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[bookmark: _Toc425507200]HAZARD CHARACTERIZATION & RISK ASSESSMENT
[bookmark: _Toc421004828]This chapter defines and maps significant natural hazards that impact the people, built environment, economy and society of the San Francisco Bay Area.  Each section describes a different natural hazard, including how it has affected the Bay Area in the past, how it is likely to impact the future, and how the hazard affects the Bay Area, including the location and severity of the hazard within the region.
In the Bay Area, earthquakes are the hazards that have the highest combined likelihood to cause extensive, multi-jurisdictional damage.  All of the Bay Area is exposed to earthquake hazard, and impacts can cause region-wide disruptions.  Disruptive earthquakes also have high likelihood of occurring at any given time.  With the combined likelihood and extent of earthquakes, much of the focus of this chapter is on earthquake hazards.
Flooding, while less extensive in its impacts, is another major hazard that the Bay Area is exposed to, both along the bay and ocean shorelines and inland from rivers and streams.  Localized flooding due to severe storms is fairly common, occurring, on average, once every other year.  Temporary flooding and permanent inundation are also highly likely to become more extensive and severe in the future due to climate change.  Flooding can cause significant impacts not just to the building stock but to sensitive infrastructure assets, so even localized flooding can affect the entire region.
Other hazards may be less widespread or less frequent in the Bay Area, but can still cause significant local impacts and have cascading effects on the region.  The most notable is wildfire, as the Oakland Hills Firestorm in 1991 still lives in the region’s memory.  Other hazards the Bay Area faces include landslides, drought, extreme heat, and dam and levee failure.  
[bookmark: _Toc425507201]Earthquakes
Earthquakes occur when two tectonic plates slip past each other beneath the earth’s surface, causing sudden and rapid shaking of the surrounding ground.  Earthquakes originate on fault planes below the surface, where two or more plates meet.  As the plates move past each other, they tend to not slide smoothly and become “locked,” building up stress and strain along the fault.  Eventually the stress causes a sudden release of the plates, and the stored energy is released as seismic waves, causing ground acceleration to radiate from the point of release, the “epicenter.” 
The Bay Area is in the heart of earthquake country. Major faults cross through all nine Bay Area counties.  Every point within the Bay Area is within 30 miles of an active fault, and 97 of the 101 cities in the Bay Area are within ten miles of an active fault.  Figure 1 shows the location of active faults that are mapped by the State of California under the Alquist-Priolo Act.
The total amount of energy released in an earthquake is described by the earthquake magnitude.  The moment magnitude scale (abbreviated as M) is logarithmic; the energy released by an earthquake increases logarithmically with each step of magnitude.[footnoteRef:1] For example, a M6.0 earthquake releases 33 times more energy than a M5.0, and a M7.0 earthquake releases 1,000 times more energy than a M5.0 event (see Figure 2). [1:  USGS (2014) ] 

The quantified size or measurement of an earthquake is dependent on factors that include the length of the fault and the ease with which the plates slip past one another.  In the Bay Area, technical specialists have observed varied fault behaviors, giving some sense of which faults may or may not produce a large, damaging earthquake. Earth scientists are most concerned about the San Andreas and Hayward faults, believed most likely to produce large, regionally damaging earthquakes.  There are, however, many other Bay Area faults that can produce localized damage.
Additionally, earthquakes are often not isolated events, but are likely to trigger a series of smaller aftershocks along the fault plane, which can continue for months to years after a major earthquake, producing additional damage.
The energy released in earthquakes can produce five different types of hazards: 
· Fault rupture 
· Ground shaking
· Liquefaction 
· Earthquake-induced landslides 
· Tsunamis and seiches
Each of these hazards will be discussed in greater detail later in this section.
[bookmark: _Toc425507202]Historic Bay Area Earthquake Occurrences
The Bay Area has experienced significant, well-documented earthquakes.  In 1868, a significant earthquake occurred on the Hayward fault with an estimated magnitude of 6.8-7.0. The fault ruptured the surface of the earth for more than 20 miles and significant damage was experienced in Hayward and throughout Alameda County, and as far away as San Francisco, Santa Rosa, and Santa Cruz. The M7.8 1906 earthquake on the San Andreas Fault, centered just off the coast of San Francisco, devastated San Francisco and caused extensive damage in Oakland, San Jose, and Santa Rosa. More recently, the M6.9 1989 Loma Prieta earthquake caused severe damage in Santa Cruz and the surrounding mountains, where it was centered, as well as fatal damage 50 miles away in Oakland and San Francisco. Moderate earthquakes are much more common in the Bay Area; twenty-two have occurred in the last 178 years, averaging every eight years.[footnoteRef:2] The 2014 South Napa earthquake is a reminder of the strong shaking that even a moderate magnitude 6.0 earthquake can produce in a localized area. [2:  Ellsworth, W.L. (1990) ] 

Figure 2 charts Bay Area earthquakes over the past 165 years. Because the 1906 earthquake released so much energy and stress on regional faults when it ruptured, the last 100 years have been relatively seismically quiet. As faults restore their stress and energy builds again, the region may have a more seismically active future.  

[bookmark: _Ref423555630][bookmark: _Toc424648917]Figure 1:  Alquist Priolo Fault Zones
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[bookmark: _Ref423555651][bookmark: _Toc424648918]Figure 2:  Timeline of Earthquake and Population Growth in the San Francisco Bay Area
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There have been six earthquake-related declared disasters in the Bay Area since 1950:[footnoteRef:3] [3:  State of California Multi-Hazard Mitigation Plan, Appendix M, California Governor’s Office of Emergency Services] 

	Disaster
	State Proclamation
	Federal Declaration
	Counties Declared
	Damage

	M6.0 South Napa earthquake
	August 24, 2014
	September 11, 2014
	Napa and Solano Counties
	$362 million - $1 billion in damage

	Tsunami resulting from M8.9 Honshu, Japan earthquake
	March 11, 1011
	April 18, 2011
	Del Norte, Monterey, Santa Cruz
	$39 million in damage

	M5.2 Napa earthquake
	September 6, 2000
	September 14, 2000
	Napa County
	$15-70 million in estimated damage

	M7.1 Loma Prieta earthquake
	October 18, 1989
	October 18, 1989
	Alameda, Monterey, San Benito, San Mateo, Santa Clara, Santa Cruz, San Francisco, Contra Costa, Marin, Solano
	$5.9 billion in damage, 23,408 homes damaged, 3,530 businesses damaged, 1,018 homes destroyed, 366 businesses destroyed

	M6.2 Morgan Hill earthquake
	
	April  25, 1984
	Santa Clara County
	$7.265 million in damage to public, business, and private sectors

	Tsunami warning resulting from Good Friday earthquake in Alaska
	September  15, 1964
	Not declared
	Marin County
	No damage



[bookmark: _Toc425507203]Probability of Future Earthquakes
A powerfully damaging earthquake similar to the 1906 earthquake or 1989 Loma Prieta earthquake are rare but likely to occur in the next 30 years.  The United States Geological Survey (USGS) estimates there is a 72% chance of one or more magnitude 6.7 or larger earthquakes in the next 30 years on one of the Bay Area’s faults.[footnoteRef:4]  Smaller magnitude earthquakes are more likely to occur, potentially producing significant local damage, as experienced in the 2014 South Napa earthquake  [4:  Field, E.H., et al, (2013)] 

Scientists continually study which Bay Area faults are more likely to produce large earthquakes, and how often.  In March 2015, the USGS released an update to its 2008 earthquake probabilities for California faults.  The Uniform California Earthquake Rupture Forecast 3 (UCERF3) provides detailed assessment on the likelihood of each fault segment producing M6.7, M7.0 and M8.0 and greater earthquakes.  These probabilities are based on data such as fault length; how much energy the faults release annually through fault slip; and, known historical return periods for the fault. Table 1 summarizes the probabilities of future earthquakes in California.
	[bookmark: _Ref423555597]Table 1: Likelihood of a M6.7 or greater earthquake over the next 30 years

	Earthquake Fault
	Probability1

	San Andreas (Menocino Coast to San Benito County)
	33%

	Hayward
	28%

	Calaveras
	24%

	Hunting Creek, Berryessa, Green Valley, Concord
	24%

	Maacama
	23%

	Rodgers Creek
	15%

	San Gregorio
	5%

	Greenville
	6%

	Mt. Diablo
	3%

	West Napa
	2%

	1Source: Uniform Earthquake Rupture Forecast, Version 3 (2014)
	



[bookmark: _Toc425507204]Earthquake Hazard in the Bay Area
Earthquakes can trigger multiple types of seismic hazards, causing varying severity of damage in different locations.  The following sections describe each earthquake hazard in greater detail, including where and how it is likely to affect the Bay Area.
Surface Fault Rupture 
A fault is a point of displacement along the fractures of the earth’s crust caused by shifting tectonic plates.  When an earthquake occurs, there is a rupture on a fault as built-up energy is suddenly released. Active faults are those that have ruptured in the past 11,000 years.[footnoteRef:5]  Often the rupture occurs deep within the earth, but it is possible for the rupture to extend to the surface and create visible above- ground displacement, called “surface rupture.”  The California Geological Survey (CGS) publishes maps of active Bay Area faults that could produce surface rupture, as required by the Alquist-Priolo Earthquake Fault Zoning Act (1972).[footnoteRef:6] These maps show the most comprehensive depiction of fault traces that can rupture the surface, and the zones directly above and surrounding the fault traces.   Cities and counties require special geologic studies within these zones to prevent construction of human-occupied structures.  For buildings already in these zones, the surface rupture hazard must be disclosed in real estate transactions. [5:  Bryant, W.A., and Hart, E.W., (2007)]  [6:  California Public Resources Code, Division 2, Geology, Mines and Mining, Chapter 7.5, Earthquake Fault Zoning, sections 2621-2630 ] 

Surface fault rupture varies in size and can change over time.  Generally, a large magnitude earthquake can generate a longer rupture and greater displacement, though the surface expression of the displacement can vary widely.  The M6.0 2014 South Napa Earthquake resulted in over one foot of displacement in some locations,[footnoteRef:7] while the M6.9 1989 Loma Prieta Earthquake had no surface fault rupture. In the 1906 Earthquake along the San Andreas Fault, surface rupture displacements were greater than 20 feet in some locations.[footnoteRef:8]  Additionally, though the majority of displacement occurs during the actual earthquake event (called “co-seismic slip”), surface displacement can occur in the days, weeks, and even months after the event (called “post-seismic slip”).  This was also observed in Napa and can cause additional damage for up to a year after an earthquake.  In a large earthquake on the Hayward Fault the fault rupture displacement could reach 8 feet in some areas.  Most of the displacement would occur during the shaking, and in the first day following the earthquake, but as much as 20 percent of the total afterslip could occur in the time between one month and 12 months after the quake the fault continuing to displace a full year after the earthquake.[footnoteRef:9] [7:  Brocher, T.M., et al,  (2015) ]  [8:  Thatcher W., Marshall, G., Lisowski, M., (1997) ]  [9:  Aagaard, B., Lienkaemper, J., Schwartz, D. (2012)] 

Ground Shaking 
When faults rupture, the slip generates vibrations or waves in the earth that are felt as ground shaking. Larger magnitude earthquakes generally cause a larger area of ground to shake, and to shake more intensely. As a result, one principal factor in determining anticipated levels of shaking hazard in any given location is the magnitude of expected earthquakes. The intensity of ground shaking felt in one area versus another, however, is based on the magnitude and other factors including distance to the fault; direction of rupture; and, the type of geologic materials at the site.  For example, softer soils tend to amplify ground shaking, while more dense materials limit ground shaking impacts at the site surface.
Ground shaking is commonly characterized using the Modified Mercalli Intensity (MMI) scale, which illustrates the intensity of ground shaking at a particular location by considering the effects on people, objects, and buildings. The MMI scale describes shaking intensity on a scale of 1-12. MMI values less than 5 don’t typically cause significant damage; MMI values greater than 10 have not been recorded.
Table 2 MMI Intensity Table[footnoteRef:10] [10:  ABAG, (2013).  Modified Mercalli Intensity Scale] 

	Intensity
	Building Contents
	Masonry Buildings
	Multi-Family Wood-Frame Buildings
	1&2 Story Wood-Frame Buildings

	MMI 6
	Some things thrown from shelves, pictures shifted, water thrown from pools
	Some walls and parapets of poorly constructed buildings crack.
	Some drywall cracks.
	Some chimneys are damaged, some drywall cracks. Some slab foundations, patios, and garage floors slightly crack.

	MMI 7
	Many things thrown from walls and shelves. Furniture is shifted.
	Poorly constructed buildings are damaged and some well-constructed buildings crack. Cornices and unbraced parapets fall.
	Plaster cracks, particularly at inside corners of buildings. Some soft-story buildings strain at the first floor level. Some partitions deform.
	Many chimneys are broken and some collapse, damaging roofs, interiors, and porches. Weak foundations can be damaged.

	MMI 8
	Nearly everything thrown down from shelves, cabinets, and walls. Furniture overturned.
	Poorly constructed buildings suffer partial or full collapse. Some well-constructed buildings are damaged. Unreinforced walls fall.
	Soft-story buildings are displaced out of plumb and partially collapse. Loose partition walls are damaged and may fail. Some pipes break.
	Houses shift if they are not bolted to the foundation, or are displaced and partially collapse if cripple walls are not braced. Structural elements such as beams, joists, and foundations are damaged. Some pipes break.

	MMI 9
	Only very well anchored contents remain in place.
	Poorly constructed buildings collapse. Well-constructed buildings are heavily damaged. Retrofitted buildings damaged.
	Soft-story buildings partially or completely collapse. Some well-constructed buildings are damaged.
	Poorly constructed buildings are heavily damaged, some partially collapse. Some well-constructed buildings are damaged.

	MMI 10
	Only very well anchored contents remain in place.
	Retrofitted buildings are heavily damaged, and some partially collapse.
	Many well-constructed buildings are damaged.
	Well-constructed buildings are damaged.



As described, there are a number of different faults than contribute to the seismic hazard in the Bay Area.  ABAG and the USGS worked collaboratively to characterize which fault contributes most to an areas seismic hazard.  Figure 3 maps which fault contributes most to an areas seismic risk, taking into account the locations proximity to various faults, and the likelihood and severity of each fault.  The map characterizes the fault with the greatest hazard, but many locations in the region can be severely impacted by multiple faults.  
Earthquake Shaking Scenarios
In addition to this effort, ABAG and USGS have developed several shaking scenario maps that depict shaking intensity for specific, plausible earthquake scenarios with a given magnitude on a fault.  These maps show possible levels of ground shaking throughout the Bay Area in a single likely earthquake, taking into consideration the earthquake magnitude; rupture location and direction; and soil conditions throughout the region.  Sixteen scenarios that could cause strong shaking in the Bay Area can be seen side-by-side in Figure 4.  Mapping files can be downloaded for each scenario on ABAG’s online Open Data Page.
Scenario maps are helpful to model the expected shaking of an individual event, but they do not depict the likelihood of the event occurring or whether it is the most significant event for a particular location. A Probabilistic Seismic Hazard Assessment (PSHA) Map incorporates the likelihood of ground shaking from all nearby fault sources, and accounts for the frequency of each event.  The PSHA Map in Figure 5 illustrates the 10 percent or greater chance in a 50 year period that each location on the map will exceed the MMI shown at least once.  
In terms of risk characterization, it is equivalent to a 500-year flood.  A 10 percent in 50 years hazard level was chosen as it most closely aligns to the levels of shaking used in the current building code. Seismic hazard maps are not intended to be site-specific but depict the general risk within neighborhoods and the relative risk from community to community.

[bookmark: _Ref423556761][bookmark: _Toc424648919]Figure 3:  Scenario Earthquake with Greatest Contribution to Seismic Hazard
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[bookmark: _Ref423556781][bookmark: _Toc424648921]Figure 5:  Probablistic Seismic Hazard Map (PSHA)
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Events with strong shaking can still occur in areas with low probabilities shown in a PSHA map.  The area damaged by the 2014 South Napa Earthquake is one example of a strong earthquake occurring in a location with lower risk probability than other areas within the region.
Liquefaction 
Soil that is loose, sandy, silty, or saturated with water can result in soil liquefaction if it is shaken intensely for an extended period. When ground liquefies in an earthquake, it behaves like a liquid and may sink, spread, or erupt in sand boils.  This can cause pipes to break, roads and airport runways to buckle, and building foundations to be damaged. Liquefaction can only occur under certain circumstances:[footnoteRef:11]   [11:  Perkins, J.B., (2001)] 

Loose Soils 	The soils must be loose, such as uncompacted or unconsolidated sand and silt without much clay.  This happens most often in the Bay Area along the Bay shoreline, near creeks or other waterways, on dry creek beds, and in areas of man-made fill, such as the Marina District in San Francisco or parts of Alameda.
Soggy Soils	The sand and silt must be soggy and saturated with water due to a high water table.
Ground Shaking	The ground must be shaken long and hard enough by the earthquake to trigger liquefaction.
Liquefaction may not necessarily occur even if all three conditions are present.  Additionally, if liquefaction does occur, the ground may not move enough to have significant impact on the built environment.  As with ground shaking, several types of maps depict liquefaction potential. 
Liquefaction susceptibility maps show areas with soil types known to have the potential to liquefy with intense shaking. Figure 6 shows maps illustrating liquefaction susceptibility for the entire Bay Area based on USGS soil type maps.  However, site-specific investigations are needed to confirm liquefactions susceptibility on any given site.
Unless areas of liquefaction susceptibility are subject to significant ground shaking, they are not likely to liquefy.  Liquefaction hazard maps express where the ground is both susceptible to liquefaction, and where the ground is likely to be shaken long and intensely in an earthquake.  In 2015, ABAG produced maps that combine liquefaction susceptibility with USGS-generated earthquake scenario maps to identify areas where there is a significant hazard of liquefaction.  Figure 7 is a representative example which shows the liquefaction potential in a M7.0 Hayward earthquake.  The map combines the liquefaction susceptibility and Hayward shaking information into a scenario-based liquefaction potential map.  These maps are available for all ground shaking scenarios shown in Figure 4.  In some areas, USGS has done more site-specific investigation to determine the approximate percent of the area that is predicted to liquefy in a M 7.1 earthquake on the Hayward Fault.  These maps are available for Northwestern Alameda County and Northern Santa Clara County.

[bookmark: _Ref423556938][bookmark: _Toc424648922]Figure 6:  Earthquake Liquefaction Susceptibility
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[bookmark: _Ref423557141][bookmark: _Toc424648923]Figure 7:  Scenario-based Liquefaction Potential Map – M7.0 Hayward
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[bookmark: _Ref423557164][bookmark: _Toc424648924]Figure 8:  Zones of Required Investigation - Liquefaction
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Additionally, Figure 8 is a map of Liquefaction Hazard Zone of Required Investigation for discrete portions of the Bay Area (Alameda, San Francisco, and Santa Clara Counties).  This map is produced by CGS as part of its mapping program mandated by the Seismic Hazards Mapping Act. The CGS liquefaction zone maps are based on the presence of shallow historic groundwater in uncompacted sands and silts deposited during the last 15,000 years and sufficiently strong levels of earthquake shaking expected during the next 50 years.[footnoteRef:12]  Like the fault zone maps, these official seismic hazard map zones require real estate disclosure upon point-of-sale and hazard analysis for new development. The CGS is continually working to expand the areas where their map is available and is currently mapping areas in San Mateo and Contra Costa County; however, these maps are not expected to be completed until 2016.[footnoteRef:13] [12:  Department of Conservation, Seismic Hazards Zonation Program Fact Sheet, California Geological Survey]  [13:  Tim McCrink, CGS, Personal communication, April 3, 2015] 

For more detailed information on liquefaction, ABAG produced an extensive report in 2001.[footnoteRef:14] The maps produced in the 2001 report were updated in 2015. [14:  http://resilience.abag.ca.gov/publications/] 

Earthquake-Induced Landslides 
Ground shaking can also lead to ground failure on slopes, triggering earthquake-induced landslides. Landslides tend to occur in weak soil and rock on sloping terrain.  In the Loma Prieta earthquake, earthquake-induced landslides disrupted traffic for a month along Highway 17 in the Santa Cruz Mountains.[footnoteRef:15]  In the Bay Area, the CGS has mapped areas of various risks for earthquake-induced landslide as part of its Seismic Hazards Zonation Program.  Earthquake-induced landslide is discussed and mapped in greater detail in Section 3.1.3.6. [15:  Schiff, A. (1990)] 

Tsunamis & Seiches 
Large underwater displacements from major underwater earthquake fault ruptures or landslides can lead to ocean waves called “tsunamis.”  Since tsunamis have high velocities, the damage from a particular level of inundation is far greater than in a normal flood event.  Similarly, water sloshing in lakes during an earthquake, called “seiche,” is also capable of producing damage.
Tsunamis can result from off-shore earthquakes within the Bay Area or from distant events. It is most common for tsunamis to be generated by offshore subduction faults such as those in Washington, Alaska, Japan, and South America. Tsunami waves generated at those far-off sites can travel across the ocean and can reach the California coast with several hours of warning time.   Local tsunamis can also be generated from offshore strike-slip faults. Because of their close proximity, we would have little warning time. However, the Bay Area faults that pass through portions of the Pacific coastline or under portions of the Bay are not likely to produce significant tsunamis because they move side to side, rather than up and down, which is the displacement needed to create significant tsunamis.  They may have slight vertical displacements, or could cause small underwater landslides, but overall there is a minimal risk of any significant tsunami occurring in the Bay Area from a local fault.  The greatest risk to the Bay Area is from tsunamis generated by earthquakes elsewhere in the Pacific.
Though the Bay Area has experienced tsunamis, it has not experienced significant tsunami damage. In 1859, a tsunami generated by an earthquake in Northern California generated 4.6 m wave heights near Half Moon Bay. The M6.8 1868 earthquake on the Hayward fault is reported to have created a local tsunami in the San Francisco Bay. In 1960, California experienced high water resulting from a magnitude 9.5 off the coast of Chile. The tsunami generated by the 1964 Alaskan earthquake caused wave heights of up to 1.1 meters along the coasts of San Francisco, Marin and Sonoma Counties.   The 2011 tsunami created by the M9.0 Tohoku earthquake did not cause damage inside the Bay, but did cause damage to marinas and ports in both Santa Cruz and Crescent City. California has been fortunate in past distant-source tsunamis (1960, 1964, and 2011) that the events occurred during low tides.[footnoteRef:16]   [16:  Ross, S.L., and Jones, L.M, eds., (2013)] 

In 2013, the USGS, in partnership with the US Department of the Interior, published a tsunami scenario as part of the Science Application for Risk Reduction (SAFRR) series.[footnoteRef:17]  In the scenario, the multi-disciplinary team modeled a M9.1 offshore Alaskan earthquake to study impacts to California (Figure 9).  Assuming that the tsunami reaches the central coast at high tide, the Bay Area can expect heights ranging from two to seven meters near the shore.  The study suggests that this scenario inundation is only likely to occur once in a 100 year period.   [17:  Ibid] 

In addition to the scenario inundation maps, CalOES developed tsunami evacuation maps indicating areas that should evacuate if a warning is given (Figure 10).  The CalOES tsunami maps are not associated with a particular event but instead represent the worst-case scenario at any given location by combining a suite of extreme, but plausible, inundation scenarios.  Additionally, the maps include no information about the probability of a tsunami affecting an area at any given time.  Because of this, it is not intended to show locations of probable inundation but should be used for evacuation planning only.  In general, the CalOES tsunami evacuation map is more conservative than the USGS SAFRR study; however, there are a few locations where the SAFRR study shows greater inundation. 
[bookmark: _Ref423558781][bookmark: _Toc424648925]Figure 9:  Scenario Tsunami from a M9.1 Alaska Earthquake
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[bookmark: _Ref423558755][bookmark: _Toc424648926][bookmark: _Toc421004832]Figure 10:  Tsunami Inundation Emergency Planning Map
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[bookmark: _Ref423558185]Fire Following Earthquake 
Earthquakes are often responsible for igniting fires which can contribute to a considerable share of the overall damage in a disaster.  The fires can start from a variety of sources: appliances with natural gas pilot lights may tip, damaged electrical equipment may spark, and gas line connections may break.  Recently in the South Napa Earthquake a number of mobile homes were destroyed and damaged when the gas connection to a home broke.  In the Loma Prieta Earthquake 36 fires broke out in San Francisco alone, but luckily were contained quickly in large part due to the abnormally calm wind that evening, and the fires proximity to the bay which allowed a fire boat to pump water to the fire where the water lines had failed.  In the 1906 earthquake over 3.5 square miles of San Francisco burned, representing 80% of San Francisco’s property value at the time.
Fire following earthquake is especially tricky because there are often multiple ignitions at once (overwhelming fire crews), typical water supply for fighting fire may be reduced or unavailable, and maneuvering fire crews to the ignition can be difficult if streets are blocked by road damage or by debris that blocks the streets.  Fire following earthquake is an issue that could impact any Bay Area community that experiences an earthquake – both urban and rural.  The problem is heightened for urban environments, where many simultaneous ignitions can lead to a firestorm, and single fires can more quickly and easily move structure to structure.
A few characteristics can make a specific community more vulnerable to fire following earthquake.  If there is a higher likelihood of building damage, there is also a higher likelihood that an ignition occurs.  If a building collapses there is a high risk for gas or electrical lines to start “seed” fires that then impact undamaged neighboring structures.  Areas of liquefaction are more vulnerable to fire because of the greater potential for underground gas mains to break due to the ground displacements, and because the water lines in the area may also be damaged – preventing the ability to fight a fire with regular water resources.  Areas that are largely wood frame or shingle roof may be less prone to earthquake damage, but are a heightened risk for the spread of fires.  There is added concern in areas with hazardous materials with the potential for explosion, or with the potential to produce toxic smoke.  Industrial facilities and labs are a high concern because of the hazardous and flammable materials they store at their facilities.


[bookmark: _Toc425507205]Landslide 
In the Bay Area landslides typically occur as a result of either earthquakes (earthquake-induced landslides), or during heavy and sustained rainfall events.  A given area can be at risk for both earthquake-induced landslides as well as landslides caused by rain-saturated soils but the variables that contribute to each landslide risk are different.  Typically an earthquake-induced landslide occurs when seismic energy at the top of a slope gets concentrated and breaks off shallow portions of rock.  In rainfall-induced landslides, the slide can begin much deeper in the slope, in very-saturated layers of soil.  
For both types of landslides, there are not currently methods available to estimate the probabilities of future landslides at a local, or jurisdictional, scale.  Steep slopes and varied types of underlying soils can influence the likelihood of landslides. Additionally, surface and subsurface drainage patterns also affect landslide hazard, and vegetation removal can increase landslide likelihood.  Future landslides are most likely to occur within and around the places where they have previously occurred.[footnoteRef:18] [18:  USGS (1999) ] 

[bookmark: _Toc425507206]Historic Bay Area Landslide Occurrences
Flooding and landslides associated with severe storms have been among the most common disasters in the Bay Area during the period from 1950 to 2009. Extensive landslides have occurred in 24 times since 1950, approximately once every three years.[footnoteRef:19]  [19:  State of California Multi-Hazard Mitigation Plan, Appendix M, California Governor’s Office of Emergency Services, ] 

Losses from landslides are typically lower than those from associated flooding. However, in the El Nino storms of early 1998, USGS documented approximately $150 million in losses due to approximately 300 landslides of varying sizes that occurred in the Bay Area and Santa Cruz County.[footnoteRef:20] The greatest number of landslides in the region since 1950 occurred in 1982, when a large storm event preceded by a wet winter triggered over 18,000 landslides in the region, which resulted in 33 deaths and 481 injuries.[footnoteRef:21] [20:  Godt, J.W., ed., (1999) ]  [21:  Ellen, S.D., and Wieczorek, G.F., eds., (1998)] 

[bookmark: _Ref423559474][bookmark: _Toc425507207]Probability of Future Landslide – Climate Influenced
As described above, landslides are typically triggered by earthquakes or prolonged severe wet seasons.  Climate change is not expected to change the seismic risk, but climate change could change the behavior of winter storms.  The regional models project fairly similar precipitation totals in the Bay Area, but the variability season to season may increase.  If winters are compressed, with more rain falling in fewer months, or if individual years are more extreme the chance of rainfall-induced landslide will increase.  Additionally, if fires burn greater portions of landslide- vulnerable hillsides, removing vegetation and increasing storm runoff, the landslide probability will increase.  The increase in future fire risk in the more mountainous regions of the Bay Area is described in Section 3.4.2. Currently, there is not enough evidence to suggest with certainty that future landslide probabilities will increase across the region, however local studies that take local conditions into consideration may reveal the potential for greater landslide risks in the future.
[bookmark: _Toc425507208]Landslide Hazard in the Bay Area
The CGS maps Earthquake Induced Landslide Study Zones (see Figure 11).  The map designates zones in which a landslide study is required before the land can be developed, similar to CGS’s Liquefaction Hazard Zone of Required Investigation (Figure 8).  The CGS has only mapped portions of Alameda, San Francisco, and Santa Clara Counties.  Portions of San Mateo and Contra Costa counties are currently being mapped, but may not be completed until 2016.[footnoteRef:22] This CGS map only depicts earthquake induced landslide zones, not areas at risk of landslide from storm events. [22:  Tim McCrink, CGS, Personal communication, April 3, 2015] 

Winter rain storms can impact hillsides by triggering fast-moving debris flows, or mudslides, and other slower-moving landslides. In general, landslides are most likely during periods of higher than average rainfall or El Nino winter storms. In addition, the ground must be saturated prior to the onset of a major storm for significant landsliding to occur. But there is currently no method to estimate the scale of individual landslides in terms of size or extent based on these maps, or to assign specific probabilities to these areas in terms of the likelihood of future landslides.  The USGS developed a region-wide rainfall-induced landslide hazard map, shown in Figure 12.  The map shows areas where rainfall-induced landslides have occurred in the past, as landslides are most likely to occur in and around areas where they have previously occurred.[footnoteRef:23]  [23:   San Francisco Bay Landslide Mapping Team, (1997)] 


[bookmark: _Ref423559230][bookmark: _Toc424648927]Figure 11:  Earthquake-Induced Landslide Hazard Zones
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[bookmark: _Ref423559380][bookmark: _Toc424648928]Figure 12:  Rainfall-Induced Landslides:  Existing Landslides
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[bookmark: _Toc421004835][bookmark: _Toc425507209]Flood
Flooding is a temporary condition that causes the partial or complete inundation of land that is normally dry. Flooding occurs when streams, rivers, lakes, reservoirs, or coastal water bodies are abnormally high and overflow into adjacent low-lying areas, areas at risk of recurring floods known as floodplains.
Coastal flooding is generally associated with Pacific Ocean storms from November through February when high tides coincide with strong winds both on the outer coast and within the Bay.
Riverine flooding, also known as overbank flooding, can occur if there is excessive rainfall especially in conjunction with high tides and strong winds. Riverine floodplains range from narrow, confined channels in the steep valleys of mountainous and hilly regions to wide, flat areas in plains and coastal regions. The potential for flooding of a floodplain is a function of the size and topography of the contributing watershed, the regional and local climate, and land use characteristics. Flooding in steep, mountainous areas is usually confined, occurs with less warning time, and has a short duration. Larger rivers typically have longer, more predictable flooding sequences and broad floodplains. The lower portion of coastal rivers are more likely to flood during high tides with backwater conditions that lead to overbank flooding.
Localized, or nuisance, flooding can occur in areas that typically do not flood during locally heavy precipitation events, especially if ground water levels are high during extremely wet seasons or if stormwater storage or conveyance facilities are inadequate. Localized flooding tends to occur in flat, urbanized areas that are highly impermeable and can result in inundation of basements, low lying roads, and parking lots from street drainage.
[bookmark: _Toc425507210]Historic Bay Area Flooding
Flooding associated with severe storms has been among the most common disaster in the Bay Area during the period from 1950 to 2015, occurring on average 1.3 times a year over the past 60 years. Often heavy rainfall brings many areas of localized flooding, especially in low lying areas of the region. Many other locally significant floods have occurred during this time period.
Extensive flooding occurred in 1950, 1957, 1958, 1959, 1962, 1963, 1964, 1965, 1966, 1969, 1970, 1973, 1980, 1982, 1983, 1992, 1995, 1996, 1997, 1998, 2005, 2006, and 2008.
[bookmark: _Toc425507211]Probability of Future Flooding
Globally, sea levels are rising due to thermal expansion caused by the ocean warming and the melting of land‐based ice such as glaciers and polar ice caps. Regionally and locally, the rate of sea level rise is affected by other processes, including changes in land elevation (subsidence or uplift), coastal erosion, wind and ocean currents, ocean temperature and salinity, atmospheric pressure, and large‐scale climate regimes.[footnoteRef:24] [24:  Committee on Sea Level Rise in California, Oregon, and Washington, and Board on Earth Sciences and Resources and Ocean Studies Board, Division on Earth and Life Studies, (2012)] 


The National Research Council (NRC) Sea-Level Rise for the Coasts of California, Oregon, and Washington study, released June 2012, provides regionally specific sea level rise projections for the Coasts of California, Oregon, and Washington. Because there is significant uncertainty in how much sea level will rise, the range in projected values increases over time.

Table 3: Regional Sea Level Rise Projections Relative to Year 2000 for the California Coast South of Cape Mendocino[footnoteRef:25] [25:  Committee on Sea Level Rise in California, Oregon, and Washington, and Board on Earth Sciences and Resources and Ocean Studies Board, Division on Earth and Life Studies, (2012). ] 

	
	Sea Level Rise (inches)

	Year
	NRC 2012 Projection
(mean ± the standard deviation for the A1B Scenario[footnoteRef:26]) [26:  The A1 scenario family assumes high economic growth, low population growth that peaks mid-century, and the rapid introduction of more efficient technologies (A1B is balanced and A1FI is fossil fuel intensive). The B1 scenario family assumes the same low population growth as the A1 scenarios, but a shift toward a lower-emission service and information economy and cleaner technologies.] 

	Low
(mean of the B1 scenario)
	High
(mean of the A1F1 scenario)

	2030
	5.6 (±1.9)
	2
	12

	2050
	11.0 (±3.6)
	5
	24

	2100
	36.1 (±10)
	17
	66




Sea level rise has the potential to influence the impact of coastal, riverine and localized nuisance flooding. In particular, without intervention rising sea levels may cause:
More frequent floods: Rising sea levels can lead to more frequent flooding of existing flood-prone areas, including more frequent overtopping and overbank flooding of riverine systems that already flood when rainfall coincides with high tides due to the increased backwater effect. In addition, gravity drained and pumped systems that discharge stormwater into flood control channels can have reduced performance, causing backups and flooding of streets and basements.
More extensive, longer-duration flooding: As sea levels rise there is the potential that storm events will flood larger areas for longer periods of time and that there will be new overtopping and overbank flooding of riverine systems that that do not currently cause flooding.
Shoreline erosion and overtopping: Sea level rise can cause shoreline protection, such as levees, berms and revetments, to be damaged or fail to due to increased tidal and wave energy. There is also the potential that shoreline protection will be overtopped during storm events when there are extreme tide levels and wind-driven waves, flooding inland areas, including homes and community services that are currently protected.
Elevated groundwater and increased salinity intrusion: As sea levels rise, groundwater and salinity levels are also predicted to rise. This will cause damage to below grade living spaces, finished basements, and electrical/mechanical equipment that is below or at-grade. In addition, increasing groundwater levels may increase liquefaction susceptibility, and require the use of pumping of stormwater for flood management, which will increase both operations and maintenance costs.
Permanent inundation: Sea level rise can cause areas that are not currently exposed to regular high tide inundation to be flooded, resulting in the need to either protect or move people and infrastructure, and the loss of trails, beaches, vistas, and other shoreline recreation areas. In addition, increased tidal scour due to increased tidal prism in riverine systems can trigger changes in channel geometry and sediment transport processes.
[bookmark: _Toc425507212]Flood Hazard in the Bay Area
Current Flooding
The magnitude of flood used as the standard for floodplain management in the United States is a flood having a probability of occurrence of one percent in any given year, also known as the 100‐year flood or base flood. The most readily available source of information regarding the 100‐year flood is the system of Flood Insurance Rate Maps (FIRMs) prepared by FEMA. These maps are used to support the National Flood Insurance Program (NFIP) and show 100‐year floodplain boundaries for identified flood hazards. These areas are also referred to as Special Flood Hazard Areas (SFHAs) and are the basis for flood insurance and floodplain management requirements under the NFIP. FIRMs also show floodplain boundaries for the 500‐year flood, which is the flood having a 0.2 percent chance of occurrence in any given year (see Figure 13).
The rivers and streams for which FEMA has prepared detailed engineering studies may also have designated floodways. The floodway is the channel of a watercourse and portion of the adjacent floodplain that is needed to convey the base or 100‐year flood event without increasing flood levels by more than 1 foot and without significantly increasing flood velocities. The floodway must be kept free of development or other encroachments.
Existing coastal and riverine flood maps are available from FEMA, and including existing and preliminary map products for the San Francisco Bay and the Outer Coast of California.[footnoteRef:27]  [27:  http://www.r9map.org/Pages/California.aspx?choState=California] 

The following factors contribute to the frequency and severity of coastal flooding: 
· Astronomical Tides
· Storm Surge
· Wind Waves
· El Nino Events
· Sea Level Rise


[bookmark: _Ref423592797][bookmark: _Toc424648929]Figure 13:  100 and 500 Year Floodplains
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The following factors contribute to the frequency and severity of riverine flooding: 
· Rainfall intensity and duration  
· Antecedent moisture conditions  
· Watershed conditions, including steepness of terrain, soil types, amount, and type of vegetation, and density of development  
· The existence of attenuating features in the watershed, including natural features such as swamps and lakes and human‐built features such as dams  
· The existence of flood control features, such as levees and flood control channels  
· Velocity of flow  
· Availability of sediment for transport, and the erodibility of the bed and banks of the watercourse

Future Flooding
In the Bay Area, the potential for new or prolonged flooding as sea level rises will not be confined to the shoreline. Sea level rise will increase the likelihood of major flood events around the Bay Area because higher water levels in tidal creeks and flood control channels will reduce capacity to discharge rainfall runoff. While some creeks already flood when rainstorms coincide with high tides, rising sea levels will cause flooding during smaller, more frequent rainfall events. 

Sea level rise inundation maps (see Figure 14) help to visually assess under what conditions assets may be impacted by sea level rise and storm events and how far reaching the consequences may be if they are impacted. To understand these factors it is helpful to evaluate a range of possible future sea level rise scenarios. The “total water level” approach presented below simplifies this process and reduces the number of maps needed. In this approach each inundation map represents a number of different unique combinations of sea level rise and extreme tide (storm surge) conditions.[footnoteRef:28]  [28:  Extreme tides are the maximum high tide level that has occurred over a specific return period (recurrence interval) that correlates to a specific occurrence probability. For example a 100-year extreme tide has a return period of 100 years, and therefore a one percent chance of occurring in any given year. ] 


A total water level of 36 inches above mean higher high water (MHHW)[footnoteRef:29] can represent a new “daily” high tide with 36 inches of sea level rise. This amount of sea level rise, which is a likely projection for 2100, could result in regular, e.g., permanent, tidal inundation. This total water level can also represent today’s 50-year extreme tide level, a one-year extreme tide level with 24 inches of sea level rise, or a five-year extreme tide level with 12 inches of sea level rise, which is a likely 2050 projection. Extreme tide events that are larger than daily high tide levels can result in episodic, short duration, or temporary, flooding. [29:  Mean higher high water (MHHW) is calculated as the average of the higher of the two daily high tides over a 19-year tidal epoch.] 


[bookmark: _Ref423592998][bookmark: _Toc424648930]Figure 14:  Sea Level Rise Inundation
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The matrix of numbers presented in Table 4 can be used to understand a range of total water levels, from 0 to 95 inches above MHHW, represented both in terms of today’s tides and future tides as sea level rises. Each total water level represents a combination of sea level rise (0 to 60”) and tide levels (MHHW to a 100-year extreme event). As an example, the likely mid-century daily high tide is projected to be 12” above today’s high tide, or 12”+MHHW. This water level is color coded in green in Table 4. This total water level is approximately the level observed during King Tide, which is an astronomical tides that occur approximately twice per year when the Moon and the Sun simultaneously exert their gravitational influence on the Earth.

Because of the uncertainties associated with modeling and mapping sea level rise it is reasonable to allow for a +/- 3-inch range when interpreting the total waters in Table 4. As an example, the likely end-century high tide is projected to be 36 inches above today’s high tide, or 36”+MHHW. Water levels ranging from 33 to 39 inches can be used to understand what other combination of tides and sea level rise that may result in the same amount of flooding or inundation as 36”+MHHW.

The values presented in Table 4 are generally applicable to central San Francisco Bay[footnoteRef:30] and are therefore appropriate for local and regional scale climate adaptation planning, although it may not be as precise for some areas of south and north Bay. In addition, because tide levels do vary around the Bay, additional information about tide levels should be used for site-scale planning. Finally, the values in Table 4 are based on an analysis that does not include the effects of locally wind waves and assumes that future storms will behave like past storms. [30:  Existing condition water levels in the first row of Table 4 are based on FEMA model results for Central San Francisco Bay, http://www.r9map.org/Pages/San-Francisco-Coastal-Bay-Study.aspx, and are being used by Alameda and San Francisco Counties. Existing water level conditions for the other counties in the Bay Area will be available by the end of 2015.] 





[bookmark: _Ref423593594]Table 4:  Matrix showing combinations of Seal Level Rise and Extreme Tide Level
	Time Frame
	Sea Level Rise
	Total water level above today’s daily high tide, MHHW (inches NAVD88), by tide recurrence interval

	
	
	MHHW
(≈ daily high tide)
	1-yr
(≈ King Tide)
	2-yr
	5-yr
	10-yr
	25-yr
	50-yr
	100-yr 
(1% annual chance)

	Today
	
	0
	12
	19
	23
	27
	32
	36
	41

	
	+6
	6
	18
	25
	29
	33
	38
	42
	47

	Likely Mid-Century
	+12
	12
	24
	31
	35
	39
	44
	48
	53

	
	+18
	18
	30
	37
	41
	45
	50
	54
	59

	
	+24
	24
	36
	43
	47
	51
	56
	60
	65

	
	+30
	30
	42
	49
	53
	57
	62
	66
	71

	Likely End-Century
	+36
	36
	48
	55
	59
	63
	68
	72
	77

	
	+42
	42
	54
	61
	65
	69
	74
	78
	83

	
	+48
	48
	60
	67
	71
	75
	80
	84
	89



	Color Code
	Map Scenario (inches above MHHW)

	
	12

	
	24

	
	36

	
	48



There are a number of online tools that provide regionally relevant sea level rise inundation maps. The most commonly used is the NOAA Sea Level Rise and Coastal Flooding Impacts Viewer.  This is a national tool that depicts potential impacts to marshes and human communities from a range of sea level rise projections from zero to six feet coupled with mean higher high water (MHHW). It also illustrates changes in flood frequency and includes visual simulations of flooding at local sites.[footnoteRef:31] [31:  coast.noaa.gov/slr/] 
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[bookmark: _Ref423560716][bookmark: _Toc425507213]Fire 
Fires are typically characterized into three categories:  urban fires, wildland-urban interface fires, and wildland fires.  
· Urban fires occur within a developed area and pose a direct risk to development.  
· Wildland-urban interface (WUI) fires occur where the built environment and natural areas are intermixed (the fringe of urban areas).  
· Wildland fires exist in wilderness land.  
Fires in the urban environment and in the wildland-urban interface result in direct damage to the built environment and can injure or kill residents.  Wildland fires can cause damage to linear infrastructure systems that serve the Bay Area, causing outages downstream of the failure; can impact the air quality in cities during the duration of the fire; and can impact water quality in watersheds impacted by a wildland fire.  Wildland and wildland-urban interface fires can also damage natural environments, such as recreational areas, and can cause lasting impacts to slopes and soils (see Section 3.2.2 on the relationship between fire and landslide).
In the Bay Area, fire areas generally fall into two categories – State Responsibility Areas, where CALFIRE is responsible for fire protection, and Local Responsibilities, where local fire departments and fire protection districts have responsibility.  
[bookmark: _Toc425507214]Historic Bay Area Fire Occurrences 
Wildfires were common disasters in the Bay Area during the period from 1950 to 2014. Large wildfires occurred in 1961, 1962, 1964, 1965, 1970, 1981, 1985, 1988, 1991, and 2008. The 1991 fire in the Oakland-Berkeley Hills was the largest urban-wildland fire in the Bay Area, and resulted in $1.7 billion in losses. In that fire, 3,354 single-family dwellings and 456 apartments were destroyed, while 25 people were killed and 150 people were injured.[footnoteRef:32] Despite the drought conditions locally over the past four years the Bay Area has had very few fires, and few large fires. [32:  State of California Multi-Hazard Mitigation Plan, California Governor’s Office of Emergency Services] 


[bookmark: _Toc424648931]Figure 15:  Fire Responsibility Areas
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[bookmark: _Toc424648932]Figure 16:  Historic Bay Area Fire Perimeters
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[bookmark: _Ref423559169][bookmark: _Toc425507215]Probability of Future Fire – Climate Influenced
Wildfire risk increases due to climate change because of higher temperatures and longer dry periods over a longer fire seasons.  Additionally, wildfire risk will also be influenced by potential changes in vegetation.[footnoteRef:33] [33:  California Climate Change Center, (2012)] 

Research out of UC Merced has projected the future fire risk, impacted by climate change, compared to existing fire risk.  In the Bay Area the results are mixed.  The research projects some locations in the East Bay and South Bay to exhibit decreased fire risk, while areas on the Peninsula and North Bay exhibit a 150 percent increase in fire risk by 2085.  Generally, across the Bay Area there is fairly limited change in fire risk in the year 2050, with the greatest change in occurring between 2050 and 2085, especially in the high emission scenario.   The Cal Adapt data suggests that some jurisdictions might have to adapt more aggressively compared to others.   Figure 17 shows the projected fire risk increase for the Bay Area with the greatest increase and decrease areas highlighted.
The future fire risk model analyzes two primary variables: fuel availability and flammability of fuel.  In California the change in fire risk is a result of either a densely forested ecosystem becoming drier, or a dry climate experiencing large vegetation growth after a year of above average precipitation.  In the first scenario the suite of climate impacts (higher temperatures, less snow pack, earlier springs) result in previously wet dense fuel ecosystems becoming dry – increasing the fire risk.  In the second ecosystem, dominated by grass and low density shrubs, the risk is often unchanged or decreased because the availability of fuel is the governing variable for fire risk, which remains unchanged or decreases as a result of projected precipitation.[footnoteRef:34]  These modeling characteristics are reflected in the Bay Area's future fire risk map. [34:  Westerling, A.L., Bryant, B.P. (2008)] 

The Bay Area, compared with other portions of California, especially those near the Oregon border, have a much lower projected increase in fire risk due to climate change.  Near the Oregon border, many areas are expecting a 500 percent increase in fire risk by 2085, with some areas projected to see their fire risk increase more than 10 times.[footnoteRef:35] [35:  Ibid] 


[bookmark: _Ref423559695][bookmark: _Toc424648933]Figure 17:  Climate Change Influence on Future Fire Risk
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[bookmark: _Toc421004840][bookmark: _Toc425507216]Fire Hazard in the Bay Area
Wildfire
CalFIRE has developed maps depicting wildfire hazard areas. Figure 18 is a map of fire hazard severity in State Responsibility Areas.  Fire hazard severity takes into account the amount of vegetation, the topography, and weather (temperature, humidity, and wind), and represents the likelihood of an area burning over a 30-50 year time period.[footnoteRef:36]  In Figure 18, shadowed portions of the map depict very high fire hazard severity in Local Responsibility Areas.  Cal FIRE does not map other levels of fire hazard severity in local responsibility areas.  Local Fire Departments and protection districts may have locally available hazard severity information for these areas.   [36:  CDF Fire and Resource Assessment Program] 

CalFire also produced WUI maps that highlight areas with burnable vegetation and residential density greater than one unit per 20 acres.  These zones represent areas of potential fire and high exposure of people and property.  Figure 19 is a map of CalFire-designated WUI zones.  Some local fire departments and districts have chosen to identify their own WUI zones based on their local knowledge of the landscape.  The City of Santa Rosa is one example of a city with a self-defined WUI Area.[footnoteRef:37] [37:  http://ci.santa-rosa.ca.us/departments/fire/prevention/wildland_urban/Pages/default.aspx] 

Burn Areas
The impacts of a fire are felt long after the fire is extinguished.  In addition to the loss of property in fires, the loss in vegetation and changes in surface soils alters the environment.  When all supporting vegetation is burned away, hillsides become destabilized and prone to erosion. The burnt surface soils are harder and absorb less water. When winter rains come, this leads to increased runoff, erosion, and landslides in hilly areas (see Section 3.1.3.6 for more information about landslides).

[bookmark: _Ref423559787][bookmark: _Toc424648934]Figure 18:  Fire Hazard Severity Zones
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[bookmark: _Ref423559837][bookmark: _Toc424648935]Figure 19:  State Defined Wildland Urban Interface
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Urban Conflagration 
While the primary fire threat in the Bay Area is from wildfire, urban conflagration, or a large disastrous fire in an urban area, as a major hazard that can occur due to many causes such as wildfires, earthquakes, gas leaks, chemical explosions, or arson. The urban fire conflagration that followed the 1906 San Francisco Earthquake did more damage than the earthquake itself. A source of danger to cities throughout human history, urban conflagration has been reduced as a general source of risk to life and property through improvements in community design, construction materials, and fire protection systems.  
Although the frequency of urban conflagration fires has been reduced, they remain a risk to human safety.   One reason is the current trend toward increased urban density and infill in areas adjacent to the wildland‐urban interface.  In an effort to keep housing close to urban jobs, areas previously left as open space due to steep slopes and high wildland fire risk may be potentially consiered as infill areas for high‐density housing.    A memorable example of urban conflagration linked to wildland is the 1991 Oakland Hills firestorm.  The firestorm occurred within a larger high fire hazard zone that is part of an approximately 60 mile stretch of hills running from the Carquinez Strait to San Jose in the eastern San Francisco Bay Area.   The fire happened in an economically well‐off, largely built‐out residential area that has a long standing fire history linked to hot, dry fall winds and the presence of dense, flammable vegetation. [footnoteRef:38]   [38:  State of California Multi-Hazard Mitigation Plan, California Governor’s Office of Emergency Services] 

[bookmark: _Toc421004842][bookmark: _Toc425507217]Drought 
A drought is a gradual phenomenon that occurs over several dry years, depleting reservoirs and groundwater basins without the expected annual recharge from winter precipitation.  While drought does not have any primary impacts in the Bay Area, prolonged periods of drought can cause secondary impacts that can affect the region, including:
· Reduced water supply for crops and livestock feed, impacting the economy centered around the agriculture industry
· Increased wildfire hazard, including more fire starts and more prolonged conflagrations fueled by excessively dry vegetation and reduced water supply for firefighting purposes
· Subsidence due to a lowering water table 
· May be correlated to high heat conditions.
Drought is not localized, but occurs simultaneously across the region, and may extend statewide or across a larger expanse of western states.  This has been the case in California since 2013.  While the drought exists in every county, the impacts of the drought are locally unique, based on local water supply systems, soil conditions, and the typical climate and vegetation land covering. The effects of drought are managed in the Bay Area through the importation of water and the storage of water in reservoirs.
The United States Drought Monitor is produced by the National Oceanic and Atmospheric Administration (NOAA) and the U.S. Department of Agriculture.  The Monitor releases weekly maps of current drought conditions.  NOAA also publishes one year outlook maps for temperature and precipitation.[footnoteRef:39]  The maps project temperature and precipitation twelve months out – describing the conditions as likely below, above, or average.   [39:   http://www.cpc.ncep.noaa.gov/products/predictions/multi_season/13_seasonal_outlooks/color/churchill.php] 
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Major droughts occurred in California that affected the Bay Area in 1973, 1976-77, 1987-1991, and 2007-09.  Drought conditions in 1973 led to a state-declared disaster in Glenn, San Benito, and Santa Clara counties, resulting in $8 million in agricultural loss.  Between 1976 and 1977, California experienced one of its most severe droughts.  1977 was the state’s driest year on record.  In the Bay Area, Contra Costa, Napa, San Mateo, and Marin counties were four of the several counties where a state disaster was declared.  Statewide, $2.67 billion in damages occurred in the two-year period.  Marin, Solano, and Sonoma counties were also affected in the 1987-1991 drought, which caused $1.7 billion in crop losses nationwide.  The 2007-2009 drought did not directly affect Bay Area counties, but caused $300 million in crop loss statewide.[footnoteRef:40] [40:  State of California Multi-Hazard Mitigation Plan, California Governor’s Office of Emergency Services] 

In January 2014, the Governor declared a State of Emergency in California in response to current drought conditions, which began in 2012.  Thus far, 2015 has surpassed 1977 as the driest year on record in California.  As of June 2015, statewide reservoirs are at 18-67 percent of average and Sonoma County has declared a local Emergency Proclamation.[footnoteRef:41] [41:  California Governor’s Office of Emergency Services (2015)] 

[bookmark: _Toc425507219]Probability of Future Drought – Climate Influenced
[bookmark: _Toc421004844]Climate change is likely to increase the number and severity of future droughts. The cumulative impact of climate change impacts will result in drier conditions, and will alter the timing and efficiency of the Bay Area water supply.  An increase in temperature and a reduction in snow pack are the two most direct effects of climate change that will result in a drier state with fewer natural water resources than historically have been available.
In the Bay Area temperatures are projected to increase between 3 degrees (low emission scenario) and 6 degrees Fahrenheit (high emission scenario).[footnoteRef:42]  In the eastern regions of the state the increase is 4 to 9 degrees.
The reduction in snowpack does not have direct impacts in the Bay Area as the region does not accumulate meaningful levels of snow.  The Bay Area is adversely impacted by the severe reduction in snow pack in the Sierras, the source of two-thirds of the regions water.  By the end of the century the spring snow pack in the Sierra could be reduced by as much as 70 to 90percent the historic average.[footnoteRef:43] [42:  Cayan, D., et al.  (2009)]  [43:  Scripps Institute of Oceanography (2012) ] 

[bookmark: _Toc425507220]Drought Hazard in the Bay Area
Water Supply 
Drought can impact the entire Bay Area, not just one particular county or a few cities. In addition, shortages in precipitation in the Sierra Nevada can have a more pronounced impact on water supply in the region than a drought in the Bay Area itself because of the reliance of the region on water from the Tuolumne, Mokelumne, Sacramento, and San Joaquin watersheds. Thus, drought is not a hazard that can be depicted by a Bay Area map; rather a map of Northern California is necessary to understand the impact of drought on Bay Area water supply. 
Figure 20 illustrates where the largest water districts in the region collect water.  Only a third of the water used in the Bay Area is from local rainfall collection and groundwater pumping; the remainder comes from runoff in the Sierra Nevada Mountains.  Figure 21 highlights the severity of the current drought in watersheds Bay Area districts are dependent on for their water.  In 2015, portions of the Bay Area were downgraded slightly because of average rainfall in micro climates of the region.  Other portions of the Bay Area, and most of the area the region relies on for its imported water, remain in exceptional drought, the highest drought designation.[footnoteRef:44] [44:  National Drought Mitigation Center, (2015)] 

Increased Fire Hazard 
Fire hazard increases where drought conditions are high.  There are multiple drought related factors that contribute to increased fire hazard: longer fire season, drier vegetation, and hot days.  Additionally, drought reduces the water supplies available to fight wildfires, leading to larger and more extended fires.  When in a drought, the fire risk is greater, and the impacts remain the same, as those described in Section 3.4 on fire risk. 

[bookmark: _Ref423560519][bookmark: _Toc424648936]Figure 20:  Water Source Portfolio and Annual Normal Supply
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[bookmark: _Ref423560554][bookmark: _Toc424648937]Figure 21:  California Drought in Watersheds the Bay Area Relies On
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Subsidence 
The most commonly measured impact of land subsidence is vertical land displacement.  Subsidence can lower the ground surface, making low-lying areas more vulnerable to flooding and inundation.  Subsidence can also change the elevation and slope of waterways such as streams and canals; cause damage to infrastructure such as bridges, roads, railroads, sanitary sewers, and levees; and, damage buildings.[footnoteRef:45]  Subsidence becomes an especially tricky problem in areas along the coastline or bay shoreline as it will increase the risk of flooding. [45:  Leake, S.A., (2013) ] 

Some Bay Area jurisdictions rely on ground water resources for their typical year water supply (see Figure 20).  Subsidence can occur when more groundwater is removed than is naturally replenished.  Subsidence can cause damage to building foundations and can impact infrastructure, and can cause land to become more vulnerable to flooding as its elevation lowers.  When there are average rain events and average water usage, the region for the most part has become responsible in how it pumps groundwater, averting subsidence.  This wasn’t always the case – for the majority of the 20th century, the Santa Clara Valley relied on a large aquifer for its water needs, causing the entire valley to subside as much as eight feet between 1934 and 1967.[footnoteRef:46]  Since then, regulation requiring a switch to imported water has greatly reduced the rate of subsidence.  Water management plans have done well to prevent subsidence in average rainfall times.  When droughts occur, however, many jurisdictions change their water source profile, often drawing greater amounts of water from the ground.  This can result in subsidence which occurs when discharge mechanisms outpace recharge mechanisms.  The current drought is an example of jurisdictions across the state drawing water out of the ground at unsustainable rates, in some places dropping the water table 15 to 20 feet just between 2011 and 2014.[footnoteRef:47] [46:  USGS (1999) ]  [47:  Department of Water Resources, (2015).] 

Subsidence can cause changes to the aquifer.  Land subsidence does not impact the useable aquifer storage space; however, it does impact the ease and rate at which groundwater can be drawn from the ground.  To obtain the same amount of water from the aquifer where the land has subsided requires either more time or greater pumping force.[footnoteRef:48] [48:  USGS (1999) ] 

High heat conditions – Location & Severity
See Section 3.6 on extreme heat conditions.
0. [bookmark: _Toc421004846][bookmark: _Ref423560884][bookmark: _Toc425507221]Extreme Heat
The Bay Area, especially away from the coast and bay, can experience extreme heat days, where the Heat Index, a function of heat and relative humidity, is high.  Extreme heat days pose a public health threat, causing symptoms such as exhaustion, heat cramps, and sunstroke if the Heat Index is over 90F.  The National Weather Service has developed a Heat Index Program Alert which gets triggered when high temperatures are expected to exceed 105 to 110 for at least two consecutive days.  Heat emergencies occur when residents are subject to heat exhaustion and heatstroke, and are more likely to occur in areas not adapted to heat and without air conditioning, cooling centers, or vegetation to mediate heat impacts in exposed areas.  Certain populations are typically the most at risk during extreme heat emergencies, including people with disabilities, chronic diseases, the elderly, and children.[footnoteRef:49] [49:  State of California Multi-Hazard Mitigation Plan, California Governor’s Office of Emergency Services] 

Extreme heat emergencies typically build over time with cumulative effects.  Because of this, and the fact that they do not cause substantial physical damage to the built environment, they do not elicit the same immediate response that other hazards do.  However, they claim many lives in comparison to other disasters.  The California Climate Adaptation Strategy, citing a California Energy Commission Study, states that heat waves have claimed more lives in California than all other disaster events combined.[footnoteRef:50]   [50:  Messner, S. et al. (2009)] 

[bookmark: _Toc425507222]Historic Extreme Heat
No heat emergencies in California have been declared a disaster at the state or federal level between 1960 and 2008.[footnoteRef:51]   The Spatial Hazard Events and Loss Data for the United States estimates approximately 47 heat events in California during this time. In 2006 a notable heat wave spread throughout most of the United States and Canada, causing 140 fatalities in California.[footnoteRef:52] [51:  State of California Multi-Hazard Mitigation Plan, California Governor’s Office of Emergency Services ]  [52:  Ibid] 

[bookmark: _Toc425507223]Probability of Future Extreme Heat
Climate change is expected to generate an increase in ambient average air temperature, particularly in the summer.  The outer Bay Area will likely experience greater temperature increases than coastal or bayside jurisdictions, though likely not as great as in the eastern-most inland communities. The frequency, intensity, and duration of extreme heat events and heat waves are also expected as regional climate impacts.[footnoteRef:53] [53:  Drechsler D. M., et al, (2006)] 

According to California Climate Change Center, by mid-century, extreme heat in urban centers could cause two to three times more heat-related deaths than occur today.[footnoteRef:54]  Statewide, temperatures could increase anywhere from 3 to 10.5 depending on CO2 emission levels, leading to more frequent, hotter days throughout the year. [54:  California Climate Change Center (2006)] 

[bookmark: _Toc425507224]Extreme Heat Hazard in the Bay Area
The Bay Area has historically experienced 4 extreme heat days a year.[footnoteRef:55]  Depending on low and high emission scenarios, and the location within the region, in the future a city may experience an average of anywhere from 20 to 80 extreme heat days in a year.  Cal-Adapt, California’s database of climate data and visualization tools provides five different ways to define the extreme heat hazard: (1) number of extreme heat days by year, (2) number of warm nights by year, (3) number of heat waves by year (heat wave is defined as 5 consecutive extreme heat days), (4) timing of extreme heat days by year (i.e. which months do extreme heat hazards occur), (5) the maximum duration of heat wave by year.  These metrics are projecting both the intensity and the temporal nature of extreme heat. [55:  Cayan, D., et al.  (2009)] 

Intensity
The intensity of extreme heat is defined differently for each location in the region.  In San Francisco County an extreme heat day is defined as a day above 78, while for inland portions of Solano County extreme heat is defined as a day above 100.  The threshold is the 98th percentile historic maximum temperature.  The threshold is set locally to recognize services and buildings in cooler climates may not be designed to handle moderate heat, while those areas where high heat has always been an occurrence, already have measures to address their historic temperatures.  
In addition to the number of extreme heat days expected to rise in the Bay Area, the temperature is expected to increase well above thresholds over the next century.  In San Francisco County by the end of the century there could be multiple days a year where temperatures reach 95, while in Solano County there may be multiple days above 115 each year.
Temporal
Extreme heat is made worse when it is experienced over a longer stretch of time.  The number of heat waves (five or more consecutive days of extreme heat) will increase as will the length of heat waves.[footnoteRef:56]  By the end of the century most of the region will average six heat waves a year, with the average longest heat wave lasting ten days. In addition to the more frequent occurrence and duration of heat waves, they are expected to occur in months the region historically hasn’t experienced extreme heat.  Historically, extreme heat occurs between July and August, but in the future extreme heat will be an issue the region faces in both the Spring and Fall.[footnoteRef:57] [56:  Cayan, D., et al.  (2009)]  [57:  California Climate Change Center (2006)] 

[bookmark: _Toc421004849][bookmark: _Toc425507225]Additional Hazards
The hazards outlined in this chapter represent those that pose the greatest impacts to the Bay Area region as a whole.  However, there are other hazards that may cause localized impacts or may pose less of a threat to the region due to lesser impacts or have lower likelihoods of occurring.  They may be discussed in more detail in Local Hazard Mitigation Plans, as appropriate.  These are discussed briefly below.  These hazards, and many more, are characterized in the 2013 California State Hazard Mitigation Plan.[footnoteRef:58]  [58:  http://hazardmitigation.calema.ca.gov/plan/state_multi-hazard_mitigation_plan_shmp] 

[bookmark: _Toc421004850][bookmark: _Toc425507226]Dam Failure
The dams built in the Bay Area over the last 150 years were built without seismic or government regulation.  Dams can be damaged by large storms and the associated runoff, an earthquake, slope failures, or a terrorism event.  While dam failure is rare, their failure can be catastrophic, destroying downstream structures and killing people, while reducing water supply to the Bay Area until the dam is rebuilt.  
In the 1970s, the state mandated the development of maps showing potential inundation areas due to dam failure.  However, the methodology of these maps was limited and they have not been updated since, so they are generally no longer used.  Additionally, when a dam is known to have a failure potential, the water level is reduced to allow for partial collapse without loss of water, as required by the State Division of Safety of Dams.  Dam owners are required to routinely inspect their facilities and reevaluate their safety in light of current engineering and seismology, and many Bay Area dams have been retrofitted because of this.
There has never been a dam failure in the Bay Area.  However, the potential property losses from catastrophic failure are enormous, considering the amount of development within potential inundation zones.  Additionally, a dam is most likely to fail as a result of an earthquake, which would lead to its own catastrophic property damage.
[bookmark: _Toc425507227]Levee Failure
The Sacramento-San Joaquin River Delta and Suisun Marsh are vitally important to the Bay Area economy and environment and contain many levees. The region contains highly fertile agricultural land and provides a unique habitat to many estuarine animals. The Delta region contains critical infrastructure including pipelines, highways, and power and communication lines. The Delta is the hub of the California water system, providing water to 25 million people in the State and 3 million acres of farmland.[footnoteRef:59]  The probability of levee failure is increasing over time due to sea level rise, increased flooding potential due to early winter snow melts, and the likelihood of an earthquake.  [59:  ABAG, (2010)

] 

An earthquake is the single biggest risk the Delta Region faces. If an earthquake occurs, levees may fail and as many as 20 or more islands could be flooded instantaneously. This would result in an economic impact of $15 billion or more.  Some researchers have estimated the likelihood of a multiple levee failure disaster at about two percent per year.  Little is known about the local faults in the Delta. These have only exhibited a low-level pattern of scattered small earthquakes since 1966, but are still believed to be capable of moderate to strong earthquakes (M>6.0).  While local Delta faults contribute most significantly to the hazard at longer return periods, and will produce stronger shaking due to their proximity to the levees, the major Bay Area faults pose a greater risk to the Delta levees. While they are farther away and will produce smaller ground motions at Delta sites, earthquakes occur much more frequently on these faults. The Hayward fault, in particular, is the greatest concern for the Bay Area.  It is capable of producing large earthquakes that will be devastating to the Bay Area and is close enough to the Delta to damage levees.  Other Bay Area faults, such as the Concord and Green Valley, are also likely to produce earthquakes that will damage Delta levees.  Additionally, the soils in the western delta are extremely weak and liquefaction will trigger at even low levels of shaking.
Much of the land in the Delta Region is below sea level and is protected by approximately 1,115 miles of levees in the Delta and 230 miles of levees in the Suisun Marsh. The majority of these levees were constructed at heights of three to five feet high and were maintained by local landowners in the last 130 years to protect farm land from flooding inundation. As a result of land subsidence, sea level rise and increased demand for land in the delta, these levees have been raised and increased in length over the years. Today, most of these levees retain water 365 days a year, and carry additional loads during flood events.
While levees of Delta islands fail frequently, these occurrences typically are not on islands within the nine-county San Francisco Bay Area.  If one were to fail, lives and property could be lost with major impacts to the Bay Area’s drinking water supplies and other Delta infrastructure.  Levees are extremely slow to be repaired and economic and social consequences would be protracted.
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[bookmark: _Toc425507229]BAY AREA ASSETS AT RISK
After a disaster, community vitality is dependent upon people, buildings, and utility and transportation infrastructure.  Each of these assets contributes unique benefits to the community, and each has specific vulnerabilities to disasters.  This chapter describes the role of these assets and how they are each uniquely vulnerable.   Without an understanding of the asset’s role, there is no basis to understand what damage means for the community. 
People (4.1) experience hazards through damage to buildings and interruption of infrastructure services.  While some people will be directly injured or killed by hazards, this is a small portion of the impacts on people.  The vast majority of impacts will be felt through a person’s ability to manage the secondary impacts from the hazard.
Social vulnerability describes characteristics that make people less able to adequately withstand and adapt to a hazard, such as limited mobility, income, and educational attainment.  Social vulnerabilities are largely independent of the hazard type and can be applied similarly to any type of disaster.  
Buildings (4.2) & Utility and Transportation Infrastructure (4.3) support community vitality.  Impacts to the built environment can have significant consequences to the people who live and work in the buildings and depend on the functions the buildings and infrastructure provide.  The built environment is impacted by disasters primarily in two ways:  
Physical vulnerability describes how an asset can be physically damaged by a disaster.  Because buildings and infrastructure are uniquely vulnerable to different hazards, they are described hazard by hazard.
Functional vulnerability describes ways in which hazards can impact the ability of the asset to function as needed, either directly or indirectly, such as by limiting a sewer treatment plant’s ability to operate if power is unavailable. 








[bookmark: _Ref424648799][bookmark: _Toc425507230]People
The character of Bay Area residents is responsible for the strong community vitality, distinctive culture, and its unique economy.  The Bay Area is especially diverse, showcasing many different lifestyles, cultures, and languages that provide a wide variety of cultural experiences.  Longtime residents of the region have special knowledge, social networks, and cultural memories that make them strong stewards for neighborhoods, parks, and trails.  If a disaster forces Bay Area residents from their homes, social networks will be broken, and the diverse culture of the region will change.  
The Bay Area’s economy relies on service, labor, creative, and professional workers.  The Bay Area economy is unique in that it is home to one of the fastest growing and most innovative economic sectors in the world.  If a disaster impedes the ability of employees of any sector to stay in the region or get to work, the impact will cascade beyond individual businesses and be felt not just across the region, but globally.  Employees from all sectors are needed to support one of the strongest and most specialized economies in the world.
People are a critical asset for the functioning of a community and the economy; without residents a jurisdiction loses its tax base and employers lose employees and customers.  More importantly, jurisdictions lose the culture, vibrancy, and sense of cohesiveness that make it unique.  Jurisdictions in the Bay Area should understand that people are the nexus of a resilient community, and many other assets are designed to serve and support people.  
[bookmark: _Toc425507231]Social Vulnerability
Unlike other asset classes like buildings and infrastructure, the vulnerability of people is not just due to physical characteristics but rather social characteristics that make them less able to adequately withstand and adapt to a hazard.  People are also highly dependent upon the physical environment that they are surrounded by; community members are much more vulnerable if the buildings and infrastructure that they live in, work in, and rely upon fail.  
In 2015, ABAG and BCDC published Stronger Housing, Safer Communities, a report that identified ten primary indicators that represent characteristics of individuals and households that affect their ability to prepare for, respond to, and recover from a disaster.[footnoteRef:60]  These indicators collectively present a picture of a community’s vulnerability to stressors.  Concentration of these indicators, or areas with multiple indicators, can inhibit the recovery of a community.  Using Census data, ABAG and BCDC mapped community vulnerability in the region (see Figure 22).  The data used to create this map is available on the ABAG Open Data page.[footnoteRef:61]  Key themes that emerged included age-related vulnerabilities, language and ethnicity vulnerabilities, cost-burdened residents, housing tenure issues, and access to resources. Indicators were measured and scored using the method developed by the Metropolitan Transportation Commission (MTC) to identify Communities of Concern (CoC). This is meant to identify block groups with higher than average concentrations of the particular indicator and therefore may have higher concentrations of vulnerability.  The following table includes the ten indicators that contribute to the vulnerability of people and households. [60:  ABAG and BCDC, 2015]  [61:  http://resilience.abag.ca.gov/open-data/] 

Table 5:  Community Vulnerability Characteristics
	Indicator
	Measure

	Housing cost burden
	% household monthly housing >50% of gross monthly income

	Transportation cost burden
	% household monthly transportation costs >5% of gross monthly income

	Home ownership
	% not owner occupied housing

	Household income
	% households with income less than 50% AMI

	Education
	% persons without a high school diploma >18 years

	Racial/Cultural Composition
	% non-white

	Transit dependence
	% households without a vehicle

	Non-English speakers
	% households where no one ≥ 15 speaks English well

	Age – Young children
	% young children under 5 years

	Age – Elderly
	% elderly, over 75 years



The following sections describe the most common characteristics that make people more vulnerable to the consequences of a major disaster.
[bookmark: _Ref425500483]Figure 22:  Community Vulnerability in High Hazard Areas
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Income
Residents who are resource constrained are more vulnerable to the impacts of a disaster. Resource-constrained residents include households that are low- and very low-income, households of all income levels that spend large percentages of their income on housing and transportation, and transit-dependent households that do not own a car. Resource-limited households are less able to prepare for natural disasters, and if displaced from damaged homes, will likely struggle to find housing that is affordable and near to the jobs, schools, medical facilities, and other services on which they rely.
Access to Housing
Unaffordable housing also contributes to the vulnerability of residents and will become significantly exacerbated after a disaster. Much of the region is cost-burdened with regard to housing already, spending 30 percent or more of their income on housing. After a disaster, if many housing units are lost, a constrained market may drive up the cost of housing even further. Loss or damage of housing that results in increased costs to either renters or home-owners will likely increase the number of permanently displaced Bay Area residents as finding housing that is affordable and near jobs, schools, medical facilities, and other services on which they rely will be challenging.
Many Bay Area residents that live in areas at risk from natural disasters are low-income renters or those who live in multi-family housing. It is generally more difficult for residents in multi-family housing (either renters or owners) to retrofit their housing and many do not have insurance to protect themselves and their belongings in case of a disaster. In many communities, renters are also more likely to be resource-limited (low income, cost burdened, or lacking savings) and will need assistance both during a disaster (e.g., with shelter-in-place facilities), as well as post-disaster with finding interim, affordable housing to avoid the permanent displacement of low income or cost-burdened renters from communities due to damaged housing.
Access to Information
Access to timely, correct, and meaningful information about hazard risks and how to access resources, both before and after a natural disaster, can be challenging in all communities and can be a particular challenge in communities that are ethnically and culturally diverse, and where there is a large number of households in which English is not the primary language spoken. Additionally, in the Bay Area many of these same community members are resource-constrained renters who are often living in overcrowded housing. 
Up-to-date and easily accessible information about the number of elderly, very young, and mobility challenged living in a community can be challenging to find, particularly during a disaster when it is most needed. It can be difficult to evacuate these community members, especially if they need specialized equipment or supervision, and shelter-in-place facilities need to be prepared to both house them safely and maintain communication with concerned family members.
Access to Social Networks
Additionally, residents who do not have a strong community network are more likely to leave the area after a disaster or struggle to recover.  After Hurricane Katrina and many other past disasters, community cohesion was critical to disaster recovery.  It allows residents to meet their needs through their community rather than solely relying on themselves or government assistance.  Communities are more likely to be able to advocate for themselves and spread knowledge about mitigation, preparedness, and recovery actions than individuals.  Therefore, neighborhoods with a strong sense of community, with active churches, social groups, or long-term residents, may be less vulnerable to disasters despite exhibiting some or many of the indicators above, while young, more transient residents may in fact be more vulnerable despite higher education and income levels.[footnoteRef:62] [62:  Aldrich, D.P. (2012)] 

[bookmark: _Toc425507232]Buildings
One of the most commonly reported disaster metrics is the number of damaged and destroyed buildings.  The overall extent of damage is telling, but not every damaged building will have an equal impact on a community.  Certain building uses, and the extent of damage to individual buildings, can have a great influence on the ability of a community to recover from a disaster.  Understanding the function of the building stock and the potential for damage is central to understanding the impact that disasters have on people’s lives and on the ability to recover.[footnoteRef:63]  [63:  Comerio, M. C., (1998)] 

Housing, employment centers, and critical facilities are featured because of their important role in the fabric of a community and because they can significantly affect recovery.  Each building use has unique functional vulnerabilities as the community relies on each building sector for different critical needs.  However, the physical vulnerabilities of the buildings are the same across different building uses and instead vary by building construction type and by hazard.  Different construction types may respond differently to a disaster, and buildings may also respond differently to different disasters.  When assessing potential disaster impacts it is important to consider both the physical vulnerability of the building that could lead to damage in a hazard event, and the functional vulnerability of the building, including what services it provides and who it serves, that would be interrupted or displaced.
Beyond essential services, many communities’ buildings also contribute greatly to the character and history of the community.  Historic buildings contribute to a sense of community and may also contribute to the local economy.  Historic buildings are typically more vulnerable to disasters because they were built to previous building codes (or no building codes at all), but their importance in a community can be great.  If these buildings are lost, the entire character of a community can change.  Therefore historic buildings should be given extra consideration, particularly if a community’s goals include the preservation of local and historic character.
[bookmark: _Toc425507233]Building Function Types
Housing
Retaining housing is crucial to expediting and ensuring an effective disaster recovery. Limiting catastrophic housing damage and keeping residents in their homes not only helps people who may lack the resources to effectively recover from a disaster, but also keeps communities intact.[footnoteRef:64]  If residents are able to stay in their community, they can continue to assist recovery and rebuilding efforts, and support local businesses.  Many community members, especially those who exhibit vulnerability characteristics described in Section 4.1, are highly dependent upon the housing they live in as a critical factor in their resilience to a major disaster.   [64:  ABAG (2015)] 

Multiple studies have shown that population loss after a disaster significantly slows recovery time.[footnoteRef:65],[footnoteRef:66],[footnoteRef:67] In the Bay Area, much of the older, more affordable housing stock is at risk to damage in a disaster. Many homeowners may not have the resources to stay and rebuild if their homes are significantly damaged, and renters displaced by damaged housing will be forced to find other rental housing where it is available.  Past disasters have also demonstrated that low-income or rental housing often gets demolished and rebuilt as market rate housing, permanently changing community and regional demographics.[footnoteRef:68] Thus, keeping housing intact is fundamental to community stability. In the aftermath of natural disasters, the recovery of the region’s economy is interdependent with the recovery of the region’s housing. If residents can stay in their homes, they will be better able to participate in the rebuilding of their neighborhoods and cities, go to work and support local business, and improve the recovery trajectory of the entire region. [65:   Comerio, M. C., (1998) ]  [66:  Mileti, D. S., (1999).]  [67:  Aldrich, D.P. (2012)]  [68:  Comerio, M. C., (1994)] 

Beyond providing shelter, homes are also a financial asset for homeowners.  For most owners, their home is their largest financial asset, and is something they leverage to finance other spending (cars, tuition, etc.). For many, especially in the Bay Area housing market, a home represents the single largest investment an owner will ever make.[footnoteRef:69]  The damage or loss of housing is a real threat to the investment that many homeowners have made, and many homeowners choose not to purchase earthquake insurance, since it tends to have high premiums and deductibles.  However, even if a home is demolished, the homeowner is responsible for the remainder of the home loan.  Following a major disaster, owners with severely damaged or destroyed homes may have to default on their loan and walk away from their property at a significant loss if they’re unable to accumulate enough financial support to repair or rebuild.  [69: Comerio, M. C., (1998).] 

While it is widely assumed that new housing is built to a standard that provides adequate protection for residents, current code is designed to protect from loss of life, not necessarily reducing damage to the building.  Newly constructed homes may still experience significant damage, displacing and creating financial hardship for residents.  This is especially true for homes in liquefaction and flooding areas.  New housing and future growth should be given sufficient consideration for both current and future hazards.
Employment centers
In a major natural disaster in the Bay Area, many businesses will close due to building damage, inventory loss, utility outages, supply chain disruptions, inability of employees get to work, or a loss of customer base.  For businesses further removed from the hardest hit areas, disruption may last only a few days or weeks.  For harder hit businesses, disruptions could be much longer, forcing them to close permanently or move elsewhere, either nearby or in an entirely different region.
Other factors likely to impact economic recovery include the dependency of businesses on our regional infrastructure systems—water, sewer, power, and access to broadband and communication—which are key to business operation and continuity. Ongoing infrastructure disruptions or unreliability will challenge businesses. Public transit, roads and highways are essential for the workforce to travel to work, particularly when more than half of Bay Area residents reside in a different county than where they work. The recovery of the education sector is also key— K-12 schools not only provide education to children, but provide the daycare that allows parents to return to work. Long schools closures due to structural damage or prolonged shelter use will delay return of employees to work.
The Bay Area functions as a single economic unit, meaning that among the counties in the region there is a high degree of interconnectedness between where people work and live. Jobs as well as housing are distributed widely throughout region, and only 53 percent of residents work in the county in which they live. All of the counties and sub-regions are highly dependent on one another for their economic functioning and on the region’s transportation network.  In addition, the Bay Area contains clusters of highly specialized and interdependent businesses, such as the tech sector in Silicon Valley.  As these businesses are closely located, a disaster could have significant impact on an entire sector, affecting not just the Bay Area but state, national, and global economies.
The impact of natural disasters is disproportionately felt by different business sectors and by different business sizes.  The construction sector often experiences a boost in activity to repair and replace damaged buildings and infrastructure, while most other sectors experience significant downturns.  For example, the Port of Kobe, Japan ranked sixth in port traffic globally prior to a major earthquake in 1995.  The port dropped to 24th during recovery, and even after repairs were finished, never surpassed 17th.[footnoteRef:70]  [70:  Chang (2000)] 

Other potential barriers to economic recovery include the disruption of vendors and supply chains to and from the region and the repercussions for national and international markets. Business disruption has upstream and downstream impacts on supply chains that can exacerbate impacts on the economy. For example, disruption of a manufacturing business may limit global supply of a particular product, impacting the economy far beyond the original area. While the Bay Area’s share of the manufacturing industry is not particularly concentrated, what is manufactured here is highly specialized and focused on sophisticated equipment design and development.[footnoteRef:71] Disruption of this specialized design and manufacturing could have global economic impacts or affect long-term growth in the region.   [71:  California Seismic Safety Commission (2012)] 

On the other side of the supply chain, inability to get goods into the damaged area can cause a shortage of goods for daily needs as well as materials and labor for rebuilding. Many businesses today operate with a “just-in-time” model for goods deliveries, stocking only enough to last until the next delivery. The transportation and shipping industries are critical in a “just-in-time” era – businesses need fast availability of goods in constrained environments. After a disaster, small or no stockpiles coupled with an inability to deliver new goods can have major implications on response and recovery. For example, many hospitals store limited quantities of medical supplies and rely on frequent regular deliveries of supplies.
Just as different sectors are impacted differently, businesses of varying sizes can recover very differently.  A large portion of the Bay Area’s economic activity is based on small businesses. Small businesses are valuable contributors to the economic and cultural vitality of the region, but an estimated 25 percent of small businesses do not re-open following severe disruptions from a major disaster.[footnoteRef:72] Many of these businesses provide the day-to-day necessities for residents such as groceries, shopping, doctors’ offices, pharmacies, and restaurants. Essential services are mandatory for getting residents to remain or return. Until essential goods and services are available, people will stay away. Many operate out of a single facility, which if damaged or surrounded by damage, may be unable to recover. Because they often rely more on local consumers, small businesses can be particularly devastated by prolonged recovery. Small businesses with tight profit margins are also unlikely to have any level of business continuity insurance, making even moderate disruptions difficult to endure. Impacts to local small businesses can have a significant impact on the entire region’s economy. [72:  California Seismic Safety Commission (2012)] 

Large businesses have a different effect on the Bay Area economy. Large-scale enterprises can be major employers for a single city. These businesses are essential to many local economies. During a disaster, however, large national corporations, unlike small local businesses, have the capital necessary to temporarily or even permanently move their operations out of the region. In addition, The Bay Area regulatory environment, including zoning, permitting and environmental regulations may also inhibit businesses after a disaster, making it too difficult to stay or rebuild. Such an exodus can have disastrous consequences for local employment, as well as for a city or county’s tax base. Whether small or large, local or national, businesses are a large part of what keeps the Bay Area thriving. 
Critical Facilities
Some services such as healthcare, schools, and police and fire, are crucial for the functioning of communities, especially in the immediate post disaster environment.  Other essential facilities for community functioning include public buildings that house community services such as libraries, or privately owned grocery stores, gas stations, banks, parks, places of worship, and many others.  Understanding where these facilities are, and which communities they serve, is crucial to understanding the consequence if they are damaged.
Directly following a disaster, first responders will be called into action.  Local fire and police will be supported by mutual aid from California Highway Patrol, Coast Guard, search and rescue units, and other emergency responders.  These services help limit the impact of the disaster and reduce community losses.
Public Facilities
For small jurisdictions, a single facility may house all fire or police services.  Larger jurisdictions may have multiple facilities, each with unique roles.  When there are multiple facilities for each department, it is important to know which functions are housed where.  All facilities may be reliant on a single station’s dispatch center, or one facility may house the only hazardous waste team.  Understanding the services each facility is responsible for is crucial when prioritizing mitigation strategies, or when there are decisions on where new equipment or services are housed.
Hospitals and Health Care Facilities
Hospitals and health care buildings are important for two reasons: they treat those injured during the hazard event, and they are housing or serving patients with specific medical needs.  In a severe disaster event, there may be thousands of injuries that require immediate health care.  Hospitals need to be operational to fulfill this need during the response phase of the disaster.  Additionally, hospitals and other health care facilities (general practice, pharmacies, assisted living homes, etc.) must continue to support the patients they were serving before the event.  Hospitals and assisted living homes cannot be evacuated like other buildings because of the detrimental impact it could have on patients. Pharmacies and non-acute care facilities must remain functional to provide those with existing health needs with necessary services.
In 1973, as a direct result from the 1971 Sylmar earthquake, during which a hospital collapsed, California passed the Alfred E. Alquist Hospital Seismic Safety Act, to require acute care hospitals be designed to remain standing and operational immediately after an earthquake.[footnoteRef:73]  The law was amended after the 1994 Northridge earthquake, to include the evaluation and rating of hospital compliance with the law.  All hospitals are required to be compliant with the law by 2030.  This law is specific to acute care hospital buildings, and only addresses the earthquake hazard.  Other health care facilities are not required to be designed or retrofit to a higher level. [73:  OSHPD (2005)] 

Schools
Schools are particularly important community assets, as residents highly value the safety and education of their children.  Safe schools are important for the safety of children inside. A functional school following a disaster is also important to continue providing educational services during a community’s recovery.  If they are not operational families may choose to move in order to enroll their children in school.  For families that stay, parents may be unable to return to work if schools are not in session.
The important role of a school expands beyond education.  Schools can be the center of a community’s social fabric.  They are not just a space for youth, but a place for the community as a whole.  Schools are often where community meetings, performances, and events are held.  Following disasters, some schools can serve as temporary shelter sites, while others might house social services to support disaster stricken communities.
While many of the critical facilities already listed may be located in publicly owned buildings, there are a number of other public services and operations that are critical for a jurisdiction to properly recover.  City administrative services will be crucial to meet the surging demand for approvals, permits, and financing. Many public services outside the scope of emergency response will also need to be restored and operating soon after an event.  Any social services that local governments administer will need to be restored quickly.  Lastly, many local governments operate a number of infrastructure systems (local roads, water distribution, sewer, etc.) that will need departments to quickly repair damaged components and restore service to residents.  Without a place to continue working, or without the resources or records needed to complete the tasks, a jurisdiction may be ill equipped to meet the increased workload expected in the aftermath of a disaster event.
[bookmark: _Toc425507234]Building Physical Vulnerability
Some buildings are more susceptible to damage in hazard events than others.  A well designed building neighboring a poorly designed building can experience the same flood level or the same degree of shaking but will have completely different outcomes.  Identifying which buildings in a community are most fragile, and what services are housed in the structure, is important for developing appropriate and actionable strategies.  Many building types are uniquely fragile to individual hazard types.  The specific siting and design of buildings is very important for four hazards in particular: flood, fire, earthquake, and landslide.
Many communities in the Bay Area have neighborhoods that are decades, if not a century, old.  These buildings add much to a community’s character but are also more likely to experience damage because they were built at a time when building codes were not as stringent as today.  This section details specific types of structures that can be more susceptible to damage in different hazard events, and which building uses most commonly occupy these structure types.
Current and Future Flooding
Almost all manufactured homes are destroyed beyond repair by flooding.  Wood frame buildings are likely to receive significant damage as they are unable to withstand hydrostatic pressure and wood is vulnerable to water damage.  Structures with habitable space below grade are vulnerable to sea level rise, storm events, and elevated groundwater.  Essential mechanical and electrical equipment in buildings are highly water and salt sensitive, and are often located below-grade or on the ground floor.
Most residences, employment sites, and community facilities are highly susceptible to damage from sea level and groundwater rise because of their construction methods or materials. When flooding damages these structures, the release of hazardous materials including paints, cleaners, oils, batteries, pesticides, asbestos, and medical waste can occur.
Fire
For wildland urban interface (WUI) fires, the siting of buildings relative to vegetation directly influences their susceptibility to damage.  Buildings with dense vegetation near and against the structure are at a much higher risk to damage if there is a fire.  CalFIRE recommends buildings within Wildland-Urban Interface (WUI) zones have cleared vegetation in a 30’ radius around the building, with sparse vegetation in a 100’ radius around the building.  By reducing fuel sources around the building, the fire is less likely to reach the house and fire fighters may be more able to protect the home from damage.
Buildings that have open eaves for attic ventilation or that have wood shingle roofs are especially vulnerable to fire damage.  Small embers from flames far away can easily ignite in these spaces if they’re not designed with fires in mind.  California Building Code Chapter 7A, amended in 2009, has a list of required minimum standards for homes in State Responsible Areas or in WUI zones.[footnoteRef:74]  The standards include the material and design of roofing, attic space, eves, ventilation, windows, and overhanging elements (i.e. decks, bay windows, etc.).[footnoteRef:75]   [74:  CalFire (2012)]  [75:  See http://www.fire.ca.gov/fire_prevention/downloads/ICC_2009_Ch7A_2007_rev_1Jan09_Supplement.pdf for more details.] 

Buildings in the urban environment are more prone to fires that start in the inside, or that grow from a fire in a neighboring structure.  There are many designs that have been implemented to reduce urban fires, including fire sprinklers, which can extinguish small fires and reduce the speed at which large fires spread.
One unique fire risk is the potential for fire following an earthquake.  Natural gas pipelines that connect at the street may break, or gas appliances in the house that shift or fall may also break gas lines.  Gas fires, or those caused by electric failures, may produce more ignitions than fire fighters have resources to respond with.  Some jurisdictions have required automatic gas shut off valves be placed on the street to reduce this risk, and improvements to the building code to reduce regular urban fire risk (i.e. sprinklers) have the potential to reduce the impact of a fire following earthquake. 
Earthquake Ground Shaking
In general, ground shaking impacts buildings by exerting lateral forces on a building.  Buildings are primarily structurally designed to withstand vertical force (gravity) but may not be able to withstand lateral forces as well.  This is particularly true for older buildings that were built before building codes recognized the types of forces that ground shaking exerts on buildings.  However, depending on the building construction type, the way that the building responds to lateral forces differs. In the Bay Area, there are several older building types that have been identified as particularly vulnerable to ground shaking and further studied.  The most common of these building types are described below.
[image: ]Older (usually pre-WWII) single family homes, or previously single family homes converted into multi-family duplexes or small businesses, are often not properly bolted to their foundations and lack adequate bracing on the wood framed exterior walls enclosing the crawl space (cripple wall). A cripple wall is usually indicated by the presence of a crawl space below the home and/or stairs leading to the front door.  These buildings can slide off their foundations or the cripple wall can collapse in an earthquake.  Both damage types are extremely expensive to repair after the fact, but relatively inexpensive to retrofit before an earthquake.[bookmark: _Toc424648939]Figure 23:  Cripple Wall Building

[image: ][bookmark: _Toc424648940]Figure 24:  House Over Garage Building

In older single family homes or duplexes with an attached garage and living space over the garage, the open front of the garage lacks the structural support needed to support the living area above when an earthquake shakes the structure side to side.  These homes may also have vulnerable cripple walls or lack foundation bolting in other areas of the house.




[image: ]Multi-story buildings with large openings on the first floor, typically for parking or retail space, with residential units or office space on the upper floors may be soft-story structures. Ground shaking causes soft-story structures to sway and may cause the ground story to collapse, damaging the floors above it as well.   The collapse potential is a life safety threat for building tenants if the structure has not been retrofitted. In 1978 changes were made to the building code to address these deficiencies.  Additional changes were made over the next 12 years.  Buildings that fit the above description and built before 1978 are most vulnerable, with ranging risk for structures built between 1978 and 1990.[bookmark: _Toc424648941]Figure 25:  Soft Story Building

[image: ]In order to resist strong earthquake forces, concrete structures need embedded steel reinforcing bars to add ductility, or the ability to bend without breaking.  Lateral movement from earthquake shaking can put too much strain on older concrete buildings lacking flexibility, pushing them past their breaking point and causing catastrophic damage.  Many pre-1980 concrete structures may not contain adequate reinforcement and are a collapse risk and life safety threat in earthquakes. This type of building may be used for many purposes, but multi-family residencies and offices are the most likely uses.[bookmark: _Toc424648942]Figure 26:  Non-Ductile Concrete Building

[image: ][bookmark: _Toc424648943]Figure 27:  Tilt Up Buildings

A relatively cheap and fast way to build a warehouse structure is to build concrete walls horizontally first, and then tilt them vertically.  Footings and the roof are the main structural elements that then keep the walls standing.  These buildings are called tilt-ups, and are common as warehouses, strip malls, and light industrial facilities.  Many tilt-up warehouses have also been repurposed as offices, recreational facilities, and even schools or assembly buildings.  Most tilt-up concrete buildings built prior to 1995 lack adequate connection between the roof and the walls.  In an earthquake, the connection between the roof and the walls can fail, resulting in walls falling outward, and the roof collapsing into the building.
[image: ]Masonry buildings without steel reinforcing, often termed unreinforced masonry buildings (URM), may incur substantial damage including the collapse of walls and the roof.  Lacking steel reinforcement, separation may occur between the floors and the walls in an earthquake, leading to collapse of the floors and roof.  URMs are often found in small commercial downtown areas with retail and office or residential spaces. Many have been used as light industrial facilities in part because of their fire resistance. Nearly all URM structures in California were built before 1933. In 1986 the State of California passed Senate Bill 547, requiring all jurisdictions in the highest seismic zone (all Bay Area jurisdictions except City of Oakley) to inventory URM buildings in their jurisdiction and establish a loss reduction program for URM structures.  As a result, some cities have since adopted either voluntary or mandatory URM building retrofit ordinances.[bookmark: _Toc424648944]Figure 28:  Unreinforced Masonry Building

Thus far the discussion has been focused on the main structure of the building. If the structure performs adequately in an earthquake, it can still be unusable after an earthquake because of non-structural damage.  Chimneys, cladding, and parapets can fall off the outside of a building. Windows may break and ceiling tiles and lights may fall.  Heat and cooling systems and other interior utilities may break. Broken water pipes and fire sprinklers can cause significant water damage. Fallen shelves, file cabinets, pictures, and the contents of cupboards and cabinets can create a significant mess. If these components are not properly anchored or braced, they can fall and injure people, or can be damaged, limiting the utility of the overall facility.  This is especially important for facilities like hospitals with unique equipment and systems.  All buildings rely on interior services that must be properly anchored and protected from other falling non-structural elements.
Earthquake Liquefaction
Any structure in liquefaction prone areas may be susceptible to damage if the soil beneath liquefies.  When soils liquefy, buildings can settle unevenly, damaging the structure and requiring extensive foundation work if the building is deemed salvageable, even if the building structure itself has been able to withstand ground shaking.  In many cases of severe liquefaction, buildings with damaged foundations may require demolition and rebuilding.  Single-family homes, commercial buildings under ten stories, and industrial and commercial buildings are typically built with foundations that are more vulnerable to liquefaction. However, even buildings with mat or pile foundations designed for liquefaction hazards are at risk of settlement damage. Additionally, utility connections to the building can also be damaged by liquefaction, causing the building to be unusable even if it remains intact.
Damage can be more severe if the liquefaction occurs on ground that also has a slope, as the building can also slide on the slope, which was the case in San Francisco’s Marina District in the 1989 Loma Prieta earthquake.  Even with the only slight gradient in the Marina District, portions of the liquefaction zone moved up to two feet,[footnoteRef:76] which was enough to damage buildings and break utility connections.  [76:  USGS (1992)] 

Landslide
Depending on the type of landslide, building design, support walls, and soil work can greatly impact the ability of a structure to resist landslide forces.  For deep-seated landslides, where the earth is moving deep inside the hillside, there is very little that can be done to the structure itself.  The only influence design has on the performance of the structure in those cases is if there has been extensive work to drain the water out of the soil in an effort to reduce the severity of the landslide.  For smaller landslides, and general earth forces, designed retaining walls and other slope stability measures can reduce the risk of landslide conditions impacting the building. 
Tsunami
Nearly all structures in California that are exposed to tsunamis will be damaged if the tsunami is large enough.  In areas with a greater threat of large tsunamis such as Japan, some structures have been specifically designed to withstand tsunami forces.  This level of design is not common in California; therefore if a building is exposed to a tsunami, the design of the structure is not likely to influence its performance.  Protective measures (seawalls or bay levees) can try to reduce the exposure of the tsunami, but building design in the Bay Area does not play a significant role.
Drought
Buildings are not directly damaged by drought, but their design can contribute to the hazard.  In the case of drought, buildings without low flow features and/or water intensive landscaping will require more water to function.  Buildings with water conservation designs improve the ability of a community to withstand the water supply problem presented by droughts.
Extreme Heat
Buildings are often not directly damaged by extreme heat, but their design can contribute to the hazard.  Extreme heat can be made worse if the building has poor design.  For example, blacktop surrounding the building and on the roof absorb and radiate heat, making it warmer inside and around the building.  Structures without passive cooling or without air conditioning may lose functionality on hot days.  If a home is unable to be cooled down, residents may have to be taken to cooling centers for the duration of the extreme heat event.
[bookmark: _Toc425507235]Building Functional Vulnerability
Building use can be governed by both direct damage described in the sections above, or by the interruption of necessary services.  Most buildings and the service they house are only functional if necessary infrastructure systems are also functional.  If a restaurant requires electricity to cook and store food their building may remain closed if power is out.  If water and wastewater services are unavailable in a neighborhood for a length of time, people with undamaged homes may still be forced to leave until services are restored.  Some critical facilities and well-prepared organizations have resources like storage or back-up generators to reduce these vulnerabilities to their building function.
[bookmark: _Toc425507236]Utility and Transportation Infrastructure 
Disruptions to communications, water, and transportation networks can cause emergencies to cascade into disasters.  In day-to-day lives, Bay Area communities are heavily reliant on local, regional, state, and interstate utility and transportation systems.  For homes and businesses to remain functional, their buildings must not only have minimal damage, but must also be connected to operating water, power, and sewer systems.  
Annual outages caused by winter storms are reminders of personal and business reliance on critical infrastructure.  In small emergencies, systems are disrupted for limited periods of time, or disruption is isolated to a single system, making the outage manageable for most.  In large disasters, outages can last days, weeks, and months, and occur across multiple infrastructure systems at once.  Because of our reliance on expansive linear systems, a single failure can impact the entire system.  This type of failure can ripple and impact many more people that the hazard itself.  For example, many portions of a community may not experience damage from flooding, but if flooding damages a key transportation corridor, a power substation, or sewage treatment plant, those outside of the flood zone will still be severely impacted by loss of services.
[bookmark: _Toc425507237]Utility and Transportation Infrastructure Types
Transportation (Roads, Rail, Ports)
The Bay Area is reliant on roads, rail, and ports to connect homes, businesses, people, and goods.  Roads provide routes for personal vehicles, buses, bikes, and pedestrians.  Both passenger and cargo rail move passengers and freight throughout the Bay Area.  Ports and airports are used for domestic and international passenger and cargo movement.  Each mode of transportation is required for a functional region, and is critical during and after an event, to move people away from, and resources to, a hazard.  When they are severely damaged, the inability to move people and goods will impact response to a disaster and greatly slow the recovery of the region.
At a regional level, there are multiple routes and modes that individuals can choose to get around the region.  The failure of any one component within the network will have cascading impacts across other corridors and transportation modes.  Corridors with no damage may become gridlocked when transportation is rerouted around a damaged area.  This was seen after the Bay Bridge deck failure in the 1989 Loma Prieta earthquake.  In the weeks following the earthquake, the Golden Gate Bridge experienced a record number of trips, and BART set ridership records.  While this example highlights the partially redundant nature of some of the region’s transportation corridors, some jurisdictions are reliant on a single mode or a single corridor that, if disrupted, will reduce the ability of residents and goods to move throughout the region.
Fuel
Refined fuel products are used for a number of processes, with the majority going towards powering motorized vehicles (cars, trucks, buses, trains, planes, boats).  Some vehicle fleets have a growing number of electric or natural gas powered vehicles; however the vast majority of vehicles are reliant on refined petroleum fuel.  The interruption of the fuel sector could be brief, caused by the inability to pump gas at gas stations in the days after an event while electric pumps are down, or could be a prolonged issue if the Bay Area fuel system is damaged in the event.  
Natural Gas
Natural gas is used for heating and cooking in many homes and businesses, and is also supplied in large quantities for many industrial processes.  Natural gas also fuels two-thirds of regionally generated electricity (ABAG, 2014).  An interruption of the natural gas system could directly impact the heating of homes and businesses, and shut down dependent business sectors (restaurants and industrial facilities).  As discussed in the interdependencies section, natural gas systems, as with many other utilities, are also important because they themselves can be a hazard if they are damaged.  In the case of natural gas, the major fear is that a damaged pipeline leaking gas may ignite, which can spread to nearby homes and businesses.  
Electricity
Nearly all water, wastewater and communications utilities, transportation systems, homes, and business rely on electricity to function.  Many critical facilities have backup electric generators to provide power in the case of electrical outages, as do a growing number of businesses and homes.  These backup generators are reliant on access to fuel, should the electrical outage last longer than the stored fuel supply.  Some of these fuel supplies can be located at some distance, and may not be accessible when needed. Home and businesses without backup power will remain in the dark and all electronics (refrigerators, electric heating and cooling systems, computers, etc.) will remain off.
Water
Water is critical for basic survival and sanitation.  It is also needed for agriculture, and many industrial processes.  Emergency supplies, stored by both individuals and emergency management agencies, will likely only be enough for drinking needs.  Sanitation, agricultural, and industrial uses of water will require the functioning of the water system.
Wastewater
Wastewater services are typically provided at the sub-regional and local level in the Bay Area.  Most of the wastewater treatment facilities are located along the Bay shoreline, because the majority of the systems are gravity fed, and all of them discharge to the Bay.  Depending on where the system is disrupted there could be either a complete loss of service, a partial loss of service, or a spill or discharge of untreated or partially treated wastewater.  This can become a public health issue, requiring special actions be taken to contain and then clean up the discharge.
Solid Waste
After a disaster, damage to buildings and utilities will result in a huge amount of waste material that must be sorted and recycled or disposed of.  Individual homes and businesses are likely to have additional waste removal needs, as will jurisdictions struggling to clear debris. Debris removal will be needed to make roads passable, and to allow for more rapid repairs and reconstruction in areas with damaged and destroyed properties and infrastructure.  
[bookmark: _Toc425507238]Utility and Transportation Physical Vulnerability
Natural hazards can cause direct damage to infrastructure components.  Because most infrastructure systems are organized as a system, a single failure can result in a system outage (i.e. if a single portion of pipeline breaks, the remainder of the system may be unusable).  Additionally, the failure of one system can also impact other systems all together (i.e. if an electrical outage causes water pumps to fail). Regardless of the hazard type, linear components of different asset classes often perform similarly (i.e. in an area with liquefaction or landslides roads, rail, pipelines, and cables may all be severed by the hazard).  In some cases, linear components have undergone unique improvements (i.e. waterproofing, increased flexibility at fault crossings, etc) that make them less susceptible than the average infrastructure component. Different fixed asset components, such as substations, generation facilities, treatment plants, transit stations, or pumping stations, can also have similar challenges.  For example, most have fragile mechanical or electrical equipment below grade, or have above ground structures with similar vulnerabilities as those mentioned in the buildings section.
Current and Future Flooding
Flooding can impact infrastructure in a number of ways, including getting non-waterproof elements wet, exposing corrodible elements to salt water, filling elements with water, and causing scour and erosion.  Although some below-ground, and even at-grade, infrastructure is designed to be wet, most elements cannot be submerged in water and many cannot get wet at all.  Underground infrastructure, and particularly pipelines, can float if flooded when more buoyant than water.  If floodwaters are saline, such as with inundation from the bay, infrastructure elements that are not corrosion-resistant can be damaged beyond repair. In addition, the energy of strong water flows can scour and erode, damaging and destroying infrastructure elements.  Bridge abutments in particular can be damaged if water, wind, wave, or tidal energy erodes the soil surrounding the structure.  Other infrastructural elements that become exposed as soil erodes around them may be damaged by moving floodwaters.
Sea level rise will increase the likelihood that infrastructure elements are exposed to the impacts of flooding during storm events. In addition, sea level rise will begin to cause “sunny day flooding” in particular affecting infrastructure that relies on belowground systems that are often gravity drained or have limited pumping capacity, such as stormwater and wastewater systems.  For example, most wastewater facilities in the Bay Area are built along the Bay shoreline as they discharge treated wastewater to a deep Bay location.  As sea level rises wastewater treatment plants will have shorter windows of opportunity to discharge into the Bay, and will be required to increase either flow storage or pumping capacity. Stormwater collection and conveyance facilities will lose capacity both as the Bay and groundwater levels rise, and backups at higher than current high tides will cause street, basement, and parking lot flooding.
Fire
Fire can impact any infrastructure element.  Depending on the intensity of the fire, underground components may be more protected than those on the surface or attached to poles.  For above ground facilities, vulnerability is very similar to buildings, with the added damage potential that smoke can affect sensitive electrical equipment used to operate infrastructure systems.  Fuel and natural gas infrastructure systems are especially important to consider because of their own flammability that could contribute to the fire hazard, and the ability of fire crews to extinguish the fires.
Earthquake Ground Shaking
Ground shaking is typically less damaging to linear infrastructure pipelines, cables, and at-grade roadways than other earthquake hazards such as liquefaction. It is the nodes of infrastructure systems that are often damaged by earthquake shaking.  Just as with buildings, above ground facilities (refineries, water treatment stations, pumping stations, power plants, train stations) can all be damaged by the strong accelerations experienced in earthquakes.  These facilities can also be damaged by liquefaction or fault rupture.
Earthquake Liquefaction
Earthquakes are particularly damaging to infrastructure systems, especially when surface fault rupture and liquefaction occur.  Underground pipelines, cables, and other linear elements can be broken by the ground displacement caused by liquefaction.  This is especially pronounced in the transition area between zones that liquefied and those that did not, resulting in differential movement, as well as in locations of lateral spreading where pipes and other underground elements can be pulled apart by the ground settling or sliding down a slope.  Areas where pipelines cross river channels are vulnerable because these areas are often the most prone to liquefaction, and also due to a slope along the river bed.
Pipelines that are more buoyant than the soil can also rise out of the ground as a result of liquefaction.  In past earthquakes, sewer pipelines can raise multiple feet while the soil liquefies, resulting in severe damage to the pipe, as well as to the roadway above where manholes stick up feet above the roadbed.
Infrastructure elements like roadways, rail, cables, and pipelines that are at the surface are also vulnerable to the displacement that can occur from liquefaction.  For above-ground components, breaks are easier to find, and are often an easier fix.  Above-ground lines routed along poles can be damaged if the poles fall over; however, this is rare except in severe cases of liquefaction or fault rupture.
Landslides
Landslides, whether caused by an earthquake or by rainfall, can be very damaging to infrastructure.  Regardless of the type of asset component affected, landslides can damage an entire system.  Elements that cross where the slide occurred may be difficult to restore because the hillside may remain unstable for some time (especially in the case of rainfall induced landslides).  Elements that became buried by the slide may also be difficult to restore if the slide area is unsafe to work around, but if the hillside is stable, may be quickly restored by simply removing debris from the asset if the debris has not caused damage to the asset.
Tsunami
In many ways, tsunami impacts to infrastructure are similar to those due to flood, only the impact may include greater current forces as the water inundates and then recedes rapidly.  These forces are especially strong along stream channels and in marinas with small inlets.  Historically, tsunamis have been particularly damaging to ports because they often create strong current flows in marinas, which can cause boats to be thrown about, which may then damage the marina infrastructure as well.
Drought
Drought has a direct impact on the amount of available water in the region.  It indirectly influences the portfolio of energy generation available to the state, as many reservoirs are also hydroelectric facilities that produce a share of the regions power.  With less water passing through these facilities, there is less electricity generated from these facilities.  The subsidence caused by drought can also change the elevation of the ground which may cause surface cracks on roadways that pass over areas of subsidence, but may also influence how gravity fed systems (water and sewer) operate if the subsidence is significant.
[bookmark: _Toc425507239]Utility and Transportation Infrastructure Functional Vulnerabilities
Interdependence is often the term used to describe functional vulnerabilities between systems.  Infrastructure interdependence is the interaction of one system on another and is used to describe a number of different interactions. The interaction between systems can result in cascading outages or failures, where the outage of one system results in loss of service for another (i.e. a cell tower that is not damaged cannot provide service because it lost electricity, and remains out of service until electricity is brought back online.)  The failure of one system can also result in damage to another because of collocation (i.e. a water main break causes damage to a nearby sewer line, gas line, and the roadway above.), or by an inability of systems to safely shut down in an outage (i.e. a failure caused by a hazard at one electric substation creates a surge elsewhere in the system, damaging components at a substation not exposed to the hazard).  The failure of systems can also make the restoration of other systems more difficult.  If roads are damaged by a landslide, it may be difficult for repair crews to get to the site of other damaged infrastructure, delaying the system restoration.
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M7.8 A magnitude 7.0 earthquake releases Bay Area Population Growth!

33 times more energy than a magnitude )
6.0 and 1000 times more than a _
magnitude 5.0 earthquake. The M7.8 T

1906 earthquake released 500 times

o entey o he 6 2014 St

Napa Earthquake. (Sphere volume is 3 million
representative of quake energy.)

2 million

1830 1850 1870 1890
Bay Area Earthquakes (>M6.0)?

1910 1930 1950 1970 1990 2010 >>

Over this 58 year period the 2014 M6.0

Bay Area region did not South Napa
Q oD experience a M6.0 or greater ©
earthquake while the region

added four million people. 1989 M6.9
Loma Prieta

Data Sources:
1. bayareacensus.ca.gov
2. Ellsworth (1990)





image3.jpg
Scenario Ea ribution to Seismic Haza

A number of different
earthquakes can impact the same
area. This deaggregation map
shows which scenario contributes
most to an area’s seismic hazard.
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Map Source: USGS & ABAG (2013)
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abilistic Seismic Hazard Map (PSHA)
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What is PSHA?

This map shows a 10% probability of
shaking levels over the next 50 years.
Huh? The map considers all types of
scenario earthquakes and their likelihood
and converts it into a probabilistic risk. It's
somewhat similar to a 500 year flood map.
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hquake Liquefaction Susceptibility

Liquefaction Susceptibility
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Map Source: USGS (2006)

When does Liquefaction occur?

Damaging liquefaction can only occur under

very special circumstances. Three conditions

are needed — but even if all are present, <

liquefaction does not necessarily occur, and if

it does it may not be severe enough to impact

our built environment.
Loose Soils- The ground at the site must be
“loose” — uncompacted or unconsolidated sand
and silt without much clay or stuck together.
Soggy Soils - The sand and silt must be “soggy” (water
saturated) due to a high water table. -
Ground Shaking - The site must be shaken long and hard
enough by the earthquake to trigger liquefaction.

This map shows where the first two conditions for liquefaction

are. In a single earthquake not all susceptible areas will liquefy.

Areas of susceptibility that experience long and strong shaking

in an earthquake are a high risk to liquefy.

ASSOCIATION OF E ERNMENTS

Ao ms s o ¢ % RESILIENCE PROGRAM





image8.jpg
This map shows where soils are susceptible,
and where the ground shaking may be
strong enough to trigger liquefaction in the
M?7.0 Hayward scenario. These maps are
available for all other Bay Area earthquake
shaking scenarios on the ABAG Open Data
webpage.

Liquefaction Potential
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Map Source: ABAG (2015)
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Zones of Required Investigation (Liquefaction)

Zones with historic occurrence of liquefaction
or local geological, geotechnical, and
groundwater conditions indicate a potential
for permanent ground displacements such
that mitigation per Public Resources Code
Section 2693(c) would be required.

[l Zone of required investigation (liquefaction )
[ Area not yet evaluated
Map Source: CGS (2015)
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uake (SAFRR Study)
R 4

This layer shows the projected tsunami
inundation for a scenario M9.1 Alaskan
earthquake. The study only explored the
inundation in select areas. If there is no
inundation on the coast, it is not to say that
there is zero tsunami, rather it is minimal in
comparison (due to either small wave height,
or cliff zones).

B Scenario Tsunami Innundation Zone
Map Source: USGS & CGS (2013)
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Tsunami Inundation Emergency Planning Map

B Tsunami Evacuation Zone
Map Source: State of CA (2009)

This tsunami inundation planning map for the
San Francisco Bay Region is based on
modeling a number of potential earthquake
sources and hypothetical extreme undersea,
near-shore landslide sources. This data was
produced by CalOES and is intended for local
jurisdictional, coastal planning uses only. Data
for north coastal Sonoma County is not yet
available. For more information visit
http://quake.abag.ca.gov/tsunami.

Disclaimer: The California Office of Emergency
Services, the University of Southern California
(USC), and the California Geological Survey (CGS)
make no representation or warranties regarding
the accuracy of this inundation map nor the data
from which the map was derived. Neither the State
of California nor USC shall be liable under any
circumstances for any direct, indirect, special,
incidental or consequential damages with respect
to any claim by any user or any third party on
account of or arising from the use of this map.
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B Landslide Hazard Zone
" Area not yet evaluated
Map Source: CGS (2015)
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Rainfall Induced Landslides
B Mostly Landslides

M Many Landslides

[ Few Landslides

[C] Very Few Landslides
Map Source: USGS (1997)

The many landslides and the very few landslides designations
are only represented in portions of Marin and Sonoma Counties.
The majority of the region is comprised of only three zones:
mostly landslides, few landslides, and flatlands (no landslides).

Mostly Landslides - Consists of mapped landslides and an
envelope around the previous slide area.

Few Landslides- Consists of areas with at most scattered
small landslides.
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100 and 500 Year Floodplains

Flood Hazard
7] 500 year floodplain

500 year floodplain protected by levee
W 100 year floodplain

B 100 year + wave action

2] Not in the 100 or 500 year floodplain
Area not mapped*

Map Source: FEMA (2015)

*A new map update for the City & County of San
Francisco is expected to completed by Fall 2015).
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Sea Level Rise Inundation

Sea Level Rise Inundation
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Map Source: NOAA Coastal Services Center
Sea Level Rise Inundation Data (2012)
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Fire Responsibility Areas

Fire Responsibility Areas
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Map Source: CalFIRE (2014)
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Historic Bay Area Fire Perimeters

Fire Perimeters by 20 year periods
1995 - 2013

[ 1975 - 1994
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Map Source: CalFire FRAP (2014)
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Climate Change Influence on Future Fire Risk
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Change in Future Fire Risk (2085)
W > 1.5x current risk

[ 1.2to 1.5x current risk

[[] 0.8 to 1.2x current risk

[[ 0.5 to 0.8x current risk

M <0.5x current risk

["] No data available

Map Source: UC Merced (2008)
Fire risk is projected to change due to
global warming. Changes in
vegetation, precipitation (timing and
amount), and other characteristics
project future fire risk. Historically
high moisture, dense vegetation forests (currently lower wildfire
risk) are among areas with the greatest increase in fire risk. While
fire risk in some areas of the region may double, the increase is
much worse in forests near the Oregon border.
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Fire Hazard Severity Zones

Cal Fire designates all State Responsible Areas
(SRAs) as moderate to very high hazard. Cal
Fire maps only very high hazard in Local
Responsible Areas (LRAs). Federal Responsible
Areas are not mapped by Cal Fire.

Fire Hazard Severity Zone (Responsibility Area)
B Very High (LRA)

W Very High (SRA)

I High (SRA)

~ Moderate (SRA)

Map Sources: Cal Flire (2007) & Cal Fire (2008)
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Wildland-Urban Interface (WUI)
B WUI zone

[T Not in WUI zone

Map Source: CalFIRE (2001)

This map was generated by CalFIRE
using state and federal information on
fire hazard severity and population
data. In many cases local fire
departments have developed their own
WUI zones that more accurately depict
the risk. There may be zones in this
map that mischaracterize the risk.
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Water Source Portfolio (Eleven Largest Water Districts) and Annual Normal Supply
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California Drought (May 2015) in Watersheds the Bay Area Relies On
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Community Vulnerability Score*
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Map Source: ABAG (2015)

* The Community Vulnerability Score
identifies census block groups with higher
than average concentrations of particular
indicators:

e housing cost burdened

e transportation cost burdened

= home ownership

= household income

= education attainment

= transit dependence

= race composition

= non-English speakers

= age (elderly)

= age (young children).

The map highlights areas where multiple indicators exist. The indicators are mapped at the
census block group level, which canvas the entire Bay Area. To more accurately reflect where
vulnerable residents live, portions of census block groups have been masked out, in large areas of
open space included in block groups, as well as in locations not at risk to flooding nor shaking in a

San Andreas or Hayward earthquake.
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