1. c) Map illustrating the
spatial distribution of stations where the elevation is above or below 2,500 m.
Figures reproduced from Regonda et al. (2005, figs. 4b and 5c,d).
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Hamlet et al. (2005) took a different approach, and rather than analyzing observed datasets,
they created a simulated historical (1915-2003) dataset of hydrologic variables, including
SWE, using the VIC model. The reasons given for the modeling approach were that A) most
snow data was collected only after the 1950s, B) most snow data was collected only for a
limited fraction of the West, and C) the ENSO and PDO generate a high degree of natural
variability which confounds the analysis of observed data alone. Hamlet et al. (2005)
concluded that “(w)idespread warming has occurred in the western U.S. from 1916-2003,
resulting in downward trends in 1 April SWE over large area of the domain” and that “results
show that almost all the upward trends in SWE are due to modest upward precipitation trends
and that many of the downward trends in SWE are caused by widespread warming”.
3.4 TRENDS IN SNOWMELT TIMING AND STREAMFLOW TIMING

Of all the effects associated with warming in the West, the shift towards earlier annual
snowmelt timing and earlier streamflow timing may have the most immediate and severe
implications to water managers. These topics have been the focus of several recent studies
(Gleick, 1987; Roos, 1987, 1991; Lettenmaier and Gan, 1990; Wahl, 1992; Aguado et al.,
1992; Pupacko, 1993; Dettinger and Cayan, 1995; Brown, 2000; Cayan et al., 2001; Mote et
al., 2005; Regonda et al., 2005; Stewart et al., 2004, 2005; Knowles et al., 2006; Maurer et
al., 2007a). The magnitude of the shift is estimated in the above studies to vary between 5 and
30 days.
Different measures of streamflow timing have been used in these studies. Roos (1991),
Dettinger and Cayan (1995), and USGS (2005) analyzed the fraction of total annual
streamflow represented by spring and summer streamflow – the seasons when in the West
streamflow can be distributed for immediate use, or easily stored without interfering with
flood-control concerns. Cayan et al. (2001) analyzed the date, termed the “spring-pulse date,”
separating low wintertime streamflows from high springtime streamflows resulting from
snowmelt. In addition to the spring-pulse date, Stewart et al. (2004, 2005) analyzed other
measures of streamflow timing: A) the “center of mass of annual flow (CT)” of each year’s
hydrograph, defined as the date by which half of the annual streamflow has passed; and B)
the fraction of total annual streamflow contributed by each month of the year.
The U.S. Geological Survey (USGS) has maintained streamflow gages in the West since the
late 19th century. Datasets are available at http://waterdata.usgs.gov/usa/nwis/sw. Based on
these long records, significant declines in the fraction of annual runoff represented by spring
runoff were found, including in the (western) Sierra Nevada (Figure 3-8).
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Figure 3-8

November 2016

April-July streamflow in eight major rivers of the western Sierra Nevada,
California, as a fraction of water-year (October through September) total
streamflow. Dots indicate yearly values, blue curve is 9-year moving averages,
and dashed line is linear trend prior to 1945 and solid line is trend after 1945.
Figure and legend reproduced from USGS (2005).

Stewart et al. (2005) used records from 241 U.S. and 53 Canadian stream gages selected for
representing approximate natural conditions (i.e., free from streamflow regulation and other
human interference) in snowmelt-dominated watersheds, and having at least 30 years of data
within 1948-2002. The U.S. gages are from the USGS Hydro Climate Data Network (HCDN),
and the Canadian gages are from Environment Canada. Two-thirds of all stream gages, located
throughout the West, revealed a shift in center of timing (CT) from the period 1950-1970 to
the period post-1970 in the form of a shift to 1-4 weeks earlier (Figure 3-9). Over the period
studied (1948-2002), there have been no significant trends in mean annual streamflows.
The center of mass of annual flow was also studied by Regonda et al. (2005) and several
subsequent publications, receiving the simpler name “center of timing” in several of them
(e.g., Maurer et al., 2007a). Regonda et al. (2005) analyzed streamflow records for 89 gages
(from the same, HCDN dataset) snowmelt-dominated watersheds with continuous records in
1950-1999. A shift towards earlier timing by 10-20 days was identified but was only
statistically significant for the Pacific Northwest. The largest shifts occurred for the lowestelevation stations; and stations located about 2,500 m (8,200 ft) revealed no trends.
Consistently across the west, there was an elevational dependence to the change in snowmelt
timing, with a longer time shift observed at lower elevations (Dettinger et al., 2004; Stewart
et al., 2005). Snow extent (Robinson, 1999) and depth (e.g., Groisman et al., 1994, 2003) have
also decreased throughout the west, but mostly in valleys and plains which, since snow at such
locations melts much earlier, are less crucial to water resources than mountain snowpack
(Mote, 2005).
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Figure 3-9
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Trends in a) spring pulse onset and b) date of center of mass of annual flow (CT)
for snowmelt- and (inset) non-snowmelt-dominated stream gages. Shading
indicates magnitude of the trend expressed as the change (days) in timing over
the 1948-2000 period. Larger symbols indicate statistically significant trends at
the 90% confidence level. Figure and (slightly edited) legend reproduced from
Stewart et al. (2005, fig. 2).
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Along with a temperature rise, the Sierra also saw a precipitation rise in the 20th century –
possibly an indirect effect of warming. At the lowest elevations (below about 2,300 m), the
direct effects of warming – a partial shift from snow to rain, and increased winter snowmelt –
have dominated the 20th century response to warming, resulting in diminished SWE. At
elevations higher than about 2,600 m, however, it was the heightened snowfall that dominated,
resulting in increased SWE instead. The increase at higher elevations in some areas partially
offset and in others even surpassed the loss at lower elevations. The rise in high-altitude
precipitation made it possible for the southern Sierra to experience the largest 20th century
positive SWE trend, despite having had the largest temperature rise in California (Howat and
Tulaczyk, 2005b).
Warmer air may need to rise up farther in order to produce snow, but on the other hand it can
carry more moisture, hence warmer air can sometimes produce higher snowfall volumes. Such
a gain in SWE during warming due to enhanced wintertime orographic precipitation has been
termed the “snow gun effect” (Prentice and Matthews, 1991). Warmer air is more likely to
retain considerable moisture as it passes over the Sierra’s summit. Given that the southern
Sierra has the steepest gradient of the western side of the Sierras, enhancement of orographic
precipitation there can offset increased winter melt due to warming (Howat and Tulaczyk,
2005a, b).
Howat and Tulaczyk (2005a, b; see also Mote, 2006) concluded that, in the 20th century,
snowpack trends have been mostly positive at high altitudes (generally above 2,600 m), due
to an observed increase in precipitation (possibly a side-effect of warming); and that the 20th
century snowpack of the southern Sierra Nevada (its highest altitude region) presented itself
as a precipitation-dominated, rather than temperature-dominated, regime where trends in
precipitation positively contributed on average 85% to trends in snow water equivalent
(SWE). Knowles et al. (2006), using an observational dataset with greater distribution of
elevations, examined the dependence of snow loss, specifically due to more winter
precipitation falling as rain instead of snow, and found the largest impacts close to the snow
line, where average minimum winter temperatures were above -5 °C. Most snow loss over
recent decades has occurred at elevations below 2,000 m.
3.5 ATTRIBUTION OF TRENDS TO CLIMATE CHANGE

Studies have focused on the formal detection and attribution of change in hydrologic
quantities to climate change. A recent research collaboration effort between the Scripps
Institution of Oceanography at the University of California, San Diego, the Lawrence
Livermore National Laboratory, and the U.S. Geological Survey produced a series of five
published manuscripts describing detection and attribution – abbreviated as D&A for this
discussion – of the causes of hydro-climatological change in the western United States. The
first manuscript in the D&A series, by Barnett et al. (2008), used the output of GCM
simulations for the historical period 1950–1999 to force a distributed hydrologic model. From
the simulated results of the hydrologic model, three variables were studied representing some
of the most important metrics of western hydrology: A) the snow pack’s water content, B) the
timing of runoff of the major western rivers, and C) the average January through March daily
minimum temperature in the mountainous regions of the West. It was shown that the
simultaneous changes in variables (A), (B), and (C) over the period 1950–1999 differed
significantly in duration and strength from what would be expected as a result of natural
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variability. Furthermore, the changes agreed with those simulated under scenarios of humaninduced changes in atmospheric composition (attribution).
The second manuscript in the D&A series, by Pierce et al. (2008), looked specifically at the
Western snowpack. The detection variable used was the ratio of April 1 SWE to water-yearto-date precipitation (P), chosen to minimize the effect of inter-annual P variability on the
results. To obtain estimates of natural internal climate variability, two control simulations
using fully coupled ocean-atmosphere climate models over a simulation period of 1,600 years.
These simulations were used to force a hydrologic model, producing estimates of the SWE/P.
It was thus possible to characterize the (simulated) of SWE/P to anthropogenically-altered
atmospheric composition (enhanced concentrations of greenhouse gases, ozone, and some
aerosols). The D&A method showed that both the observed SWE/P and the simulated SWE/P
with anthropogenically-altered atmospheric composition have greater reductions than can be
explained by natural internal climate variability alone.
The third manuscript in the D&A series, by Bonfils et al. (2008b) focused on hydrologically
relevant temperature variables from late winter to early spring. It was shown that the changes
in mountain regions’ observed temperature-based indices are unlikely, at a high statistical
confidence, to represent natural variations; and it was concluded that anthropogenic climatic
changes (i.e., changes resulting from to anthropogenic GHG, ozone, and aerosols) are partially
responsible for those recent changes.
The fourth manuscript in the D&A series, by Hidalgo et al. (2009), uses an optimal detection
method for trends in streamflow center timing (CT). A trend in CT over the U.S. West was
detected at the p<0.05 (i.e., at the 95% confidence) level for the second half of the 20th century,
which cannot be explained solely by natural variability. However, the western signal was
dominated by the Columbia River Basin, and was found to be much weaker for Sierra Nevada
watersheds (and not detected for the Colorado River Basin). Therefore, the authors made no
definite statement regarding the attribution of trends in Sierra Nevada watersheds, and limited
to the Columbia River Basin their statement of “very high confidence” of attribution of earlier
streamflows in part to anthropogenic climate change (Hidalgo et al., 2009, p. 3852).
The fifth and final manuscript in the D&A series, by Das et al. (2009) addresses the
geographic structure (i.e., dependence on latitude, altitude, and geographical region) of
observed trends in key hydrologic variables, including: A) late-winter and spring temperature,
B) winter-total snowy days as a fraction of winter-total wet days, C) April 1 SWE as a fraction
of October-March precipitation total (SWE/Precip(ONDJFM)), and D) March-March
accumulated runoff as a fraction of water-year accumulated runoff. Observed changes were
compared to natural internal climate variability simulated by an 850-yr control run of a GCM
used to force a hydrologic model. Das et al. (2009) concluded that “The strongest changes in
the hydrologic variables, unlikely to be associated with natural variability alone, have
occurred at medium elevations--750-2500m for JFM runoff fractions and 500-3000 m for
SWE/Precip(ONDJFM)--where warming has pushed temperatures from slightly below to
slightly above freezing.”
Taken together, these five recent studies provide strong evidence of the linkage of climate
change to observed hydroclimatic quantities in the Western U.S. over the 20th century. While
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some of the changes are small, many cannot be explained by natural variability alone. Data
and analysis of this kind provide scientific support for considering climate change for future
planning.
3.6 HISTORICAL EXTREME EVENTS

Besides the shifts in temperature, snowmelt, and runoff discussed above, there is great interest
in the potential impact of climatic extremes, such as large, intense winter storms and long term
droughts.
Geologic evidence in the form of sediment deposits shows that extremely large floods caused
by rainfall have occurred in California every 200 years or so (Dettinger and Ingram, 2013).
The last such event was in 1861, which was a 43-day storm along the Pacific coast from
Northern Mexico to British Columbia, that flooded the entire Central Valley and led to the
loss of thousands of lives. It is thought that major rainstorms of this nature are the result of
what are termed atmospheric rivers, narrow bands of moisture, which in the case of the
California coast, bring heavy rain and snow from the tropics (often termed the “pineapple
express”). Atmospheric rivers of this nature are thought to have been responsible for 80% of
the flooding in California rivers and 81% of the best-documented levee breaks in the Central
Valley between 1950 and 2010 (Dettinger and Ingram, 2013).
Long-term records such as tree rings and sediment deposits are also used to evaluate the
historical occurrence of droughts over time frames longer than the direct observational record.
The main finding from long-term tree-ring records from California is that decade-long dry
periods are the rule rather than the exception, and that these dry periods tend to be relatively
widespread, reflecting their link to larger scale atmospheric circulation established by ocean
temperature and pressure patterns (Meko et al., 2001; Cook et al., 2004). Were one of these
naturally occurring decadal droughts to recur, the consequences for water supply and other
important ecosystem services would be significant.
3.7 SUMMARY OF OBSERVED CHANGES

The work summarized here presents the best current understanding of observed data and
trends on variables of interest to water resource planners: temperature, precipitation, rain-tosnow ratio, snow water equivalent, timing of snowmelt and streamflow. In most cases, the
data are consistent with a pattern of warming and earlier snowmelt and runoff, although the
precipitation and snow water equivalent data are mixed with some regions showing increases
and others decreases. These observations are consistent with future climate projections,
presented in the next chapter, that indicate agreement among models with regard to
temperature increases, but with greater uncertainty with regard to future precipitation.
Observed hydroclimatic data in the Western U.S. have also been examined to determine
whether they could be explained by background variability alone. It has been concluded that
many of the changes already observed, are, to a high degree of confidence, attributable to
climate change that has already occurred over the latter part of the 20th century. In addition to
the recent trends in average conditions, studies focused on geologic evidence have
demonstrated that extreme floods and droughts, beyond the range observed over the last 50
years of rapid growth and development in the Southwest, have occurred at a regular frequency,
even in the absence of recent human-induced climate change.
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4. CLIMATE PROJECTIONS FOR SOUTH
ORANGE COUNTY FROM DOWNSCALED
GCM RESULTS
Key Points: Global climate processes are represented using atmosphere-ocean general
circulation models (AOGCMs or GCMs, also known as “global climate models”). Several
published GCMs, developed by research groups worldwide, are in common use. GCMs
are used to project future climate changes based on assumptions of different economic
growth pathways and emissions of greenhouse gases, RCP2.6, RCP4.5, RCP6.0, and
RCP8.5 being the most common scenarios used in various climate impact studies. It is
widely understood in the climate science community that no one model or emission
pathway is the best estimate of the future, and, typically, most climate assessments utilize
an ensemble of GCM results for evaluating future conditions.
In this analysis, sixteen candidate climate models were selected for evaluation. The
primary greenhouse gas (GHG) emission scenarios to be used for the climate projections
are RCP4.5 and RCP8.5 which are the scenarios most closely aligned with the previously
used A2 and B1. GCM outputs are presented in spatially more detailed form through
downscaling, with statistical downscaling being the most commonly used approach.
Statistical downscaling is based on the development of relationships between local-scale
observations and large scale GCM projections, which are then used to estimate spatially
resolved future climate projections. Results from three 21st century periods, statistically
downscaled to areas of 1/8 degree longitude by latitude or about 12 km by 12 km, were
analyzed for impacts in the early, mid, and late 21st century, defined as 2010–2039, 2040–
2069, and 2070–2099 respectively.
The projected data summary for the South OC IRWM planning region show a small
decrease in precipitation of up to an inch per year by mid- to late-21st century periods.
They also show an increase in temperature from about 3 oF and 5 oF over the same
periods. In general, climate models project more adverse conditions (i.e., warmer and
drier) in the latter part of the 21st century compared to conditions observed in the second
half of the 20th century.

While observations can be used to infer the sensitivity of the climate system to perturbations
in atmospheric composition, changes in land use and other conditions, incomplete spatial and
temporal coverage of measurements, and a limited database of observed variables makes
conclusive statements about causes and feedbacks in past climate difficult. For these reasons,
atmosphere-ocean general circulation models (or more informally, global climate models,
GCMs) are employed to provide a more complete picture of the climate response to emission
changes. Several published GCMs, developed by research groups worldwide, are in common
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use. In recent climate impacts assessment, these models are used to develop projections for
21st century climatic conditions using various greenhouse gas emission scenarios as the driver
(IPCC AR5, 2013).
This chapter presents local CMIP5 climate projections relevant to Orange County, after
presenting an overview of the emission scenarios and GCMs used to make them.
4.1 EMISSION SCENARIOS

The Intergovernmental Panel on Climate Change (IPCC) requested the development of a new
set of emissions scenarios, that is compatible with previous references and mitigation
scenarios, for applying with different GCMs. This process and the resulting scenarios called
representative concentration pathways (RCPs) are described in (Moss, 2012). Each emission
scenario is a projection based on assumptions regarding population, economic growth, energy
use and other variables. The emissions scenarios used in this paper are RCP26, RCP45,
RCP60, and RCP85, where the number represents the radiative forcing in 2100 in (W/m2)
which is used to define the scenario. These are described in detail in (Meinshausen, 2011),
and a database of greenhouse gas concentrations for the RCPs is available at
http://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome.
Figure 4-2 is a plot of the radiative forcing for each RCP in units of (W/m2), while Figure
4-1 shows yearly emissions, in units of GtCO 2 equivalents, that are consistent with the
radiative forcing and were used in climate models (Meinshausen, 2011). A given RCP,
represents many different possible future scenarios as multiple emissions pathways,
populations, etc. can ultimately lead the same radiative forcing,
RCP85 has a steady increase in emissions that starts to slow down at the end of the 21st century
resulting in a total radiative forcing of 8.5 W/m2, while RCP26 has a steady decline in
emissions that leads to a total radiative forcing of 2.6 W/m2. RCP45 and RCP 85 are the
scenarios most consistent with the previously used A2 and B1 scenarios.
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Figure 4-1

Radiative forcing for the four RCPs (W/m2). Each RCP is named after the
radiative forcing defined to occur in 2100 in (W/m2). (Source: Meinshausen, 2011)

Figure 4-2

Total yearly emissions of GHGs in CO2eq resulting from different emissions
scenarios through the 21st century (Source: Meinshausen, 2011)
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4.2 GCMS

When selecting GCMs for use in a particular regional climate change impacts study, it is
important that they have the ability to simulate important regional climate features (e.g.,
Cayan et al., 2008). Most GCMs represent large-scale climate features, including phenomena
such as El Niño (AchutaRao and Sperber, 2006), while small-scale features are generally not
represented. In this case, downscaling techniques must be used to get obtain regional detail
from the simulation.However, as has been noted in prior research (Christensen et al., 2007;
Reichler and Kim, 2008) better predictive skill (in general, regardless of predicted variable)
is obtained by using an ensemble of GCMs than using any individual GCM (Brekke et al.,
2008; Pierce et al., 2009). An individual model can also be run multiple times to get an
ensemble of model runs that can be used independently or averaged to get a single average
run that best represents the
This analysis includes results from a set of 16 models that have been archived and downscaled
for similar climate impacts studies (Table 4-1) through an international effort called the
Coupled Model Intercomparison Project 5 (CMIP5), housed at Lawrence Livermore National
Laboratory. An overview of the experimental design can be found in (Taylor, 2012), while
(Taylor, 2009) provides a more detailed discussion. All models have been statistically
downscaled for the RCP2.6, RCP 4.5, RCP6.0, and RCP8.5, emission scenarios, and are
available
online
at
http://gdodcp.ucllnl.org/downscaled_cmip_projections/dcpInterface.html. In many cases, individual
models have been run multiple times with slightly different initial conditions to develop an
ensemble representing a range of predictions for each model. The number of model runs
available for specific models are shown in Table 4-1. These models are evaluated in the
context of North America in (Sheffield, 2013, 2013a, Maloney, 2014), and the Northwest and
Southeast US in (Rupp, 2013, 2016).
Climate model evaluation and intercomparison provides quantitative evaluations of model and
process performance using observations and other models as standards for comparison. It
allows for model advancements, leading to improved model performance. Climate model
intercomparisons are essential for understanding how model-simulated projections of the
future compare with the present. Improved model performance will facilitate better decision
making of the actions needed for climate change mitigation, adaptation, and coping strategies.
Since 1989, the U.S. Department of Energy’s (DOE’s) Program for Climate Model
Diagnostics and Intercomparison (PCMDI) has led the intercomparison of AOGCMs. The
PCMDI mission is to develop and apply improved methods and tools for the diagnosis and
intercomparison of AOGCMs, and this effort represents a quality control gatekeeper for the
AOGCMs that are part of the IPCC. While these models provide an important understanding
of the climate on subcontinental and larger scales, they are unable to resolve fine-scale climate
features and forcings that are of importance at local-to-regional scales; hence, downscaling
techniques have and will continue to be an essential element of climate change impacts
analysis.
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Table 4-1 Table of 16 GCMs used for the evaluation of 21st century climate change in South OC
Center

Primary Reference

Model Runs
RCP26/45/60/85

ACCESS1-0

Commonwealth Scientific and Industrial
Research Organization/Bureau of Meteorology,
Australia

Bi et al. 2012

0/1/0/1

CanESM2

Canadian Centre for Climate Modeling and
Analysis, Canada

Arora et al. 2011

CCSM4

National Center for Atmospheric Research,
United States

Gent et al. 2011

CNRM-CM5-1

National Centre for Meteorological Research,
France

Voldoire et al. 2013

CSIRO-Mk3-6-0

Commonwealth Scientific and Industrial
Research Organization/Queensland Climate
Change Centre of Excellence, Australia

Rotstayn et al. 2010

NOAA/Geophysical Fluid Dynamics Laboratory,
United States

Donner et al. 2011

GFDL-CM3

NOAA/Geophysical Fluid Dynamics Laboratory,
United States

Donner et al. 2011

GFDL-ESM2G/M

GISS-E2-H/R

National Aeronautics and Space Administration
(NASA) Goddard Institute for Space Studies,
United States

Kim et al. 2012

Met Office Hadley Centre, United Kingdom

Jones et al. 2011

Institute of Numerical Mathematics, Russia

Volodin et al. 2010

L’Institut Pierre-Simon Laplace, France

Dufresne et al. 2013

Atmosphere and Ocean Research Institute (The
University of Tokyo), National Institute for
Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology, Japan

Watanabe et al. 2011

Japan Agency for Marine-Earth Science and
Technology, Atmosphere and Ocean Research
Institute (The University of Tokyo), and National
Institute for Environmental Studies, Japan

Watanabe et al. 2011

Max Planck Institute for Meteorology, Germany

Jungclaus et al. 2006;
Zanchettin et al. 2012

Meteorological Research Institute, Japan

Yukimoto et al. 2012

Norwegian Climate Center, Norway

Zhang et al. 2012

IPCC Model I.D.

HadGEM2-CC
INM-CM4
IPSL-CM5A-LR

MIROC5

MIROC-ESM

MPI-ESM-LR
MRI-CGCM3
NorESM1-M

Tetra Tech, Inc.

5/5/0/5

5/5/5/5

0/1/0/5

10/10/10/10

1/1/1/1

1/1/1/1

0/1/0/0

0/1/0/1
0/1/0/1
3/4/1/4

1/1/1/1

1/1/1/1

3/3/0/3
1/1/0/1
1/1/1/1
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4.3 GCM PREDICTIONS FOR THE WESTERN UNITED STATES

CMIP5 GCMs were evaluated in the context of North America in a series of three papers
titled North American Climate in CMIP5 Experiments. Part I (Sheffield, 2013a) evaluated
historical simulations of regional climatology, Part II (Sheffield, 2013) evaluated historical
simulations of intraseasonal to decadal variability, and Part III (Maloney, 2014) assessed
twenty-first century projections. Part III focused on projections of 17 GCMs, including the
16 listed in Error! Reference source not found., with an emphasis on the RCP85 scenario,
nd to a lesser extent RCP45.
Figure 4-3 shows the projected change in mean annual precipitation for the RCP8.5 scenario
for winter and summer of the period 2070-99 relative to 1961-90. For precipitation, much
greater spatial variability is evident between GCMs. In North America, high latitude regions
are generally projected to see an increase in annual precipitation, while mid-latitudes in the
southwest are projected to be drier. For California, where precipitation falls in winter as a
result of cyclonic activity in the Pacific, a poleward shift in storm tracks is projected (Yin,
2005). The physical drivers for precipitation shifts have been explored in GCM-based
sensitivity studies, with important factors including increases in water vapor associated with
warming sea surface temperatures (Meehl et al., 2005a) and subsequent changes in moisture
convergence, but also modified in synoptic circulation and an expansion of the descending
branch of the Hadley circulation. The increase in tropical SST may result in changes to ENSO
occurrences and other teleconnections (Meehl et al., 2007b). Additionally, the North-South
temperature difference in storm generating regions, such as the Gulf of Alaska, where the
Aleutian low is known to develop pacific storms (Favre and Gershunov, 2009), and is well
correlated with Western U.S. hydrology (Lins, 1997). Thus, as GCMs vary in their ability to
represent these features (and the amount by which these features change under a warming
climate), the degree to which storm tracks shift under a warming climate, and hence the
projected precipitation change simulated by each GCM, will likewise vary, which is
demonstrated by the variability in precipitation projections for California in Figure 4-3.
California falls in the middle of the zones where precipitation is more confidently projected
to increase, and where it will more likely decrease. About half the models show wetter
conditions and half show drying. This does not mean the projection is for no change, but that
the variability is high relative to the projected change, making it difficult to identify any
specific change with high confidence. It should be noted that these are raw GCM projections,
and at their native resolution the Sierra Nevada essentially do not exist. This means that the
precipitation variability only represents that due to large-scale circulation patterns, and no
representation of localized pressure patterns or orography will appear. As explained below,
local scale effects are incorporated through downscaling of GCM output, by either relating
statistically to local meteorological stations (statistical downscaling), or by performing
additional higher resolution and geographically focused climate model runs (dynamic
downscaling).
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(left) Mean precipitation change (mm day-1) for RCP8.5, 2070-99 relative to 196190, and (right) These plots indicate uncertainty among the models as to whether
precipitation will increase or decrease in the Orange County Region. (Source:
Maloney, et. al., 2014)

Figure 4-3 shows the projected change in mean annual temperature for the RCP8.5 scenario
for winter and summer of the period 2070-99 relative to 1961-90. This clearly demonstrate
that warming is a large-scale phenomenon, as warming is projected everywhere by nearly all
GCMs. Most GCMs also show greater warming over land areas, further from the moderating
influence of oceans. The models consistently predict that temperatures will rise in California,
with the uncertainty being to what extent. The next section discusses downscaling of climate
model results, and is followed by downscaled results for south Orange County.
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Predicted changes in mean annual temperature for the ranges1961-1990 to 20402059, where DJF is an average over December, January, and February and
likewise JJA for June, July, August (Source: Maloney et al., 2014).

4.4 DOWNSCALING OF GLOBAL CLIMATE MODELS

Because the spatial scale of GCM output is too large to characterize climate over small areas
such as South Orange County, some type of downscaling is necessary. This can take two
general forms: statistical and dynamical downscaling (Benestad, 2001; Mearns et al., 2001).
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While dynamical downscaling has the advantage of simulating fine-scale physical processes,
and therefore being in theory capable of capturing non-linear feedbacks, it suffers from the
disadvantage of requiring intensive computational effort, which renders its use impractical for
extended transient simulations of multiple emissions scenarios. Statistical downscaling, while
very computationally efficient, has the principal drawback of assuming a stationary
relationship between large- and fine-scale climate features, the validity of which becomes less
certain as the climate warms to levels not observed in the historical record. This document
employs statistically downscaled values, where the GCM results are downscaled to a 1/8o by
1/8o grid (Reclamation, 2013).
4.5 DOWNSCALED RESULTS FOR THE IRWM PLANNING AREA

Using the GCMs identified in Table 4-1 and the grid cells outlined in Figure 4-5, projected
changes in yearly precipitation and yearly average temperature in the IRWM planning area in
South Orange County are summarized in Table 4-2 and Table 4-3. Three different time periods
are summarized: early, mid, and late 21st century, defined as 2010–2039, 2040–2069, and
2070–2099 respectively. and the change is the average value over this period relative to the
historical average from 1970-1999. The ensemble of models project a small decrease in
precipitation of up to an inch per year in mid- to late-century periods, and an increase in
temperature of about 3 oF and 5 oF over the same periods.

Figure 4-5.

Tetra Tech, Inc.

Grid cells used as South Orange County for climate projections are outlined in
purple. (Source: http://gdodcp.ucllnl.org/downscaled_cmip_projections/dcpInterface.html)
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Table 4-2
Average projected change in precipitation relative to 1970-1999 in the IRWM Region for 16 models
identified in Table 4-1.
Change in Average Precipitation (inches/year)
Emission Scenario

2010-2039

2040-2069

2070-2099

RCP26

-1.0

-0.7

-0.6

RCP45

-0.7

-1.0

-0.8

RCP60

-1.3

-0.9

-0.8

RCP85

-0.9

-0.8

-0.7

Table 4-3
Average projected change in temperature relative to 1970-1999 in the IRWM Region for 16 models
identified in Table 4-1.
Change in Yearly Average Temperature oF
Emission Scenario

2010-2039

2040-2069

2070-2099

RCP26

1.4

3.0

4.3

RCP45

1.4

3.0

4.5

RCP60

1.4

3.1

4.5

RCP85

1.5

3.2

4.7

Time series of yearly precipitation and average yearly temperature projected by the different
CMIP5 models are shown in Figure 4-6 and Figure 4-7. Each line represents an average of the
model runs available for each model, and an average over the South OC region identified in
Figure 4-5. Projected yearly precipitation shows no consistent pattern, however, there are
periods when the precipitation is much greater than and much less than baseline values.
Projected temperatures are projected to rise steadily in a all models.
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Figure 4-6.
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Projected average annual precipitation for different CMIP5 models, averaged over
the South OC region. Different model runs for the same model are averaged.
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Figure 4-7
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Projected temperature for an ensemble of 16 GCMs averaged over the South OC
region. Different model runs for the same model were averaged.

Tetra Tech, Inc.

Climate Change Studies Relevant to South Orange County

November 2016

4.6 EXTREME WEATHER EVENTS AND THE 2012-2015 CALIFORNIA DROUGHT

Much of the climate modeling described above focuses on changes in average or annual
conditions, although it is the extremes in the future that are of greatest consequence to human
and natural systems. Trends in extreme events are hard to discern because they do not occur
often. The scientific literature generally suggests an increase in the likelihood of extreme
events in a warmer climate, including heat waves, large winter storms, and floods
(Congressional Budget Office, 2009), and the topic is an active area of research (National
Academy of Sciences, 2010).
An assessment of extreme conditions derived through climate change model projections
(Mastrandrea et al., 2011) suggests the following changes are possible in California: severity
of hot spells (both in length and intensity), increases in intensity and duration of heat waves,
and decreases in frost days. The downscaled climate models do not produce strong signals
with respect to extreme precipitation events. However, other GCM analysis of atmospheric
rivers responsible for creating the heaviest storms in California (introduced in Section 3.6)
suggests that the intensity and frequency of these extreme precipitation events may increase
over the course of the 21st century (Dettinger, 2011, Dettinger and Ingram, 2013). Wildfires
are also expected to continue to increase in frequency and severity (CCSP 2009, SNA 2010;
Krawchuck and Moritz, 2012).
The drought in California from 2012 to 2015 resulted in the publication of a large number of
papers exploring its place in history and what role anthropogenic climate change may have
played. The general consensus is that the low levels of precipitation are consistent with natural
variability, and that drought conditions were likely exacerbated by human induced warming,
which is projected to continue. The 2014 drought year was particularly challenging, and was
a result of extreme low precipitation and extreme high temperatures, resulting “in summer
time temperature in climatologically coldest month in the year. The extreme daily maximum
temperatures exceeded the long-term mean daily maximum by 90% in some locations, which
led to very dry soil and significant stress on the ecosystem… [and] triggered wildfire and led
to record low storage levels and snowpack conditions” (AghaKouchak et al., 2014).
Diffenbaugh et al., (2014) analyzed historic climate observations from California and results
from climate model experiments to analyze the increased drought risk in California due to
anthropogenic warming, using the Palmer Modified Drought Index (PMDI). Diffenbaugh et
al. concluded that “even in the absence of trends in mean precipitation—or trends in the
occurrence of extremely low-precipitation events—the risk of severe drought in California
has already increased due to extremely warm conditions induced by anthropogenic global
warming… continued global warming is likely to cause a transition to a regime in which
essentially every seasonal, annual, and multiannual precipitation deficit co-occurs with
historically warm conditions… the projected increase in extremely low precipitation and
extremely high temperature during spring and autumn has substantial implications for
snowpack water storage, wildfire risk, and terrestrial ecosystems. Likewise, the projected
increase in annual and multiannual warm–dry periods implies increasing risk of the acute
water shortages, critical groundwater overdraft, and species extinction potential that have been
experienced during the 2012–2014 drought.”
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Williams et al. (2015) used the self-calibrated Palmer Drought Severity Index to assess nearsurface soil moisture in California from 1901 to 2014, and concluded that it is not likely that
there was “an anthropogenic role in the recent CA precipitation shortfall. Importantly, there
is widespread consensus that warmth has intensified the effects of the recent precipitation
shortfall by enhancing potential evapotranspiration (PET)… the intensifying effect of high
PET on the recent drought was nearly entirely caused by warmth”. Williams et al. concluded
that “As anthropogenic warming continues, natural climate variability will become
increasingly unable to compensate for the drying effect of warming. Instead, the soil moisture
conditions associated with the current drought will become increasingly common.”
AghaKouchak et al., 2014 showed that “the traditional univariate risk assessment methods
based on precipitation may substantially underestimate the risk of extreme events such as the
2014 California drought because of ignoring the effects of temperature,” and presented a
multivariate approach for assessment of extreme events. It was determined that although there
were other years since 1896 with less average precipitation in November-April, the 2014 year
was the warmest period on record.
The work in AghaKouchak et al. (2014) was expanded in Cheng et al. (2016) which used
“physically based multivariate drought definitions that explicitly incorporate different
meteorological variables and surface properties” to explore drought in California. They noted
an increase in California precipitation in observations over the twentieth century as well as in
CMIP5 projections. Their “results indicate the current drought on California’s agricultural
sector its forests, and other plant ecosystems have not been substantially caused by long-term
climate change” and concluded that “it is plausible that thermal impacts on drought frequency
are likely to dominate precipitation changes, increasing drought frequency across a range of
drought metrics by the late twenty-first century.” This study also showed that “statistics of
severe droughts relative to a current warm/wet climate are not distinguishable from those in a
preindustrial cold/dry climate”, and that the “deep root zone soil moisture is… more sensitive
to the increase in precipitation than to the increase in surface temperature, resulting in less
severe droughts.” The authors state that “the net effect of climate change has made agricultural
drought less likely and that the current severe impacts of drought on California’s agriculture
have not been substantially caused by long-term climate changes… The model simulations
show that increases in radiative forcing since the last nineteenth century induce both increased
annual precipitation and increased surface temperature over California, consistent with prior
model studies and with observed long-term change”
Asner, et al. (2015) “used airborne laser-guided spectroscopy and satellite-based models to
assess losses in canopy water content (CWC) of California’s forests between 2011 and 2015.
Approximately 10.6 million ha of forest containing up to 888 million large trees experienced
measurable loss in canopy water content during this drought period. Severe canopy water
losses of greater than 30% occurred over 1 million ha, affecting up to 58 million large trees.
They also noted that CWC is an indicator of progressive drought effects on forest canopies.
Shukla et al. (2016) explored the impact of temperature on the water year 2014 California
drought, using a hydrological model and risk assessment framework. They concluded that the
main driver of the drought was low precipitation, and that temperature played a key role in
making it worse.
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Griffen et al., (2014) used spatial averages from two paleoclimate reconstructions of drought
and precipitation, based on tree rings for Central and Southern California and the Palmer
Drought Severity Index, to conclude that although “3 year periods of persistent below-average
soil moisture are not uncommnon, the current event is the most severe drought in the last 1200
years.” They estimated that 2014 was the worst single drought year of at least the last ~1200
years in California. They further concluded that “future ‘hot’ droughts, driven by increasing
temperatures due to anthropogenic emissions of greenhouse gases and enhanced evaporative
demand, are assured and will be a substantial influence on future water resources supply and
management in the western United States.”
Robeson et al., (2015) extended the work of (Griffen, 2014) by using spatial averages to
produce a match of the tree ring record to the instrumental data. Robeson et al. calculated
return periods of 700-900 years for the one year drought of 2014 while the 2012-2014 drought
was estimated to be almost a 10,000 year event. The 2012-2015 drought was considered by
the authors to be without precedent in the tree ring record in California.
Cook et al. (2015) examined GCM projections for the 21st century and found that for the
RCP8.5 scenario all soil moisture balance metrics showed drying during the latter half of the
21st century (2050–2099). Even though cold season precipitation is actually expected to
increase over parts of California in our Southwest region, the increase in evaporative demand
is still sufficient to drive a net reduction in soil moisture. For RCP 8.5 Cook et al. concluded
that “there is ≥80% chance of a multi-decadal drought during 2050–2099” with a high risk of
a multi- decadal megadrought occurring over the Central Plains and Southwest regions during
the late 21st century.
Figure 4-8 shows changes in precipitation extremes projected by an emsemble of CMIP5
scenarios. The maps show the California coast is projected to have increased precipitation
extremes with greater maximum precipitation and more consecutive dry days. Figure 4-9 and
Figure 4-10 show the time series of the maximum and minimum yearly average temperatures
plotted for each model. In all model scenarios, a steady increase is seen for both the yearly
average minimum and maximum temperatures.
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Figure 4-8
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Change in precipitation extremes for 19070-2000 relative to CMIP5 projections for
2070-2099. Top shows percent change in annual maximum precipiation and
botton shows percent change in consecutive dry days (less than 0.04 in.).
(Source: Melillo, 2014)
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Figure 4-9
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Yearly maximum (average over OC grid cells) temperature in the OC region. For
models with multiple runs, the maximum value of all runs is used.
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Figure 4-10
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Yearly minimum (average over OC grid cells) temperature in the OC region. For
models with multiple runs, the minimum value of all runs is used.
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4.7 SUMMARY

Global climate projections are developed using GCMs that represent global climate processes
and assumptions about future greenhouse gas emissions. GCMs are used to project future
climate changes based on assumptions of different economic growth pathways and emissions
of greenhouse gases, RCP45 and RCP85 being the most common scenarios used in various
climate impact studies. No one model or emission pathway is the best estimate of the future,
and, typically, most climate assessments utilize an ensemble of GCM results for evaluating
future conditions. In this analysis, sixteen candidate climate models were selected for
evaluation. The primary greenhouse gas (GHG) emission scenarios used for the climate
projections are RCP26, RCP45, RCP60, and RCP85. Results from three 21st century periods,
statistically downscaled to cells of 1/8 degree or about 12 km by 12 km, were analyzed for
impacts in the early, mid, and late 21st century, defined as 2010–2039, 2040–2069, and 2070–
2099 respectively. The projected data summary for the South OC IRWM planning region
shows a small decrease in precipitation over the mid- to late-21st century period relative to
1970 – 1999 of up to an inch per year. This is a relatively small decrease relative to the average
precipitation of 14.2 inches/year for the region in 1970 – 1999. However, the models show a
consistent and substantial increase in mean annual temperature, of about 3 oF and 5 oF over
the mid- to late-21st century periods. In general, the climate models project more adverse
conditions (i.e., warmer and drier) in the latter part of the 21st century.
Besides the changes in average conditions, climate change is considered likely to increase
variability, with more extreme heat events, longer droughts, and more intense flooding
through atmospheric rivers that transport moisture from the tropics to the Pacific coast.
Although these changes are anticipated on a broad scale, they are typically not quantified at
the spatial scale of the South OC planning region.
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5. SUMMARY OF CLIMATE CHANGE
PLANNING STUDIES IN REGIONS
SUPPLYING WATER TO SOUTH
ORANGE COUNTY
Key Points: This section presents an overview of studies that pertain to water resources
planning in California and the Colorado River Basin, and have considered climate change
as a factor affected water supplies. Projected climate change conditions, such as the suite
of models used in Chapter 4, have been used for developing plans in both regions. A key
feature that stands out from the comprehensive analyses that have been performed is that
both California and the Colorado Basin are severely water constrained, where it will be
challenging to meet current allocations in future years. In both regions, planning model
projections indicate years where deliveries will sometimes fall short of allocations, over
planning horizons that range from 20 to 50 years into the future, under conditions where
no changes are made to the existing operational infrastructure of the system. Because the
regions jointly affected by these basins are continuing to experience relatively rapid
population growth, and anticipated increased in municipal demands, over longer planning
horizons water planners must address the dual challenge of reduced supplies and
increased demand.

Because a large fraction of the water supply into South OC is imported from other regions in
California and Colorado, an evaluation of climate change impacts relating to water resources
must consider a broader geographic region than the boundaries of the South OC IRWM
planning area. This chapter presents a summary of the potential impacts across this larger area
using information from prior analyses conducted in California and the Colorado Basin. Major
resources for developing this summary include California’s third climate assessment3, DWR’s
climate change handbook for Regional Water Planning (DWR, 2011), the State Water Project
Delivery Capability (Reliability) Report (DWR, 2015; DWR, 2012), MWD’s Integrated
Resources Plan (MWD, 2015), the Bureau of Reclamation’s Colorado River Basin Study
(Reclamation, 2012) and Sacramento and San Joaquin Rivers Basin Study Report
(Reclamation, 2016b) which were incorporated into SECURE Water Act Section 9503(c)—
Reclamation Climate Change and Water 2016 (Reclamation, 2016). These reports used
downscaled CMIP3 projections. Updated hydroclimate projections based on downscaled
3

The scientific community in California, in cooperation with resource managers, has been conducting periodic
statewide studies about the potential impacts of climate change on natural and managed systems, every three years
beginning in 2006. Most recently, the state's third major assessment on climate change was published in 2012. The
third assessment consists of 30 peer-reviewed documents and explores local and statewide climate change
vulnerabilities and opportunities for limiting impacts (on the internet at
http://www.climatechange.ca.gov/adaptation/third_assessment/).
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CMIP5 projections were published in the Technical Memorandum West-Wide Climate Risk
Assessments: Hydroclimate Projections (Reclamation, 2016a), which determined that the
overall difference between CMIP3 and CMIP5 projections “is relatively minor when assessing
the range of basin-scale potential future climate and hydrologic conditions” (Reclamation,
2016a). This chapter presents the most important findings from these technical evaluations
that pertain to the South OC IRWM. Specific topics addressed include water supply from
California and the Colorado River basin, water quality, ecological effects, and hydropower
generation. Sea level rise is addressed separately as part of Chapter 6.
5.1 SACRAMENTO-SAN JOAQUIN RIVER BASINS

The Bureau of Reclamation performed the Sacramento-San Joaquin River Basin Water
Supply and Demand Study (Reclamation, 2016b), which used CMIP3 GCM model results to
analyze the future water supply in the Sacramento and San Joaquin River Basins. Projections
were later updated with CMIP5 model results in (Reclamation, 2016a). Reclamation found
that “variation in precipitation, both temporally and spatially, will likely occur, and snowpack
will likely decline consistently over time, primarily due to warming. In addition, runoff and
river flows will likely continue to exhibit temporal variability and earlier seasonal runoff, with
little overall flow changes in the north and slight reductions in the south. In general, impacts
to water-related resources include: increased river water temperatures and Sacramento-San
Joaquin Delta salinity; decreased reservoir storage, CVP/SWP water exports and hydropower
generation; decreased aquatic habitat quality and recreational opportunities; and increased
opportunities for spring riparian flows and fall flood-control storage” (Reclamation, 2016).
Figure 5-1 shows projections of six drought metrics at the Sacramento-San Joaquin River
Delta. No clear trend is seen in annual total precipitation or annual runoff. However, steady
increases in annual mean temperature coincide with a steady decline in April 1st snow water
equivalent and April-July Runoff. Projections of December-March runoff are slightly
increasing.
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Figure 5-1

November 2016

Sacramento-San Joaquin Rivers Basins Projections for Six Hydroclimate
Variables. Black line is yearly median and shaded region is 10th to 90th
percentiles. (Source: Reclamation, 2016a).

The percent change in April 1st snow water equivalent (SWE) in the River Basin is shown in
Figure 5-2 for the 2020s, 2050s, and 2070s relative to the 1990s. A decline in median SWE is
seen at all elevation ranges relative to 1990, and between the 2020s and 2050s, and the 2050s
and 2070s (Reclamation, 2016a).
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Figure 5-2
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Sacramento-San Joaquin Rivers Basins Snow Water Equivalent (SWE) in 1990
and projected percent change in the 2020s, 2050s, and 2070s. Circles are median
values at each elevation and red and blue lines are regression lines for the 25th
and 75th percentile (Source: Reclamation, 2016a).

Figure 5-3 shows the mean monthly streamflow at 8 locations in the Sacramento-San Joaquin
River Basin (and 1 in the Tulare Basin) in the 1990s and as projected for the 2020s, 2050s,
and 2070s. An earlier peak runoff is projected at all locations (Reclamation, 2016a).
Figure 5-4 shows boxplots of the projected change in runoff magnitude for annual, DecemberMarch, and April-July periods. An increase in median runoff is projected for DecemberMarch, and a decrease is projected for April-July, for nearly all time periods, with little change
in the median annual streamflow runoff magnitudes relative to the 1990s (Reclamation,
2016a).
Figure 5-5 shows the projected change in timing of the median annual streamflow for runoff
in the Sacramento-San Joaquin River Basins. The median annual streamflow is projected to
shift gradually to earlier times, around 7 days earlier for the 2070s.
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Figure 5-3
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Sacramento-San Joaquin Rivers Basins Projections (Source: Reclamation,
2016a).
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Figure 5-4
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Sacramento-San Joaquin Rivers Basins Projections (Source: Reclamation,
2016a).
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Figure 5-5
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Sacramento-San Joaquin Rivers Basins shift in timing of median annual
streamflow with respect to 1990s (Source: Reclamation, 2016a).
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Sea-level also plays an important role in the quality of water at the Sacramento-San Joaquin
River Delta. “Higher mean sea level (msl) is associated with increasing salinity in the Delta,
which influences the suitability of its water for agricultural, urban, and environmental uses.
Global and regional sea levels have been increasing steadily over the past century and are
expected to continue to increase throughout this century. Over the past several decades, sea
level measured at tide gauges along the California coast has risen at rate of about 6.7 to 7.9
inches (17 to 20 centimeters) per century. The National Research Council (NRC) recently
completed a comprehensive assessment of sea- level-change projections for the Pacific Coast
of North America (NRC, 2012). In the San Francisco Bay and Delta region, mean sea level
rise is projected to accelerate during the century, reaching about 1 foot of sea level rise by
mid-century and about 3 feet by the end of the century” (Reclamation, 2016).
5.2 COLORADO RIVER BASIN

The Colorado River is a major source of water for MWD and its first source of water after it
was established in 1928. Approximately 70 percent of the Colorado River water is used for
agriculture, and 40 percent is exported outside the basin’s hydrologic boundaries
(Reclamation, 2016). The Colorado River Aqueduct is owned by MWD and is used to
transport water from the Colorado River to Lake Mathews in Riverside County. Up to 1.25
million acre feet (maf) per year may be conveyed to MWD member agencies through the
aqueduct, with additional rights at lower priority.
The Bureau of Reclamation performed the Colorado River Basin Water Supply and Demand
Study (Reclamation, 2012), which defines current and future imbalances in water supply and
demand in the Colorado River Basin and assesses the risks to resources, including water
allocations and deliveries, hydroelectric power generation, recreation, ecosystems, and flood
control. The basin study used CMIP3 model results and was the main source for the analysis
of the Colorado River Basin in the SECURE Water Act Section 9503(c) Report to Congress
(Reclamation, 2016). Updated projections based on CMIP5 results were published in
(Reclamation, 2016a) and presented in this section.
Figure 5-6 shows projections of six drought metrics for the Colorado River Basins. No clear
trend is seen in annual total precipitation or annual runoff. However, steady increases in
annual mean temperature coincide with a steady decline in April 1st snow water equivalent
and April-July Runoff. Projections of December-March runoff are slightly increasing.
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Figure 5-6

November 2016

Colorado River Basin Projections for Six Hydroclimate Variables. Black line is
yearly median and shaded region is 10th to 90th percentiles. (Source: Reclamation,
2016a).

The percent change in April 1st snow water equivalent (SWE) in the Colorado River Basin is
shown Figure 5-7 for the the 2020s, 2050s, and 2070s relative to the 1990s. There is “a
substantial loss in SWE at lower elevations, but at higher elevations (around 11,000 feet)
projections indicate that the median SWE change increases in the future decades. Over time,
however, even at higher elevations, the analysis indicates a net decline in the median SWE
values from the 2020s to 2050s and from the 2050s to the 2070s” (Reclamation, 2016a).
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Colorado River Basin April 1st Snow Water Equivalent (SWE) in 1990 and
projected percent change SWE in the 2020s, 2050s, and 2070s. Circles are
median values at each elevation and red and blue lines are regression lines for
the 25th and 75th percentile (Source: Reclamation, 2016a).

Figure 5-8 shows mean monthly streamflow in six Colorado Rivers sub-basins in the 1990s
and projected in the 2020s, 2050s and 2070s. Lees Ferry, on the Colorado River, is the location
upon which the water allocations of the river are based. Shifts to earlier peak runoffs are
projected at most locations, particularly by the 1970s.
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Figure 5-8

November 2016

Colorado River Basin projeections of mean monthly streamflow. (Source:
Reclamation, 2016a).

Figure 5-9 shows boxplots of the projected change in runoff magnitude for annual, DecemberMarch, and April-July periods. An increase in runoff is projected for December-March for all
time periods, with little change in the median annual streamflow at Lees Ferry in the 2050s
and 2070s relative to the 1990s (Reclamation, 2016a).
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Figure 5-9
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Colorado River Basin projected change in streamflow magnitude for six subbasins. (Source: Reclamation, 2016a).

Figure 5-10 shows the projected change in timing of the median annual streamflow for runoff
in the Colorado sub-basins. Nearly all projections indicate earlier runoff. The timing median
streamflow for the Colorado River at Lees Ferry is projected to be around 13 days earlier in
the 2070s.
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Figure 5-10
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Colorado River Basins shift in timing of median annual streamflow with respect
to 1990s (Source: Reclamation, 2016a).
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5.3 WATER SUPPLY, DEMAND, AND ADAPTATION IN THE SOUTH OC PLANNING REGION

Water demand projected in 2040 for South OC water agencies is presented in Table 5-1, as
reported in each agencies 2015 Urban Water Management Plan. Relative to the values for 2015
reported in
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Table 2-1, total demand is projected to increase by nearly 8,000 MG per year, with most of
the increase accounted for by recycled water, and to a lesser extent groundwater.
Table 5-1
2040 Projected Water Demand and Supply by Sources by South Orange County Water Agency,
Obtained from the 2015 Urban Water Management Plan for each Agency. All Units in Millions of
Gallons (MG). Recycled Surface Water and Recycled Water Have Been Consolidated into
“Recycled.”
Water Agency

Water Demand

MWDOC

Groundwater

Recycled

2,915

2,374

0

541

1,558

1,232

0

326

14,790

11,396

0

3,393

1,156

1,133

0

23

12,941

7,560

1,630

3,752

South Coast Water District

2,846

2,028

339

480

Irvine Ranch Water District1

3,850

1,460

1,687

703

San Juan Capistrano

2,831

625

1,727

479

San Clemente

2,952

2,268

163

521

45,839

30,076

5,546

10,218

El Toro Water District
Trabuco Canyon Water District
Moulton Niguel Water

District4

Laguna Beach County Water District
Santa Margarita Water

Total2

District3

1Only

a portion of the IRWD service area falls within South Orange County (8,658 acres out of 115,840 acres, or 7.5%), so the
values for IRWD were scaled by the percentage of area overlap, 7.5%, for inclusion in this table. Value for 1935 used.
2The Emerald Bay Service District (EBSD) is not separately listed in this table, because it purchases its water from LBCWD and
is too small to be required to prepare its own Urban Water Management Plan. EBSD purchased an average of 272 AF (89 MG)
from LBCWD between 2011 and 2015, according to the LBCWD 2015 Urban Water Management Plan.
3
The Santa Margarita District currently has transfer and exchange opportunities with CVWD, GSWC, and potentially Inland
Empire Utilities Agency (IEUA) which is included as 1,630 MG in MWDOC
4Moulton Niguel UWMP did not explicitly list purchased and recycled portion so percentage from 2015 was applied

Increased temperatures will result in more winter precipitation in the mountains falling as rain
rather than snow as described in Chapter 3. DWR anticipates a 20 to 40 percent decrease in
the state’s snowpack water storage by the year 2050 (DWR 2008). This snowpack reduction
impacts large water systems such as the State Water Project (SWP), the Central Valley Project
(CVP), and water systems that rely on the Colorado River. It also impacts smaller watersheds
relying on snowpack for water supply. Shifts in run-off timing have already been observed as
discussed in Chapter 3.
Evaluation of climate change is one of the considerations for the development of the State
Water Project Delivery Capability (Reliability) Report (DWR 2010, 2012, 2015). The
Delivery Capability (Reliability) Report, or DCR (DRR), is a biannual report that describes
the existing and future conditions for SWP water supply that are expected if no significant
changes are made to the infrastructure to convey water past the Sacramento–San Joaquin Delta
(Delta). Besides climate change the DRR projections also consider constraints imposed by
federal biological opinions that seek to modify SWP (and CVP) operations to minimize
impacts to certain aquatic species such as the Delta smelt.
The calculations are performed for variable hydrologic conditions using an 82-year record,
representing 1922-2004 conditions, and implemented through the CALSIM II model used for
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water planning in California. The goal of the analysis is to estimate the percentage of years
where specific levels of water allocations will be met by the SWP. Water allocations are
defined for each water contractor (identified in what is termed SWP Table A, (DWR, 2015)).
Under the existing conditions scenario for the 2015 report, the maximum water demand for
all contractors is 4,055 thousand acre feet (taf). Of this delivery, the maximum allocation for
MWD—the source of water for MWDOC and then to the South OC region—is 1,912 taf. In
comparison to its maximum allocation of 1,912 taf MWD’s water delivery from the SWP has
recently ranged from 556 taf (2009, a dry year) to 1,720 taf (2003, an above normal year). In
the most recent DCR (DWR 2015), it is estimated that under existing conditions there is a
74% likelihood that a delivery target of over 2,000 to taf, aggregated for all contractors, will
be met (Figure 5-11). There is a 20% likelihood of water delivery of 1,000–2,000 taf, a 6%
likelihood of less than 1,000 taf, The delivery capability as a function of the type of year is
shown in Table 5-2, and ranges from 1,349 taf for a 6-year drought period to 454 taf for a
single extreme dry year. Since MWD’s allocations are 46% of the maximum SWP Table A
allocations, MWD’s allocation in dry years could be much lower than observed in the recent
past. As noted in (Reclamation, 2016) “current demands for water supplies across these
resource categories have already exceeded the capacity of the existing water management
system to meet all the potential needs”.
The seasonal component of water demands (e.g., landscape irrigation and water used for
cooling processes) will likely increase with climate change as droughts become more common
and more severe, increasing temperatures increase evapotranspiration rates, and growing
seasons become longer. Without accounting for changes in evapotranspiration rates,
agricultural crop and urban outdoor demands are expected to increase in the Sacramento
Valley by as much as 6% (Chung et al., 2009). However, in urban areas such as the South OC
IRWM planning region, the potential increase in water demands due to climate change is
severely constrained by statewide efforts—the Water Conservation Act of 2009, or SBx7-7—
to enhance water conservation and reduce water consumption on a per capita basis by 20%
from current levels to the year 2020 (MWDOC Urban Water Management Plan, 2011).
MWDOC, in association with its member retail agencies, has created the Orange County
20x2020 Regional Alliance to meet the water use reduction targets. The future plans for
compliance with the 2020 goals do not explicitly consider climate change, although the effects
of climate change are likely to be relatively small over this time frame. However, over the
longer term, i.e., in future decades in the 21st century, climate change will make this goal
harder to achieve. From the standpoint of water availability over the long term, even with
constrained per capita water use, water demands may continue to grow as population in the
region grows. The population of Orange County is expected to grow by 0.66% annually over
the next two to three decades (MWDOC, 2011).
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Figure 5-11

November 2016

Likelihood of specific levels of water delivery under 2015 conditions (Source:
DWR, 2015).

Table 5-2
Estimated Average and Dry-Period Deliveries of SWP Table A Water under Conditions Existing in
2011 and 2015 (taf/year)

Time Period

Long-term
Average
(1921-2003)

Single
Dry Year
(1977)

2-Year
Drought
(1976–1977)

4- Year
Drought
(1931–1934)

6-Year
Drought
(1987–1992)

6-Year
Drought
(1929–1934)

2011 (DWR, 2012)

2,466

443

1,457

1,401

1,227

1,366

2015 (DWR, 2015)

2,550

454

1,165

1,356

1,182

1,349

Adaptation plans for Sacramento-San Joaquin River Basins include: “Reduce Water Demand:
Through CalFED Water Conservation Grants and WaterSMART Grants, Reclamation
continues to make cost-shared funding available to agricultural and municipal water
management agencies in the basin, resulting in improvements in management and water use
efficiency;
Increase Water Supply: Through the CalFED Bay Delta Storage Projects investigations,
Reclamation has recently completed planning documents addressing needed improvements in
water supply reliability and water quality (temperature and salinity) by increasing water
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storage in Sacramento and San Joaquin Basins. These plans are currently being reviewed prior
to submission to Congress;
Improve Operating Efficiency: Through the California Water Fix program (i.e., the Bay Delta
Conservation Plan) Reclamation is coordinating with the State of California to develop a
comprehensive plan addressing risks to California’s current water management system,
environment, and economy. Climate change adaptations, including new Delta water
conveyance infrastructure, are included to address key vulnerabilities to water supply and the
Delta environment from potential changes in climate and rising sea levels. The plan is
currently considering public comments” (Reclamation, 2016).
The Colorado River flow over the period 2000-2015 was the “lowest 16-year period for
natural flow in the last century. Paleorecords indicate that this period was also one of the
lowest 16-year periods for natural flow in the past 1,200 years. During the drought, storage in
Colorado River system reservoirs (system storage) has declined from nearly full to about half
of capacity. Lake Mead has experienced its lowest elevations since May 1937 during the
reservoir’s initial filling” (Reclamation, 2016).
The Colorado River Basin Study solicited input from stakeholders and the general public to
identify options to resolve water supply and demand imbalances. Options were classified into
four groups that focused on increased supply, reduced demand, modifying operations
modifying governance and option implementation. Representative options to increase supply
included desalination of water from the Pacific Ocean, water reuse, development of local
supplies, and water imports from outside the basin. Options to reduce demand included greater
conservation in municipal, agricultural, power generation sectors. Changed operations
included consideration of reduced evaporation from reservoirs and aqueducts, and changed
system operations. Potential volumes of water that could be generated or saved through each
of these options were estimated. Many of these options are not feasible or reliable over the
long term, or have technical and environmental challenges. Excluding less feasible options,
an additional 3.7 maf per year may be produced by 2035 and 7 mafy by 2060 (Reclamation,
2012).
Multiple scenarios were assumed for the water demand in the basin states, assuming a range
of population and economic growth. Based on these scenarios, the Colorado River demand
for consumptive uses is projected to range between about 18.1 maf and 20.4 maf, exceeding
the historical natural flows, and the reduced flows expected under climate change scenarios.
The future demand as projected in the Basin Study exhibits significant growth, and may be
compared with a demand of 15.3 maf over the past decade. The largest increase in demand is
projected to be for municipal and industrial uses, due to population growth. Population within
the areas supplied by the Colorado River are projected to grow from about 40 million in 2015
to between 49.3 million and 76.5 for different scenarios by 2060. A comparison of the water
supply and demand projections indicates a long-term projected imbalance in future supply and
demand of about 3.2 maf by 2060 (Reclamation, 2012).
There is also a projected increase in both drought frequency and duration as compared to the
observed historical and long-term scenarios obtained from tree-ring records. Droughts 5 years
or longer are projected to occur 50 percent of the time over the next 50 years. Projected
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changes in climate and hydrologic processes include continued warming across the basin, a
trend towards drying, increased evapotranspiration, and decreased snowpack as a higher
percentage of precipitation falls as rain (Reclamation, 2012).

Figure 5-12

Histoical and projected water supply and demand on the Colorado River (Source:
Bureau of Reclamation, 2012).

The basin study technical evaluation presents an approach for quantifying climate change
impacts in a complex system, and for developing responses through changes in supply,
demand, and operations. The analysis demonstrates that it is possible for the system to adapt
to conditions as they are currently understood, albeit at significant additional investment
across the basin. Conservation and desalination are an important part of all portfolios
considered in the basin study, and both are being considered in the South OC planning region.
A general discussion of climate change adaptation strategy can be found in (Reclamation,
2014).
5.4 WATER QUALITY

Water quality can be impacted by both extreme increases and decreases in precipitation.
Increases in storm event severity may result in increased turbidity in surface water supplies
(DWR, 2008). Lower summertime precipitation may also leave contaminants more
concentrated in streamflows. Higher water temperatures may exacerbate water quality issues
associated with dissolved oxygen levels and increased algal blooms (DWR, 2008). These
changes may occur in reservoirs where water is stored in the SWP system and in the Colorado
Basin, and in aqueducts used to transport water to Southern California.
Tetra Tech, Inc.
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Salt intrusion may also impact estuarine water supplies like the Delta (Chung et al 2009) and
coastal aquifers. Water quality concerns may impact both drinking water supplies and
instream flows for environmental uses. Water quality issues may also have impacts on
wastewater treatment, the altered assimilative capacity of receiving waters may alter treatment
standards, and collection systems may be inundated in flooding events.
5.5 ECOLOGICAL EFFECTS

Climate change is expected to have widespread effects on ecosystems and landscapes (DWR,
2011). Habitats for temperature-sensitive fish may be impacted by increased water
temperatures (DWR 2008). Many commercially valuable species, such as coho salmon and
steelhead trout, are at risk of extinction because they require waters below 72 oF (Moyle et al.,
2012). Surface water bodies will also be more susceptible to eutrophication with increased
temperatures. Invasive species may become even more challenging to manage. Climate
change will stress forested areas, making them more susceptible to pests, disease, and changes
in species composition. With lower rainfall, or less frequent but more intense rainfall,
wildfires incidence are areas of risk are expected to increase are likely to become more
frequent and intense, potentially resulting in changes in vegetative cover (CCSP 2009,
Krawchuck and Moritz, 2012). Coastal ecosystems that are sensitive to acidification and
changes in salinity balances, sedimentation, and nutrient flows (such as estuaries and coastal
wetlands) may be particularly vulnerable (California Natural Resources Agency, 2009).
5.6 HYDROPOWER GENERATION

Hydropower is a significant clean low-carbon electricity source in California: 21% of the
state’s electricity is generated from hydropower (CAT 2008). High-elevation hydropower
units generate, on average, 74 percent of California’s in-state hydroelectricity and are
particularly vulnerable to climate change because they rely on natural snowpack reserves and
snowmelt for power generation. As spring snow-melt timing shifts, power generation
operations at higher elevations may have limited flexibility compared to lower elevation plants
(Medellin-Azuara et al 2009; Guegan et al., 2012). Higher elevation hydropower generation
units may see a decrease of as much as 20% of annual power generation (Medellin-Azuara et
al., 2009). Maximum power generation capacity may not coincide with maximum energy
demands in the hot summer months. Several studies have projected various levels of
hydropower losses. The California Climate Action Team projected that power generation will
decrease by 6% by the end of the century for the State Water Project system, and by 10% for
the Central Valley system.
5.7 SUMMARY

This section presents an overview of activities that pertain to water resources planning in
California and the Colorado River Basin, which indirectly affect the supply to MWD and then
to South Orange County. Projected climate change conditions, such as the suite of models
used in Chapter 4, has been an important part of the planning activities conducted over the
past decade in both regions. Two features stand out from the comprehensive analyses that
have been performed: both California and the Colorado Basin are severely water constrained,
where it will be challenging to meet current allocations in future years. In both regions,
planning model projections indicate years where deliveries will sometimes fall short of
allocations, over planning horizons that range from 20 to 50 years into the future. For the
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State Water Project, the model calculations show a supply of 2,500 to 3,500 TAF over 70%
of the time, with supplies well below 1,500 TAF during drought periods. Because the regions
jointly affected by these basins are continuing to experience relatively rapid population
growth, and anticipated increased in municipal demands, water planners must address the dual
challenge of reduced supplies and increased demand.

Tetra Tech, Inc.
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6. GREENHOUSE GAS EMISSIONS FOR
WATER SUPPLIES
Key Points: The General Reporting Protocol, Version 3.1, developed by the California
Climate Action Registry is used to calculate indirect emissions of greenhouse gases
(GHG) from electricity used for the water system in South Orange County. The water
sector is the largest user of electricity in the state of California. The bulk of water for
southern California specifically is transported over long distances up steep gradients and
is therefore more energy expensive than local sources. Energy use for water is quantified
via energy intensity, or the gross energy required for the water system to use a specific
amount of water at a specific location. Under baseline conditions, the water sector in the
region generates GHG emissions of over 93,000 metric tons in terms of carbon dioxide
equivalents.

6.1 GREENHOUSE GAS PROTOCOL

This study used the General Reporting Protocol (GRP), Version 3.1 developed by the
California Climate Action Registry (CCAR) in 2009 to calculate greenhouse gas (GHG)
emissions. The GRP was designed as a tool for businesses, government agencies, and nonprofit organizations to calculate their general emissions or emissions related to a specific
sector (utilities, construction, etc.). This methodology includes indirect emissions of GHG
from electricity use and involves a five step process.


Determine annual electricity use



Select the appropriate electricity emission factors that apply to the electricity
source used



Determine total annual emissions in metric tons



Convert non-CO2 gases to carbon dioxide equivalent (CO2e)



Total the sum of all CO2 and CO2e gases emitted from electricity use

GHG emissions from energy related to the water supply for a region may be calculated in
proportion to the volume of water obtained through its water infrastructure. The total annual
water volume for a region or facility is multiplied by an electrical consumption factor, or
energy intensity, from the appropriate utility to obtain the estimated annual electrical
consumption per year. The energy intensity is defined as the total amount of energy in the
entire system that is necessary to use a certain volume of water at a specific location
(Wilkinson, 2006). Then, following the steps outlined above, the appropriate emissions factors
for the greenhouse gases of interest, for instance CO2, CH4, and N2O, are multiplied by the
annual electrical consumption of the water volume to obtain the emission of that individual
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gas. After converting into metric tons, the amount of gas is multiplied by its global warming
potential (GWP) to obtain its CO2e. The GWP defines how much a mass of non-CO2 GHG
contributes to global warming per unit time when compared with the same mass of CO2 (EPA,
2011). The CO2e’s are then summed to obtain the total CO2e. Table 6-1 contains GHGs and
their GWPs.
Table 6-1
Table of GHGs and their GWP
Greenhouse Gas

Global Warming Potential

CO2

1

CH4

21

N2O

310

6.2 ENERGY IN THE WATER SYSTEM

Nineteen percent of electricity in California is used for its water infrastructure. Thirty-three
percent of non-power plant natural gas is used in the state's water systems. This energy is
leveraged for groundwater extraction and pumping, conveyance of our water supply through
canals and aqueducts, storage in reservoirs, treatment and distribution, wastewater treatment,
recycling, and a myriad of end uses ranging from municipal to industrial to agriculture
(Garrison et al, 2009, Wilkinson, 2006).
The State Water Project (SWP) is the largest user of electricity in the state of California
(Cohen et al, 2004). In fact it consumes an amount equivalent to 2–3 percent of total California
electricity. Much of this energy is expended pumping water over long distances of up to 400
miles. Water is pumped from essentially sea-level upwards to over 3400 feet between the
Sacramento-San Joaquin Delta and the southern end of the California Aqueduct along its East
Branch (DWR, 2008). The SWP obtains its electricity through a combination of purchasing
and generation. It owns nine hydroelectric power plants and partially owns a coal-fired plant
in Nevada, which together produce 5.9 billion kilowatt-hours of electricity per year. Four and
one half billion kilowatt-hours, or approximately 76% is due to hydroelectric power.
Similarly, the Metropolitan’s Colorado River Aqueduct pumps its water 242 miles from Lake
Havasu, Arizona to Lake Mathews, California. The elevation gain between the two points is
1617 feet. According to Cohen et al (2004), MWD estimates that the amount of energy it takes
to deliver water to its service area is roughly one-third total average household electric use
there. In 2006 MWD projected its expected delivery of water would require 1,700 gigawatthours (GWh). This electricity comes from a combination of purchased power, and power
exchanges. The primary energy sources are hydroelectric power from the Colorado River
generated at the Hoover and Parker Power Plants. In the expected delivery scenario, 1,403
GWh is from the two hydroelectric power plants, and 297 GWh is from other resources
including Southern California Edison and the Western Systems Power Pool.
6.3 SUMMARY OF ENERGY INTENSITIES AND EMISSIONS FACTORS

Electricity use as it applies to the water system is typically described via energy intensity.
Energy intensity is defined as “the total amount of energy, calculated on a whole-system basis,
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required for the use of a given amount of water in a specific location (Wilkinson, 2006).”
Water intensity is generally calculated in units of kWh per million gallons, and thus may be
examined by water use sector, individual project, or segment of the water supply and delivery
system. As described above, the water intensity figures are for the entire system, project, or
sector regardless of source of electricity.
The California Energy Commission (2006) describes the water intensity of the water system
in several ways. In its baseline estimates of water energy intensity (Table 6-2), it divides the
parameter by location (Northern versus Southern California), indoor and outdoor uses, and
segment of the water delivery system.
Table 6-2
Energy Intensity of Water (kWh/MG). Reproduced from CEC (2006)
Indoor Uses

Outdoor Uses

Northern CA

Southern CA

Northern CA

Southern CA

Water Supply and
Conveyance

2117

9727

2117

9727

Water Treatment

111

111

111

111

Water Distribution

1272

1272

1272

1272

Wastewater Treatment

1911

1911

0

0

Regional Total

5411

13,022

3500

11,111

The energy intensity values between Northern and Southern California vary quite significantly
in the water supply and conveyance category because the bulk of water for Southern California
is imported to the region through the SWP and Colorado River Aqueduct infrastructure
previously described. The water supply for the northern region of the states is typically much
closer to consumers, and thus much less energy intensive.
Wilkinson (2006) subdivides water intensity by specific infrastructure. For southern
California, the energy intensities of water sources are shown in Table 6-3.
Table 6-3
Energy Intensity of Water, after Wilkinson (2006)
Water Source

Energy Intensity (kWh/MG)

SWP East Branch CA Aqueduct

9820

CO River Aqueduct

6140

Groundwater

2915

Recycled Water

1230

The location along the SWP East Branch where water energy intensity is calculated is the
Devil Canyon Power Plant, which pumps water to the Deimer Water Treatment Plant
supplying South Orange County. In comparing the estimates of energy intensity between the
two studies, the figures match well between the CEC estimate of water supply and conveyance
and the Wilkinson estimate for the SWP. In fact the numbers are within 1%. The value for the
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Colorado River Aqueduct is only 62% of the CEC number. However, this is not unexpected
as the source waters and transport systems differ.
In addition to energy intensity, several other factors are necessary to scale the GHG emissions
calculated via the GRP. We obtained emissions factors for CO2, CH4, and N2O from CCAR
(2009) for the San Diego Gas & Electric Company which provides power to the service area
(Table 6-4).
Table 6-4
Table of Emission Factors
Greenhouse Gas

lbs/MWh

CO2

806.27

CH4

0.0302

N2O

0.0081

6.4 GREENHOUSE GAS EMISSIONS SUMMARY FOR SOUTH ORANGE COUNTY

This study is focused specifically on South Orange County and its GHG emissions footprint,
thus the energy intensities of Wilkinson (2006) is used for the necessary calculations. The
next step is to estimate the amount of water from each of the sources that South Orange County
uses for its water supply. As described in Chapter 2, South Orange County obtains the bulk of
its water through MWD to MWDOC. MWDOC distributes the water to its member agencies,
which in turn distribute it to their respective end users. Using figures from the respective water
agencies themselves (ETWD, TCWD, MNWD, LBCWD, SMWD, SCWD, San Juan
Capistrano, and San Clemente), and assuming that the proportion of imported water reaching
end users from the SWP and the Colorado River Aqueduct is the same as that distributed from
Metropolitan (54.5% and 45.5% of imported water), we follow the GRP to calculate the GHG
emissions. Table 6-5 shows the GHG emissions calculations for the baseline scenario in which
the water use by the local water agencies remains the same as that outlined in the respective
2010 Urban Water Management Plans. If all of the water agencies were to reduce water use
from every source by 2%, the GHG emissions would fall proportionally by 2% as shown in
Table 6-6. If all water agencies were to reduce water use from every source by 5%, the GHG
emissions would again fall proportionally by 5% as shown in Table 6-7.
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Table 6-5
Indirect GHG emissions from Electricity Use – Baseline or Current Scenario (3, 4).
Potable
Water
Estimate

Electrical
Consumption
Factor

Annual
Electrical
Consumption

CO2
Emission
Factor (6)

CH4
Emission
Factor (5)

N2O
Emission
Factor (5)

CO2
Emission

CH4
Emission

N2O
Emission

Annual
CO2e
Emissions

Emissions
Scenario

MG/yr

kwh/MG

MWh/yr

lbs/MWh

lbs/MWh

lbs/MWh

MTCO2/yr

MTCH4/yr

MTN2O/yr

MTCO2e/yr

SWP East Branch
CA Aqueduct (1)

16,352

9820

160,580

806.27

0.0302

0.0081

58,727

2

1

58,956

CO River
Aqueduct (1)

13,626

6138

83635

806.27

0.0302

0.0081

30,587

1

0

30,706

Groundwater (1)

1179

2915

3436

806.27

0.0302

0.0081

1257

0

0

1262

Recycled (1)

5399

1228

6627

806.27

0.0302

0.0081

2424

0

0

2433

92,994

3

1

93,357

Subtotal

36,555

(1): Wilkinson et al (2006)
(2): Recycled value obtained from CEC (2006) via Wilkinson et al (2004, 2006)
(3): Methodology taken from CCAR GHG Emissions Protocol 3.1 (2009)
(4): Chart layout taken from UC Davis - Appendix 3: Greenhouse Gas Calculations
(5): CH4 and N2O factors retrieved from CCAR (2009)
(6): CO2 Emission Factor retrieved from CCAR Pup_Metrics_June-2009.xls
Assumptions:
Imported water proportion from CA (54.5%) & CO River (45.5%) Aqueduct the same as distribution from Metropolitan & MWDOC
Electrical consumption factor for "recycled water" is the same as for "recycled surface water"
Natural Gas is not a factor in this calculation
San Diego Gas & Electric provides all power
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Table 6-6
Indirect GHG emissions from Electricity Use – 2% Decrease in Water Use Scenario (3, 4).
Potable
Water
Estimate

Electrical
Consumption
Factor

Annual
Electrical
Consumption

CO2
Emission
Factor (6)

CH4
Emission
Factor (5)

N2O
Emission
Factor (5)

CO2
Emission

CH4
Emission

N2O
Emission

Annual
CO2e
Emissions

MG/yr

kwh/MG

MWh/yr

lbs/MWh

lbs/MWh

lbs/MWh

MTCO2/yr

MTCH4/yr

MTN2O/yr

MTCO2e/yr

SWP East Branch
CA Aqueduct (1)

16,025

9820

157,368

806.27

0.0302

0.0081

57,553

2

1

57,777

CO River
Aqueduct (1)

13,354

6138

81,963

806.27

0.0302

0.0081

29,975

1

0

30,092

Groundwater (1)

1155

2915

3367

806.27

0.0302

0.0081

1232

0

0

1236

Recycled (1)

5291

1228

6495

806.27

0.0302

0.0081

2375

0

0

2384

91,135

3

1

91,490

Emissions
Scenario

Subtotal

35,824

(1): Wilkinson et al (2006)
(2): Recycled value obtained from CEC (2006)
(3): Methodology taken from CCAR GHG Emissions Protocol 3.1 (2009)
(4): Chart layout taken from UC Davis - Appendix 3: Greenhouse Gas Calculations
(5): CH4 and N2O factors retrieved from CCAR (2009)
(6): CO2 Emission Factor retrieved from CCAR Pup_Metrics_June-2009.xls
Assumptions:
Imported water proportion from CA (54.5%) & CO River (45.5%) Aqueduct the same as distribution from Metropolitan & MWDOC
Electrical consumption factor for "recycled water" is the same as for "recycled surface water"
Natural Gas is not a factor in this calculation
San Diego Gas & Electric provides all power
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Table 6-7
Indirect GHG emissions from Electricity Use – 5% Decrease in Water Use Scenario (3, 4).
Potable
Water
Estimate

Electrical
Consumption
Factor

Annual
Electrical
Consumption

CO2
Emission
Factor (6)

CH4
Emission
Factor (5)

N2O
Emission
Factor (5)

CO2
Emission

CH4
Emission

N2O
Emission

Annual
CO2e
Emissions

Emissions
Scenario

MG/yr

kwh/MG

MWh/yr

lbs/MWh

lbs/MWh

lbs/MWh

MTCO2/yr

MTCH4/yr

MTN2O/yr

MTCO2e/yr

SWP East Branch
CA Aqueduct (1)

15,534

9820

15,2551

806.27

0.0302

0.0081

55,791

2

1

56,008

CO River
Aqueduct (1)

12,945

6138

79,454

806.27

0.0302

0.0081

29,058

1

0

29,171

Groundwater (1)

1120

2915

3264

806.27

0.0302

0.0081

1194

0

0

1198

Recycled (1)

5129

1228

6296

806.27

0.0302

0.0081

2303

0

0

2311

88,345

3

1

88,689

Subtotal

34,728

(1): Wilkinson et al (2006)
(2): Recycled value obtained from CEC (2006)
(3): Methodology taken from CCAR GHG Emissions Protocol 3.1 (2009)
(4): Chart layout taken from UC Davis - Appendix 3: Greenhouse Gas Calculations
(5): CH4 and N2O factors retrieved from CCAR (2009)
(6): CO2 Emission Factor retrieved from CCAR Pup_Metrics_June-2009.xls
Assumptions:
Imported water proportion from CA (54.5%) & CO River (45.5%) Aqueduct the same as distribution from Metropolitan & MWDOC
Electrical consumption factor for "recycled water" is the same as for "recycled surface water"
Natural Gas is not a factor in this calculation
San Diego Gas & Electric provides all power
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6.5 SAVINGS IN GREENHOUSE GAS EMISSIONS FOR PROPOSED PROJECTS

Savings in GHG emissions may be quantified by calculating the reduction in emissions
proportional to the water savings generated by a particular project, and considering the source
of the water. For instance, if a project annually reduces regional imported water use by 5,000
MG, then using the electrical consumption factors and emissions factors from Table 6-5 to
Table 6-7 above, the savings in GHG emissions is calculated to be approximately 2,250
MTCO2e annually. In other words, savings in water volumes translates directly to savings in
GHG emissions.
Table 6-8 below provides a template for the calculation of GHG emissions savings. The
potable water savings in MG/yr is mulitplied by the appropriate electrical consumption factor
in kWh/MG to obtain the annual electrical consumption in MWh/yr. The CO2 emissions are
calculated by multiplying the annual electrical consumption by the CO2 emission factor. This
procedure is repeated to calculate both the CH4 and N2O emissions, substituting the
appropriate emissions factors. The total emissions for each of the GHGs is multiplied by the
appropriate GWP factor (Table 6-1), and the results summed to find the annual CO2e
emissions savings. Close attention must be paid to the units of each value. Detailed equations
with conversion factors are included with Table 6-8.
The emissions methodology presented here are applied to the specific projects that have been
identified as the high priority projects for this region in Chapter 8.
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Table 6-8
Template for GHG Emissions Savings due to Potable Water Savings
Potable
Water
Savings
Estimate

Electrical
Consumption
Factor

Annual
Electrical
Consumption

CO2
Emission
Factor (6)

CH4
Emission
Factor (5)

N2O
Emission
Factor (5)

CO2
Emission

CH4
Emission

N2O
Emission

Annual
CO2e
Emissions
Savings

Emissions
Scenario

MG/yr

kwh/MG

MWh/yr

lbs/MWh

lbs/MWh

lbs/MWh

MTCO2/yr

MTCH4/yr

MTN2O/yr

MTCO2e/yr

SWP East Branch
CA Aqueduct (1)

0

9820

0

806.27

0.0302

0.0081

0

0

0

0

CO River
Aqueduct (1)

0

6138

0

806.27

0.0302

0.0081

0

0

0

0

Groundwater (1)

0

2915

0

806.27

0.0302

0.0081

0

0

0

0

Recycled (1)

0

1228

0

806.27

0.0302

0.0081

0

0

0

0

Subtotal

0

0

0

0

0

0

Annual Electrical Consumption (MWh/yr) = (Potable Water Savings Estimate (MG/yr) * Electrical Consumption Factor (kWh/MG)) / 1000
CO2 Emission (MTCO2/yr) = (Annual Electrical Consumption (MWh/yr) * CO2 Emission Factor (lbs/MWh)) / 2204.62
CH4 Emission (MTCH4/yr) = (Annual Electrical Consumption (MWh/yr) * CH4 Emission Factor (lbs/MWh)) / 2204.62
N2O Emission (MTN2O/yr) = (Annual Electrical Consumption (MWh/yr) * N2O Emission Factor (lbs/MWh)) / 2204.62
Annual CO2e Emissions (MTCO2e/yr) = CO2 Emission (MTCO2/yr) * GWP CO2 + CH4 Emission (MTCH4/yr) * GWP CH4 + N2O Emission (MTN2O/yr)* GWP N2O
Where:
1000 is the conversion factor between kW and MW
2204.62 is the conversion factor between lbs and metric tons
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7. SEA LEVEL RISE AND ASSOCIATED
IMPACTS
Key Points: Although variable at different points along the coast due to regional factors,
in general, sea levels are rising globally due climate warming including expansion of ocean
water and melting of land ice. Along the Pacific Coast, the highest values of sea level rise
in Southern California have been reported at Newport Beach, near the study region, where
the observed increase is 2.22 mm/year. These rates are projected to accelerate over the
21st century. A recent review of different calculation approaches by the National Academy
of Sciences reported that global sea level is estimated to rise 8–23 cm (3-9 inches) by
2030 relative to 2000, 18–48 cm by 2050 (7-19 inches), and 50–140 cm (20-55 inches) by
2100. This review projects that sea level in Southern California is slightly higher than the
global average because of land subsidence, and will rise 4–30 cm (2-12 inches) by 2030
relative to 2000, 12–61 cm (5-24 inches) by 2050, and 42–167 cm (17-66 inches) by 2100.
Maps illustrating the effects of sea level rise to 2100 and a 100-year flood were developed
for the South IRWM planning region to identify areas that are vulnerable.

7.1 SEA LEVEL RISE

Changes in sea level occur due to a complex interaction of climatic and geologic factors. The
climatic factors are global, and the sea levels are rising largely because global temperatures
are rising, causing ocean water to expand and land ice to melt. Besides this global trend there
are also regional changes in ocean and atmospheric circulation patterns in the northern Pacific
Ocean that affect sea level. The geologic factors (subsidence, rebound, and uplift) are also
regional in nature, and for these reason, actual sea level rise varies by location. Across
Southern California locations, the reported ranged over the 20th century is between 0.8 and
2.2 mm/year (data from the National Oceanic and Atmospheric Administration at
http://tidesandcurrents.noaa.gov/sltrends). The highest values in Southern California have
been reported at Newport Beach, near the study region, where data have been recorded over
1955–1993. Over this period, the recorded mean sea level increase is 2.22 mm/year, which is
equivalent to a change of 0.73 feet over 100 years (Figure 7-1). A much longer-term record
of sea level change in California is available at San Francisco, and shows more clearly a
similar annual increase (2.0 mm/yr) over 1897-2012 (Figure 7-2). These values may be
compared with a global 20th century average increase of 1.7 ± 0.5 mm per year
(Intergovernmental Panel on Climate Change, 2007). Over a more recent period, 1993–2003,
the global increase has been reported to be 3.1± 0.7 mm per year using satellite altimetry data
(National Academy of Sciences, 2012).
The relatively slow rate of sea level rise over the 20th century is expected to increase
substantially worldwide. An example of the historical and future sea level rise is shown in

Tetra Tech, Inc.

7-1

November 2016

Climate Change Studies Relevant to South Orange County

Figure 7-5, which displays the rate of sea level rise based on model projections. The increase
rate is closely tied to warming temperatures and increases in melting rates of ice packs.
The sea level projections in this document are based on a recent summary of research
applicable to the Pacific Coast that was prepared to meet the planning needs of the region
(National Academy of Sciences, 2012). Based on an assessment of calculations using multiple
GCMs as well as empirical methods, global sea level is estimated to rise 8–23 cm (3-9 inches)
by 2030 relative to 2000, 18–48 cm by 2050 (7-19 inches), and 50–140 cm (20-55 inches) by
2100. The global high end projections of sea level rise are nearly 5 feet over levels in 2000
(Figure 7-4). There is uncertainty among the calculation approaches, and the most recent
estimates of sea level rise are considerably higher than even those published by the IPCC in
2007 (IPCC AR4, 2007).
For the U.S. Pacific Coast in particular, the rates of relative sea level rise vary among the
northern and southern halves. North of Cape Mendocino, in Humboldt County (the
westernmost point on the coast of California), the coast is rising about 1.5–3.0 mm per year,
and south of this point, the coast is sinking at an average rate of about 1 mm per year. Relative
sea level rise, therefore is higher in Southern California and in the study region, compared to
the global sea level rise estimates shown in Figure 7-4. For the California coast south of Cape
Mendocino, the NAS (2012) report projects that sea level will rise 4–30 cm (2-12 inches) by
2030 relative to 2000, 12–61 cm (5-24 inches) by 2050, and 42–167 cm (17-66 inches) by
2100, i.e., because of land subsidence, the rates of sea level rise are slightly higher than the
global average (Figure 7-5). These values are also higher than estimated for the Pacific Coast
north of Cape Mendocino.

Figure 7-1
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The mean sea level trend is 2.22 millimeters/year with a 95% confidence interval
of +/- 1.04 mm/yr based on monthly mean sea level data from 1955 to 1993 at
Newport Beach. (Source: http://tidesandcurrents.noaa.gov/sltrends/)
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April 2013

Figure 7-2

At San Francisco, the mean sea level trend is 2.01 millimeters/year with a 95%
confidence interval of +/- 0.21 mm/yr based on monthly mean sea level data from
1897 to 2006. (Source: http://tidesandcurrents.noaa.gov/sltrends/)

Figure 7-3

Sea level rise from 1950 to 2100 based on a semi-empirical model (Vermeer and
Rahmstorf, 2009) and three emission scenarios (A2, B1, and A1FI). The increase
seen over the historical period is expected to accelerate significantly based on
this model.
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Figure 7-4
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Projection of global sea level rise from 2000 to 2100, along with upper and lower
uncertainty bounds, based on an evaluation of the literature and alternative
modeling methods (graphic reproduced from National Academy of Sciences,
2012). The models employed for this composite projection are in addition to the
Vermeer and Rahmstorf (2009) projections shown in Figure 7-3. Note that the
projection shown here are global estimate, and Southern California estimates
slightly different, as discussed in the text.
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Figure 7-5

April 2013

Projected sea-level rise off California, Oregon, and Washington for 2030 (blue),
2050 (green), and 2100 (pink), relative to 2000, as a function of latitude. (Source:
National Academy of Sciences, 2012). Cape Mendocino corresponds
approximately to the point shown as MTJ on the map, representing the
westernmost point along the coast of California, with areas south of it showing a
subsidence over time, and areas north showing a rise in the land level. Thus,
projected sea level rise is higher in the lower latitudes along the California coast.

7.2 EXTREME TIDES AND STORM SURGE

One reason sea level rise is so important is that it is a permanent change, having impacts over
decades to centuries. However, extreme tides and storm surges are not permanent but may be
more damaging since storm surges can contribute flood water above the natural sea level.
Indeed, historical events with large waves, storm surges, and high astronomical tides during a
strong El Niño can exceed the levels associated with projected sea level rise in 2100 (National
Academy of Sciences, 2012). If such extreme events occur simultaneously with future sea
level rise, the flooding effects can be severe.
Although climate change is thought to modify storm frequency, magnitude, and direction,
there is no consensus among climate model simulations about whether the number and
severity of storms will change along the U.S. Pacific Coast. It is possible that storm tracks
may move further northward over the 21st century, as projected by some models, but the
observational support for this is limited at present. Similarly, observational studies have
reported that the largest waves have been getting higher and that winds have been getting
stronger in the northeastern Pacific over the past few decades, but the trends are based on
limited periods of record (National Academy of Sciences, 2012).
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The current state of science does not provide clear evidence of the change of storminess along
the Southern California coast, although it is recognized that even with current levels of
storminess, future sea-level rise will magnify the adverse impact of storm surges and high
waves along the coast.
7.3 AREAS IMPACTED BY SEA LEVEL RISE

For the purpose of this analysis, we identified areas in the South OC region that are vulnerable
to coastal flooding as a consequence of sea level rise to 2100 under the conditions of a 100year flood--the flood having a one percent chance of being equaled or exceeded in any given
year--termed as the base flood by the Federal Emergency Management Agency (FEMA).
Although geographically focused on the study area, this approach follows the methodology
presented on the State of California’s decision support website, Cal-Adapt (http://www.caladapt.org), developed for estimations such as those presented in this report. The base flood is
the national standard used by the National Flood Insurance Program (NFIP) and all Federal
agencies for the purposes of requiring the purchase of flood insurance and regulating new
development. Base Flood Elevations (BFEs) are typically shown on Flood Insurance Rate
Maps (FIRMs). The computed elevation to which floodwater is anticipated to rise during the
base flood. Base Flood Elevations (BFEs) are shown on Flood Insurance Rate Maps (FIRMs)
and on the flood profiles. The BFE is the regulatory requirement for the elevation or
floodproofing of structures. The relationship between the BFE and a structure's elevation
determines the flood insurance premium. To compute the effect of sea level rise, we took the
BFE values (in feet, NAVD88 datum) for the South OC region from FEMA and added 55
inches of sea level rise corresponding to the year 2100. The 55-inch value, representing a
high estimate of sea level rise, although not the highest projection of 66 inches noted above,
was used for consistency with the numbers in the Cal-Adapt website.
Maps displaying areas in the South OC planning region under threat of inundation during a
100-year flood under future conditions of sea level rise were developed. The region-wide map
of inundation (Figure 7-6) shows that the areas influenced by future coastal flooding, with
some exceptions, occur along a narrow strip along the coast. This is largely due to the
topography along the South OC coast. To better view the areas of potential impact, a series of
six maps are presented that show the affected regions from north to south (Figure 7-7 to Figure
7-12).
These maps are considered initial assessments for the purpose of the IRWM, and follow a
reasonably simplified approach for large scale analysis, consistent with the methodology
presented in Cal-Adapt. Importantly, this approach does not take into account protective
structures such as levees and sea walls, which may reduce the extent of inundation. Although
helpful as a tool to assess relative risks, these maps cannot be used to assess actual coastal
hazards, insurance requirements, or property values. More detailed assessments are typically
performed though Flood Insurance Studies by FEMA and presented through updated FIRMs.
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Figure 7-6
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Projected inundation areas (in yellow) corresponding to a 55-inch rise in sea-level
along South OC. The areas of inundation in this region occur along a narrow strip
along the coastline and do not extend inland. There is a vulnerable wastewater
treatment plant near Dana Point that is identified on the map.
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Figure 7-7
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Zoomed-in area of South OC coastline, zone 1, identifying areas (in yellow) that
are under flooding threat due to the combined effects of a 100-year flood and sealevel rise to 2100 (55 inches). Numbers along the coastline are FEMA’s BFE
values in feet.
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Figure 7-8
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Zoomed-in area of South OC coastline, zone 2, identifying areas (in yellow) that
are under flooding threat due to the combined effects of a 100-year flood and sealevel rise to 2100 (55 inches). Numbers along the coastline are FEMA’s BFE
values in feet.
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Figure 7-9
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Zoomed-in area of South OC coastline, zone 3, identifying areas (in yellow) that
are under flooding threat due to the combined effects of a 100-year flood and sealevel rise to 2100 (55 inches). Numbers along the coastline are FEMA’s BFE
values in feet.
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Figure 7-10
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Zoomed-in area of South OC coastline, zone 4, identifying areas (in yellow) that
are under flooding threat due to the combined effects of a 100-year flood and sealevel rise to 2100 (55 inches). Numbers along the coastline are FEMA’s BFE
values in feet. The red symbol denotes the Latham Wastewater Treatment Plant.
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Figure 7-11
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Zoomed-in area of South OC coastline, zone 5, identifying areas (in yellow) that
are under flooding threat due to the combined effects of a 100-year flood and sealevel rise to 2100 (55 inches). Numbers along the coastline are FEMA’s BFE
values in feet.

Tetra Tech, Inc.

Climate Change Studies Relevant to South Orange County

Figure 7-12
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Zoomed-in area of South OC coastline, zone 6, identifying areas (in yellow) that
are under flooding threat due to the combined effects of a 100-year flood and sealevel rise to 2100 (55 inches). Numbers along the coastline are FEMA’s BFE
values in feet.
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8. CLIMATE CHANGE VULNERABILITY
ASSESSMENT
Key Points: This section presents an overall assessment of vulnerability to climate
change for South OC. The assessment follows a checklist presented in the Climate
Change Handbook for Regional Water Planning, developed by DWR. As noted throughout
this document, the major water supply system vulnerabilities in this region are not unique,
but are tied to the water supply system in California and the Colorado River Basin that are
being evaluated through statewide or regional efforts. Besides water supply, other areas
of potential concern for this planning region are coastal flooding due to sea level rise,
increase in fire risk, and impacts to ecosystems.

A local vulnerability assessment, applicable to resources in South OC, was performed using
a checklist presented in the Climate Change Handbook for Regional Water Planning (DWR
and EPA, 2011, presented as Box 4-1 in the source document). This checklist is meant to
identify potential vulnerabilities to water supply, water quality, flooding, ecosystems and
habitats, and hydropower. This is a broad list and the goal is to identify vulnerabilities at a
high level and provide a summary of the most important climate-related risks for the region.
8.1 WATER DEMAND

1. Are there any major industries that require cooling/process water in your planning region?
There are no major cooling water/process water using industries in the South OC region,
according to the Urban Water Management Plans for MWDOC and its member agencies
that were reviewed for the development of this report. The major demand for water in the
region is for municipal use.
2. Does water use vary by more than 50% seasonally in parts of your region?
Monthly or seasonal water use data are not provided in any of the Urban Water
Management Plans for the region. Because the water use is largely municipal, with a small
component for landscape irrigation, it is expected that the seasonal variation will not
exceed 50%.
3. Are crops grown in your region climate-sensitive? Would shifts in daily heat patterns, such
as how long heat lingers before night-time cooling, be prohibitive for some crops?
Agricultural water use is a very small component of the water use in the region, and is zero
for 6 of 8 water agencies and less than 2% for the other two agencies (San Juan Capistrano
and Trabuco Canyon Water District). Because this is such a small component of water use
in the region, climate impacts are not expected to have a large overall effect of water
demand.
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4. Do groundwater supplies in your region lack resiliency after drought events?
Drought effects on groundwater may be relevant for the San Juan Basin within the South
Orange County Planning region.,
5. Are water use curtailment measures effective in your region?
Yes, all water agencies in the South OC region have adopted Water Shortage Contingency
Plans adopted within their respective Urban Water Management Plans. These plans are
updated at least every five years and have been effective in responding to both drought and
other water emergencies such as pipeline breaks and treatment plant shutdowns. Other
measures, such as assigned weekly outdoor watering days have been effective as well.
6. Are some instream flow requirements in your region either currently insufficient to support
aquatic life, or occasionally unmet?
Historically most streams in the region were intermittent. Where streams receive urban
runoff flows or groundwater is supplemented by landscape irrigation, streams have become
perennial. No in-stream flow requirements have been established in the South OC region
due primarily to its arid hydrology.
8.2 WATER SUPPLY

1. Does a portion of the water supply in your region come from snowmelt?
Roughly 90% of the water supply in the region originates from sources external to South
OC. The imported water is supplied by MWD and originates as snowmelt in the Sierra
Nevada and Rocky Mountains.
2. Does part of your region rely on water diverted from the Delta, imported from the
Colorado River, or imported from other climate-sensitive systems outside your region?
A majority of the water supply in the region (nearly 90%) originates from the Delta and
from the Colorado River.
3. Does part of your region rely on coastal aquifers? Has salt intrusion been a problem in
the past?
Groundwater is a small, but important component of the water supply in the South OC
region. The San Juan Basin in South OC, a source of groundwater supply, may have a
problem with seawater intrusion, which is a concern because the City of San Juan
Capistrano is very invested and is taking a large part of its regular potable water supply
from the basin.
4. Would your region have difficulty in storing carryover supply surpluses from year to year?
South OC relies on Metropolitan’s extensive water storage capabilities. At present,
Metropolitan has approximately 2.65 million acre feet in storage for future use. This
storage is outside the planning region.
5. Has your region faced a drought in the past during which it failed to meet local water
demands?
There is no record of local water needs not being met in the recent past. Looking forward,
regional planning done by MWD indicated that it will be able to meet full service demands
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from 2015 to 2035 for various types of water years including years that consider an
extremely dry year such as 1977, and a multiple dry year condition (1990, 1991, and 1992)
(MWDOC, 2012). Longer term planning, beyond a 20-year time frame, is not typically
performed by these agencies.
6. Does your region have invasive species management issues at your facilities, along
conveyance structures, or in habitat areas?
Some habitat areas along stream courses have become infested with Arundo and other
exotic species. Aliso Creek Watershed and the San Juan Capistrano watershed have
invasive species that reduce water flows in those creeks, in the case of Aliso Creek that
limits the water available to the Aliso Creek Runoff Recovery facility that SCWD is now
constructing. The presence and spawning of quagga mussels in the lower Colorado River
from Lake Mead through Lake Havasu also poses a threat to Metropolitan and other
Colorado River water users. Although the introduction of this species into drinking water
supplies does not typically result in violation of drinking water standards, invasive mussel
infestations can adversely impact aquatic environments. In 2007, Metropolitan developed
a quagga mussel control plan (QMCP) incorporating enhanced detection, surveillance, and
mitigation strategies.
8.3 WATER QUALITY

1. Are increased wildfires a threat in your region? If so, does your region include reservoirs
with fire-susceptible vegetation nearby which could pose a water quality concern from
increased erosion?
Increased wildfire risk as a result of urban growth and climate change is a risk in the South
OC planning area. More broadly, many of the reservoirs that are part of California’s water
supply system that manage water flows into the Delta are surrounded by lands that are
susceptible to fire. Thus, there is a potential for indirect impacts to water quality. Fire risk
maps for the planning region have recently been completed and available at:
www.fire.ca.gov/fire_prevention/fire_prevention_wildland_zones_maps.php.
Several
cities in the planning region have Very High Fire Hazard Severity zones within their
boundaries.
2. Does part of your region rely on surface water bodies with current or recurrent water
quality issues related to eutrophication, such as low dissolved oxygen or algal blooms?
Are there other water quality constituents potentially exacerbated by climate change?
The South OC region does not rely on local surface water sources with eutrophication
related concerns, because most of the local sources are in the form of groundwater or
recycled water. However, potential eutrophication is a concern in the external supplies
especially along the California aqueduct where there is potential for algal growth and
creation of organic carbon that can serve as a precursor for disinfection byproduct (DBP)
formation during drinking water treatment. DBPs are carcinogens and elevated levels of
organic carbon in source waters are a concern.
3. Are seasonal low flows decreasing for some waterbodies in your region? If so, are the
reduced low flows limiting the waterbodies’ assimilative capacity?
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Seasonal low flows have been observed to decrease as water district conservation measures
have reduced urban runoff discharge into streams. Concentrations of certain constituents
naturally occurring in local groundwaters have been observed to increase in surface streams
due to lessening of dilution by low flow urban runoff.
4. Are there beneficial uses designated for some water bodies in your region that cannot
always be met due to water quality issues?
Several water bodies in the planning region are listed on the San Diego Regional Water
Board list on impaired waters (the 303(d) list), implying that one or more beneficial uses
are not being met. The listings include nutrients (nitrogen and phosphorus), total dissolved
solids, diazinon, toxicity, enterococcus and coliform bacteria, and turbidity. Total
maximum daily load (TMDL) assessments for different water bodies are planned over the
next decade.
5. Does part of your region currently observe water quality shifts during rain events that
impact treatment facility operation?
Storm flows that find their way into sanitary sewer systems can impact treatment times and
resultant quality of recycled water supply and water supplies from Aliso Creek being
proposed for use in the Aliso Creek Runoff Recovery Facility.
8.4 SEA LEVEL RISE

1. Has coastal erosion already been observed in your region?
Coastal erosion has been observed in the region, both over the long and short term (Hapke
et al., 2009).
2. Are there coastal structures, such as levees or breakwaters, in your region?
The Dana Point Harbor is a coastal structure that may be affected by sea level rise.
3. Is there significant coastal infrastructure, such as residences, recreation, water and
wastewater treatment, tourism, and transportation) at less than six feet above mean sea
level in your region?
Areas that are within the inundation zone are described in Chapter 7 of this assessment.
There is private and public infrastructure, including a wastewater treatment plant (South
Orange County Wastewater Authority JB Latham Plant) that may be considered vulnerable
to sea level rise.
4. Are there climate-sensitive low-lying coastal habitats in your region?
There are some low-lying coastal habitats in the South OC region, but because of the
regional topography, their areal extent along the coastline is small.
5. Are there areas in your region that currently flood during extreme high tides or storm
surges?
There are areas in the South OC region that are currently under risk of coastal flooding as
determined by FEMA.
6. Is there land subsidence in the coastal areas of your region?
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Based on statewide data, the South OC region, and Southern California in general, is
subsiding at the rate of 1 mm/yr (NAS, 2012).
7. Do tidal gauges along the coastal parts of your region show an increase over the past
several decades?
Tide gauges at a nearby location operated by the National Oceanic and Atmospheric
Administration (Newport Beach), with data from 1955–1993, show an increase in mean
sea level of 2.22 mm/yr. This corresponds to a sea level increase of 0.73 feet over the past
century. These data are shown in Chapter 7 of this assessment.
8.5 FLOODING

1. Does critical infrastructure in your region lie within the 200-year floodplain? DWR’s best
available
floodplain
maps
are
available
at:
http://www.water.ca.gov/
floodmgmt/lrafmo/fmb/fes/best_available_maps/.
The 200-year floodplains have not been developed for Orange County, following the above
link and maps at http://gis.bam.water.ca.gov/bam/. Based on other information, the South
Coast Water District groundwater recovery facility and the JB Latham Wastewater
Treatment Plants are within areas that would be substantially negatively impacted by a
200-year flood event.
2. Does part of your region lie within the Sacramento-San Joaquin Drainage District?
No, the region falls outside the Sacramento-San Joaquin Drainage District.
3. Does aging critical flood protection infrastructure exist in your region?
Yes. Also, see response to the following question.
4. Have flood control facilities (such as impoundment structures) been insufficient in the
past?
In the 1960’s residential homes were being developed over agricultural land and the
channel infrastructure was constructed to convey the 25-year storm event. With the
inception of the National Flood Insurance Program in 1978, the design criteria “100-year
storm event” for channel infrastructure was introduced. The Orange County Flood Control
District has been and continues to improve its flood control infrastructure and uphold this
threshold. To date only 50% been constructed to adequately convey the 100-year storm
flow and approximately $2.5 billion dollars today is estimated to construct the remaining
(Countywide).
Although the overall condition has slightly improved over recent years, it remains a
daunting task faced by the state and local jurisdictions to continuously upgrade, repair, and
maintain the systems which provide public safety. The local levees and flood control
systems are aging and in some areas do not meet the current standards. These deficient and
marginally adequate facilities are increasingly impacting the abilities of jurisdictions to
keep pace with maintenance efforts. The problem is further compounded by the
increasingly more stringent environmental regulations including additional mitigation for
ongoing maintenance of flood control facilities, which are driving the costs up and forcing
jurisdictions to limit the extent of systems that can be annually maintained.
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FEMA is remapping coastal zones on the Flood Insurance Rate Map (FIRM) to depict the
climate change in regards to sea level rise. Coastal cities must be prepared to regulate any
impacts the FIRM may have in their jurisdiction.
5. Are wildfires a concern in parts of your region?
Wildfire is a major concern in the parts of the South OC region, with a large fraction of the
region being defined to be in the very high risk zone by CalFire
(http://www.fire.ca.gov/fire_prevention/fhsz_maps_
orange.php). In the future, wildfire risk is expected to increase as a consequence of
changed precipitation and urban growth.
8.6 ECOSYSTEMS AND HABITAT VULNERABILITY

1. Does your region include inland or coastal aquatic habitats vulnerable to erosion and
sedimentation issues?
The region contains coastal habitats that are vulnerable to sedimentation issues. The San
Juan Creek Estuary is highly impacted by excess sediment which adversely affects it
habitat suitability for fish species.
2. Does your region include estuarine habitats which rely on seasonal freshwater flow
patterns?
There are estuaries in the region that rely on freshwater patterns and tidal flushing (Aliso
and San Juan Creek Estuary).
3. Do climate-sensitive fauna or flora populations live in your region?
Temperature sensitive fish species, such as steelhead in Trabuco and San Juan Creek exist
in the region.
4. Do endangered or threatened species exist in your region? Are changes in species
distribution already being observed in parts of your region?
The U.S. Fish and Wildlife Service notes the possible presence of 33 endangered and
threatened species of birds, fish, crustaceans, amphibians, flowering plants, and insects in
the region. More broadly, the protection of endangered aquatic species in the Delta and
Central Valley (Delta smelt, Chinook salmon, and Central Valley steelhead) affects the
operation of the State Water Project, and the delivery of water to MWD.
5. Does the region rely on aquatic or water-dependent habitats for recreation or other
economic activities?
Water dependent recreation along the Pacific Ocean is an important part of the economy
of the South OC region.
6. Are there rivers in your region with quantified environmental flow requirements or known
water quality/quantity stressors to aquatic life?
Some creeks in the region have been identified to have stressors to aquatic life, including
water quality, barriers, and temperature. While the San Juan Creek watershed has no major
dams, there are a number of smaller diversions and other impediments to fish passage.
Water management and land use practices have altered natural sediment and hydrologic
processes in the region.
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7. Do estuaries, coastal dunes, wetlands, marches, or exposed beaches exist in your region?
If so, are coastal storms possible/frequent in your region?
Estuaries, coastal dunes and beaches exist in the region. Coastal storms leading to erosion
are possible in the region.
8. Does your region include one or more of the habitats described in the Endangered Species
Coalitions’
Top
10
habitats
vulnerable
to
climate
change
(http://www.itsgettinghotoutthere.org/)?
The Endangered Species Coalition’s report identifies the Bay-Delta which is an area that
is indirectly linked to the water supply for South OC via the California aqueduct.
9. Are there areas of fragmented estuarine, aquatic, or wetland wildlife habitat within your
region? Are there movement corridors for species to naturally migrate? Are there
infrastructure projects planned that might preclude species movement?
The South OC region is densely urbanized with a large fraction of developed land. Over
the 20th century there has been a loss of estuarine habitat in the broader region. While there
has been widespread habitat degradation to the coastal and middle mainstems in these
watersheds, native non-anadromous steelhead populations do inhabit the relatively highquality habitat that remains in the upper portions of the watersheds. No specific future
projects are known that might impede species movement, although a Steelhead Recovery
Watershed Management Plan proposes a variety of future steps to improve populations.
8.7 HYDROPOWER

1. Is hydropower a source of electricity in your region?
The hydropower plants in the region are small (<10 MW capacity), but hydropower is a
part of the energy portfolio for some of the major utilities supplying power to the region
(San Diego Gas and Electric and Southern California Edison). More importantly
hydropower is a major source of electricity for the State Water Project that is used to
transport water from Northern to Southern California
2. Are energy needs in your region expected to increase in the future? If so, are there future
plans for hydropower generation facilities or conditions for hydropower generation in you
region?
Electricity needs are expected to increase according to forecasts made by the major utilities:
San Diego Gas and Electric (1.95% per year growth in consumption) and Southern
California Edison (1.1% per year) (data from California Energy Commission (2012). There
are no known plans for hydropower generation in the region.
8.8 CONCLUSIONS FROM VULNERABILITY ASSESSMENT

The vulnerability assessment above is a summary of major climate change related sensitivities
to the human and natural systems in the planning region. Given the characteristics of the
region and its largely imported water supply, not all of the impacts are likely to be as
important. Based on the discussion and information presented above, following concerns are
of particular importance for each of the topic areas:
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Water demand: There little quantitative evaluation of the impacts of climate change on water
demands in the South OC planning region. Given increased temperatures and
evapotranspiration, it is expected that landscape irrigation use may tend to increase. However,
this is countered by the statewide mandate to reduce per capita use by 20%, and it is likely
that this mandate will override any climate-related changes. In addition, significant
investments in the development of recycled water continue to be made by water agencies
throughout the South OC region. These recycled water supplies are used primarily for
irrigation of urban landscape further offsetting potential increased irrigation needs associated
with climate change.
Water supply: Climate change has the potential to impact water supplies because of the
dependence on snowmelt. However, the South OC planning region is part of a much larger
network of supply, storage, and delivery infrastructure that spans the Southwestern U.S., and
climate change planning for water supplies is being done at this larger regional scale. Over
the near to medium term (20 years), water supplies are constrained, but various management
options undertaken by MWD and MWDOC, including storage, banking, and water use
efficiency, indicate that water supply reliability levels will be met.
Water quality: The water quality effects of climate change in the study region have not been
quantified, although it is possible that larger precipitation events or longer dry periods both
adversely affect stream water quality. Warmer temperatures in summer have the potential to
increase wildfire risk in the region, a substantial portion of which is already considered to be
at high risk.
Sea level rise: Sea level rise is a potential concern in the region, but the topography of the
South OC region indicates that the areas affected by coastal flooding may be limited to a
narrow strip along the coastline, without extensive flooding inland. There is a wastewater
treatment plant in the region that is considered vulnerable to sea level rise (Latham
Wastewater Treatment Plant). The analysis presented here is based on a preliminary
assessment of coastal flooding in the context of sea level rise, although specific urban areas
may need to do more detailed characterization and dynamic modeling to fully assess impacts
The potential for enhanced erosion along beaches and bluffs is also a concern.
Flooding: Areas of the South OC region, particularly along the canyons are liable to flooding
(http://ocflood.com). There is aging flood protection infrastructure or infrastructure that needs
to be upgraded to meet current flood protection levels. The region in general may be adversely
impacted by a very large flood, such as that caused by large atmospheric river events.
Ecosystems and habitat vulnerability: Changes in stream temperatures have the potential
to adversely impact endangered fish species that occur in the creeks and estuaries of the South
OC planning region.
Hydropower: The dependence of the region on hydropower is indirect, largely through the
its use for the transport of State Water Project water to Southern California. Impacts on
hydropower production will be felt regionally, and not only to the planning region.
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9. SUMMARY AND NEXT STEPS
This document presented an updated assessment of the potential impacts of climate change on
the water resources of South Orange County (South OC) that addresses the 2016 IRWM plan
standards developed by DWR. The intent of the Climate Change Standard is to ensure that
IRWM Plans, describe, consider, and address the effects of climate change on their regions,
and similarly, and disclose, consider, and when possible, reduce when GHG emissions.
As a first step, this assessment reviewed the water supply sources summarized in the Urban
Water Management Plans of the wholesale suppliers and retail agencies in the South OC
region. MWD provides Orange County with the bulk of its water. Much of the water supply
in South Orange County is imported from outside the region, with supplies from the State
Water Project and the Colorado Aqueduct providing approximately 1/3 and 2/3 of the total
supply in 2015. In part this is a consequence of the acute drought in northern California,
which reduced the water availability to MWD from the State Water Project (SWP). For
example, in 2010, approximately 55% of the water provided to the county was from the SWP,
and 45% of the water from the Colorado River Aqueduct. The Municipal Water District of
Orange County (MWDOC) is the entity interfacing with local water agencies in the South
Orange County region. It distributes water to the local water agencies including El Toro Water
District (ETWD), Trabuco Canyon Water District (TCWD), Moulton Niguel Water District
(MNWD), Laguna Beach County Water District (LBCWD), Santa Margarita Water District
(SMWD), South Coast Water District (SCWD), San Juan Capistrano, and San Clemente. The
total water demand for all 8 districts is 38.2 million gallons per day, and 77% of it is imported
obtained from the Sacramento-San Joaquin and Colorado River basins.
Because of the importance of imported water supply to South Orange County, potential
impacts of climate change to water resources must be examined over a region broader than
the IRWM planning area. Changes in observed climatic variables in this larger region
representing the Western U.S. have been examined through data collected in the 20th century.
Over this period, particularly in winter and spring, temperatures have risen across western
North America. In the second half of the 20th century, the warming in the mountainous
western North America has led to a higher rain-to-snow ratio, lower snow water content (one
exception is the high Southern Sierra Nevada Mountains where April 1 snow water equivalent
has been increasing at the high elevation stations), decline in March snow cover, a shift toward
earlier annual snowmelt timing by 5 to 30 days, and changes in the timing of biological events,
such as flower blooming. These changes illustrate the effects of climate change on the
hydrology of California’s mountains, and indicate the need to predict future 21st century
changes in order that appropriate adaptation strategies to protect South OC’s water-supply
sources can be developed.
In California mean annual temperature increases of 0.6 °C, and winter and spring increases of
1.5 °C and 1 °C, have been documented, respectively, and these trends are very unlikely to be
solely due to natural variability. The late-spring and early-summer runoff fraction runoff of
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eight major rivers in the western Sierra Nevada in California have been decreasing since the
mid-20th century. There is evidence of trends in climatic and hydrologic variables in western
mountain environments in the second half of the 20th century – including temperature,
precipitation, rain-to-snow ratio, snow water content, and snowmelt timing. It has been
concluded that many of the changes already observed, are, to a high degree of confidence,
attributable to climate change that has already occurred over the latter part of the 20th century.
For estimating future climate conditions, global climate processes are represented using
atmosphere-ocean general circulation models (AOGCMs or GCMs, also known as “global
climate models”). Several published GCMs, developed by research groups worldwide, are in
common use. GCMs are used to project future climate changes based on assumptions of
different economic growth pathways and emissions of greenhouse gases, with RCP 45 and
RCP85 being the most common named scenarios used in various climate impact studies. No
one model or emission pathway is the best estimate of the future, and, typically, most climate
assessments utilize an ensemble of GCM results for evaluating future conditions. In this
review, sixteen candidate climate models were selected for evaluation. GCM outputs are
presented in spatially more detailed form through downscaling, with statistical downscaling
being the most commonly used approach. Statistical downscaling is based on the development
of relationships between local-scale observations and large scale GCM projections, which are
then used to estimate spatially resolved future climate projections. Results from three 21st
century periods, statistically downscaled to cells of 1/8 degree or about 12 km by 12 km, were
analyzed for impacts in the early, mid, and late 21st century, defined as 2010–2039, 2040–
2069, and 2070–2099 respectively. The projected data summary for the South OC IRWM
planning region show a small decrease in precipitation of slightly over an inch per year by
mid- to late-21st century periods. They also show an increase in temperature from >2 to >5 oF
over the same periods. In general, climate models project more adverse conditions (i.e.,
warmer and drier) in the latter part of the 21st century compared to conditions observed in the
second half of the 20th century.
Several major planning studies have been performed in South OC water supply regions that
consider the impacts of climate change. Projected climate change conditions, typically
obtained from statistical downscaling of an ensemble of models, have been used for
developing plants in in both regions. A key feature that stands out from the comprehensive
analyses that have been performed is that both California and the Colorado Basin are severely
water constrained, where it will be challenging to meet current allocations in future years. In
both regions, planning model projections indicate years where deliveries will sometimes fall
short of allocations, over planning horizons that range from 20 to 50 years into the future,
under conditions where no changes are made to the existing operational infrastructure of the
system. Because the regions jointly affected by these basins are continuing to experience
relatively rapid population growth, and anticipated increased in municipal demands, water
planners must address the dual challenge of reduced supplies and increased demand.
Although variable at different points along the coast due to regional factors, in general, sea
levels are rising globally as a result of climate change, resulting in expansion of ocean water
and melting of land ice. Along the Pacific Coast, the highest values of sea level rise in
Southern California have been reported at Newport Beach, near the study region, where the
observed increase is 2.22 mm/year. These rates are projected to accelerate over the 21st
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century. A review of different calculation approaches by the National Academy of Sciences
reported that global sea level is estimated to rise 8–23 cm (3-9 inches) by 2030 relative to
2000, 18–48 cm by 2050 (7-19 inches), and 50–140 cm (20-55 inches) by 2100. This review
projects that sea level in Southern California is slightly higher than the global average because
of land subsidence, and will rise 4–30 cm (2-12 inches) by 2030 relative to 2000, 12–61 cm
(5-24 inches) by 2050, and 42–167 cm (17-66 inches) by 2100. Maps illustrating the effects
of sea level rise to 2100 and a 100-year flood were developed for the South IRWM planning
region to identify areas that are vulnerable.
Greenhouse gas emissions associated with the water sector were estimated for the South OC
planning region. The General Reporting Protocol, Version 3.1, developed by the California
Climate Action Registry is used to calculate indirect emissions of greenhouse gases (GHG)
from electricity used for the water system in south Orange County. The water sector is the
largest user of electricity in the state of California. The bulk of water for southern California
specifically is transported over long distances up steep gradients and is therefore more energy
expensive than local sources. Energy use for water is quantified via energy intensity, or the
gross energy required for the water system to use a specific amount of water at a specific
location. Under baseline conditions, the water sector in the region generates GHG emissions
of over 93,000 metric tons in terms of carbon dioxide equivalent. Any projects that lead to a
reduction of imported water use are also associated with a reduction in GHG emissions.
An overall assessment of vulnerability to climate change for South OC following a checklist
presented in the Climate Change Handbook for Regional Water Planning, and specifically
recommended for IRWM climate change planning. As noted above, the major water supply
system vulnerabilities in this region are not unique, but are tied to the water supply system in
California and the Colorado River Basin that are being evaluated through statewide or regional
efforts. Besides water supply, other areas of potential concern for this planning region are
coastal flooding due to sea level rise, increase in fire risk, and impacts to ecosystems.
Taken together, the information presented in this report shows that climate change assessment
is an integral part of the water resources related planning in the South OC region, as well as
the larger region, spanning the Southwestern U.S., that supplies its water. The best current
understanding of climate change has been incorporated in the assessment of impacts,
especially those relating to water supply and sea level rise.
9.1 FUTURE WORK

Looking forward, it is expected that climate change planning in support of the IRWM will be
updated as better information on climate projections, including extreme events, become
available, and impacts to other sectors, such as water quality and habitats will be similarly
evaluated. Examples of possible future work are described below.
Given the coastal location of the South OC IRWM planning region, more detailed analysis of
the effects of sea level rise in specific areas along the coastline are required. These analyses
need to consider the dynamics of storm surges, and the existing protective infrastructure that
exists. To support understanding of sea level rise impacts, there should be continued data
collection on the wave climate (height, period, direction) in the region. From the standpoint
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of water supply and water quality, the impact of sea level rise on the Latham Wastewater
Treatment Plant needs to be considered.
Climate change, on larger geographic scales, is expected to increase the intensity of
precipitation events through the occurrence of atmospheric rivers along the Pacific coast, with
the possibility of increased riverine flooding. However, there is limited quantitative
information at the spatial scale of a county that can be used to assess the degree to which
flooding extents may change. Further developments in climate modeling as well as local data
can provide more insight into changes that are occurring. The county may also interface with
other research groups in the region that are evaluating the effects of large floods across
California (such as the ARkStorm, for Atmospheric River 1000 Storm, project being
performed by the US Geological Survey, http://urbanearth.gps.caltech.edu/winter-storm-2).
These scenario runs show planners the extent of damage that may occur across the state,
including in Orange County. This planning exercise informs local-level agencies to address
the effects of major storm event, in a manner similar to that used for exercises related to
earthquake preparedness in California.
The current water supply planning efforts in California are mostly focused over a 20-year
planning horizon. Most climate models do not project major changes in climate over this time
frame. Additional, longer-term planning studies, perhaps extending 50-75 years into the future
may provide greater insight for planners in support of long-term infrastructure sustainability
assessment and for investments with a lifetime greater than 20 years.
The creeks and estuaries of the South OC region are home to several native fish species that
are the focus of ongoing recovery efforts that may be affected adversely by climate change. A
plan for continued monitoring of stream flows, water quality and temperature across the South
OC region is recommended for understanding and managing these species impacts. To further
support the ecosystem functions of the planning region, watershed modeling to quantify future
impacts is also recommended.
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