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Summary 

The Sacramento-San Joaquin Delta landscape is defined by its 1100 miles of levees. 
Today, its fragile levee system supports agriculture, maintains water exports from the Delta, 
and protects transportation corridors, energy infrastructure, and Delta towns.   These levees, 
however, are subject to several physical realities that make them increasingly prone to failure. 
As sea level rise, seismicity, subsidence, and changing inflows all act to increase the rate and 
consequences of failures, state planners face the challenge of preparing for and responding to 
future Delta flooding. 

This study presents an economic method for approaching the evaluation of Delta island 
levee upgrades and repairs.  A Levee Decision Analysis Model (LDAM) was applied to the 
question:  How should the state optimally prioritize levee upgrade efforts in the Delta? We 
focus here on 34 major Delta islands that make up most of the Delta’s Primary Zone and include 
all non-urban subsided islands.  Model inputs include property values for each island, the 
failure probability of each island, levee upgrade costs, and the effectiveness of upgrades at 
reducing failure probabilities.  From these and several other inputs, the future expected costs of 
three different upgrade options were calculated: 1) no upgrade, 2) upgrade to current federal 
standards (PL 84-99), and 3) upgrade beyond federal standards to accommodate one foot of sea 
level rise. An accompanying decision of whether or not to fund the repair of an island when its 
levees fail also was assessed.  Sensitivity analyses were performed on several inputs to suggest 
how results might change if, for example, particular islands were assigned a greater land value 
or lower probabilities of failure.  

Our initial analysis indicates that it is economically optimal for the state to not upgrade 
all 34 Delta islands examined, mostly due to the high cost of levee upgrades that produce little 
improvement in levee reliability.  These results are in agreement with a 1989 report from the 
California Water Resources Center by Samuel H. Logan, which assessed the cost-effectiveness 
of a Department of Water Resources upgrade plan for the Delta.  Logan found that upgrading 
all Delta levees was not economically justifiable.  When we assume increased effectiveness of 
upgrades (by decreasing post-upgrade failure probabilities), it becomes optimal to upgrade 
some islands. Others are never optimally upgraded, even under the most optimistic scenario.  

Our analysis also suggests that from an economic perspective, taking into account land 
and asset values (including infrastructure), it is not cost effective to repair between 10 and 19 of 
these islands when they fail.  For these islands, levee repairs are costly relative to the low 
economic productivity of the islands, as reflected in land and asset values. These results are 
quite robust. When property values for all islands were doubled in a sensitivity analysis, only 
six islands of those originally not repaired become cost effective to repair.   

While these initial results reliably suggest a general optimal strategy of selective levee 
upgrades and repairs in the Delta, they should not be the final take on exactly which islands to 
upgrade and/or repair.  Rather, the LDAM model presented here is a useful approach for Delta 
planners and policy-makers.  It provides a quantitative framework for answering several 
relevant questions regarding reasonable levee upgrade and repair investments from a statewide 
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perspective.  The results presented in this analysis are a springboard for discussion, and the 
LDAM model is a working framework for developing an optimal strategy. 

This initial analysis also has some important limitations.  The analysis does not account 
for the value of some islands critical for water supply or important infrastructure, legacy towns, 
or wildlife habitat. These results also are based on limited economic and geotechnical 
information from various sources, and can be revised in the future. A more thorough cost and 
valuation study for Delta islands will greatly enhance the resolution of the model. Finally, the 
model does not take into account the sources of funding for levee upgrade and repair—an 
important element in decision-making—or new technologies that may improve levee 
performance and emergency response.  These issues will presumably be addressed by the Delta 
Risk Management Strategy assessments being prepared for the California Department of Water 
Resources.  

Regardless of limitations, an important and inescapable conclusion of this analysis is 
that maintaining the current Delta landscape is unlikely to be economical from a statewide 
perspective.  Just as reclamation transformed the Delta’s tidal marshes into a network of levee-
lined channels surrounding subsided islands, sea level rise, subsidence, changing inflows and 
seismicity—along with the prohibitive costs to adapt levees—will transform portions of the 
reclaimed Delta into open water. Conditions in the Delta are too broad and varied, and funds 
too limited, for all levees to be equally maintained throughout this transition. With proactive 
and thoughtful planning, the state can minimize losses, take advantage of potential benefits, 
and mitigate for unavoidable losses.  
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Introduction 

The Sacramento-San Joaquin Delta currently is defined by its 1100 miles of levees.  The 
Delta levee network was developed during the late 19th and early 20th century to reclaim more 
than 450,000 acres of freshwater and brackish marsh, principally to support agriculture and 
waterfowl habitat.  By the mid- and late 20th century, these same levees became integral to local, 
state and federal efforts to export water from the Delta.  By restricting the volume of the tides 
moving in and out of the Delta, the narrow leveed channels, along with managed inflows, 
outflows, and exports, keep most salts from the Delta’s core.   

Four processes are acting on the Delta’s levees to fundamentally change the levee 
system.  Land subsidence, changing inflows, sea level rise, and earthquakes are acting or will 
act separately and together to shift the Delta from a system of narrow, leveed channels 
surrounding deeply subsided islands, to a system with large bodies of open water.  This 
transition will occur principally through levee failures.   

In this appendix, we first summarize the four geologic factors acting to change the Delta 
and their long-term roles in reducing the reliability of island levees.  We then evaluate the 
economic costs of maintaining the current levee configuration in the Delta and present a 
simplified decision analysis model for economically optimizing levee repair and upgrades.  The 
analysis focuses on a subset of 34 major subsided Delta islands that make up most of the Delta’s 
Primary Zone.  Our conclusions regarding upgrade and repair policies in the Delta are 
comparable to those found in earlier studies addressing similar questions for the region (Logan, 
1989).  

A spreadsheet including source data, equations and calculations for the Levee Decision 
Analysis Model presented here is provided as an accompaniment to this appendix. 

http://www.ppic.org/main/dataSet.asp?i=867
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1. Background: Levees and Levee Failures 

The current Delta has little resiliency to conditions that increase the likelihood of levee 
failures.  First, the Delta levee network is rigid and brittle, with poorly constructed levees on 
weak foundations.  Floods, earthquakes or high tides can cause local or widespread levee 
failures.  Second, the levee network has little capacity to adjust in response to long-term change 
in conditions.  It is fixed in location and, perhaps more importantly, fixed in time as legacy 
infrastructure whose design and operation is based on historical conditions, with little ability to 
accommodate future conditions.  Finally, the Delta’s levee system depends largely on the 
willingness of landowners and state and federal governments to invest in upgrading the levees 
or repairing them when they fail.  For the past 100 years, with 166 levee failures, that 
willingness to pay has kept all but three of the islands intact.  However, the roughly $90 million 
cost of the 2004 Jones Tract failure has highlighted both the high costs of levee failures and the 
challenges for funding repairs and upgrades.   

All Delta levees are made of sediment dredged from adjacent channels, excavated from 
island interiors, or imported from other areas by truck or barge.  The height of a levee 
surrounding any island is a function of the depth of subsidence and the magnitude of water 
elevation change, due either to tides or floods.  Since subsidence occurred slowly over the last 
100 years, the larger Delta levees “evolved,” usually by addition of material on the top and 
sides, rather than being constructed all at one time.  For this reason, few levees in the Delta meet 
modern engineering standards.  In addition, most Delta levees rest on weak, seismically 
unstable foundations.   

It is worth noting that Delta levees are not levees, per se.  Outside of the Delta, a typical 
levee holds back water only during floods.  A Delta levee is actually a dike, similar to those 
protecting the Dutch, with high water always against them.  However, since dikes in the Delta 
are widely referred to as “levees”, we continue that convention.   

Delta levees fail in many ways.  The levees are prone to overtopping and erosion during 
storms, principally when high winds create large waves at high tides.  Levees also fail due to 
seepage.  The elevation difference between the water surface in the channel and the floor of the 
subsided island causes water to flow both through and under the levee.  Seepage is common for 
most levees and does not normally lead to failure.  However, when water pressure gradients are 
great, seepage can erode material within and under the levee, causing sand boils on the levee 
interior, eventually leading to collapse.  Rodents, particularly beavers, can exacerbate this 
problem.  Poor foundations or levee construction materials can lead to slumping, cracking or 
sagging of levees that allows water to flow through and over the levee, leading to its failure.  
And finally, levees can fail during earthquakes as shaking causes either the foundation or 
embankments to lose cohesion, deform, or collapse.  

The levee failure mechanisms described above have one thing in common: the forces 
that cause these failures are all increasing or will worsen in the future.  This stems from both the 
natural degradation of levees with time and the progressive changes in physical forces acting on 
them.  For this reason, it is prudent to assume that, without intervention, levee failures will 
increase in the future.   
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Subsidence 

The most dramatic on-going landscape change in the Delta is the lowering of the land 
surface throughout most islands.  This land subsidence has been caused principally by 
oxidation of the Delta’s organic-rich peat soils from draining the soils for farming, although soil 
erosion and compaction also have occurred (Deverel, 2007).   Subsidence of the Delta’s islands is 
the most dramatic example of its kind perhaps anywhere in the world.  As Mount and Twiss 
(2005) have shown, the volume of space above ground but below sea level in the Delta exceeds 
3.4 billion cubic yards, with average elevations of islands commonly 15 feet or more below sea 
level, and with localized island elevations more than 25 feet below sea level.   

Subsidence increases the difference in elevation between the island interior and the 
surface of the water in adjacent channels.  The greater this difference, the higher the seepage 
rates through and under the levee.  This difference is enhanced where ditches drain soils close 
to the levee.  Continuous lowering of these ditches has decreased the stability of the levees.  On 
most islands, subsidence tends to be less pronounced near the levees.  This is due, in part, to 
lower organic contents of soils near levees (and less rapid oxidation), and because many farmers 
have moved their drainage ditches back from the levees.   

As long as farming occurs on peat soils in the Delta, subsidence will continue, with a 
concomitant increase in pressure on the levees.   Mount and Twiss (2005) used a simplified 
model to project subsidence for the next 50 years in the Delta, assuming continued current land 
use patterns (Figure B.1). They project that an additional 650 million cubic yards will be lost 
from the Delta by 2050 from soil oxidation alone.  Most of this subsidence will be in the central, 
western and northern Delta where thick, organic-rich soils occur.  For perspective, if the cost of 
a cubic yard of soil delivered to a Delta island is roughly $25 (a conservative estimate), 
compensating for this additional  “mining” of the Delta would cost approximately $325 million.  
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Projected Island Elevations due to Subsidence and Sea Level Rise
Western and Southern Delta
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Projected Island Elevations due to Subsidence and Sea Level Rise
Northern, Eastern and Central Delta 
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Figure B.1 - Relative island elevation change between 2000 and 2100 

Source: Based on Accommodation Space model in Mount and Twiss (2005).  

Notes:  Elevations are relative to mean sea level and account for both sea level rise and land subsidence 
(see text for discussion). Elevation estimates assume islands will continue to be farmed without efforts to 
reduce or reverse subsidence. 
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Changing Inflows 

Although extensive efforts have been made to homogenize the Delta in space and time, 
there is a limit to what engineering can accomplish in this regard, particularly with California’s 
Mediterranean climate.  Seasonal inflows to the Delta, particularly during winter floods, still 
show considerable variability (Knowles, 2002).  However, this variability, including high flow 
events, is now confined to a narrow network of channels, rather than being spread over a broad 
450,000 acre tidal marsh.  By confining flows, the levee network increases water surface 
elevations, increasing the hydraulic gradients within the very levees that confine the flow.  This 
is a well-known problem throughout the Central Valley (see Galloway et al., 2007) and is a 
major hurdle for future flood management, particularly at the Delta’s margins where less 
regulated rivers dominate inflows.  In addition, the design of this levee network and the levee 
standards that the state seeks to maintain (described below) are based on historical flow 
conditions.  Simply put, all levee elevation standards are tied to historic flows, yet there is broad 
(though not unanimous) scientific consensus that California’s hydrology is changing and that 
the past may not be a good predictor of the future.   

A recent synthesis by Barnett et al. (2008) of the hydrology of the western United States, 
confirms a trend noted by many authors over the past decade.  Precipitation patterns, most 
notably the mix of rain versus snow in mountainous regions, has been shifting for much of the 
past 50 years (Figure B.2).  This has translated into a shift in runoff toward the winter, with an 
earlier spring.  There has also been a related increase in the intensity of winter floods during 
this period (Stewart et al. 2005).  
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Figure B.2.  Trends in snowfall as a share of precipitation and minimum winter temperatures, 

1950-2000 

Source: Modified from Barnett et al. (2008).  

Notes:  SWE/P: unit normal deviates of the ratio of snow water equivalent (SWE) normalized to October-
March precipitation (P).  JFM Tmin:average January through March daily minimum temperature. The 
measures show a statistically significant decline in snow pack and increase in minimum temperatures 
over the period 1950-2000. 

 

Climate projections for the future of California show broad variation depending upon 
the global circulation model used and assumptions about greenhouse gas emissions. However, 
a summary by Cayan et al. (2008a) demonstrated broad concurrence of these models toward 
continuing current trends of earlier timing of runoff.  Recent studies, such as those by Maurer et 
al. (2006), suggest that this shift in timing will be accompanied by increases in inter-annual 
variation and magnitudes of peak flows.    
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As Florsheim and Dettinger (2007) recently demonstrated, the frequency of levee failures 
in the Central Valley, and in the Delta specifically, are tied directly to the frequency of large 
storms.  Although this may seem obvious, extensive investments in levee improvements over 
the last century have not fundamentally changed this direct relationship: when high flows 
occur, levees fail.   Thus, with current and future climate change models indicating increasing 
intensity and frequency of winter inflows to the Delta, levee failures will likely increase in 
frequency.   

Sea Level Rise 

The Delta is a product of long-term sea level rise over the last 12,000 years (Shlemon and 
Begg, 1975).  The elevation of the tides in the Delta, and their effects on Delta flows and levees, 
are all tied to sea level in the Pacific Ocean.  These changes occur at a variety  

of scales.  Over the long-term (decades or more), sea level change is due to changes in 
ocean mass (due to expansion or contraction of continental glaciers and ice sheets) and volume 
(due to thermal expansion or contraction of the ocean’s surface layer).  At the annual to decadal 
scale, sea level responds to long-term lunar cycles and warming or cooling due to Pacific 
climate disturbances, such as El Niño (Church and White, 2006).  

For the past century, sea level rise (Church and White, 2006) has directly affected the San 
Francisco Estuary.  A wide range of global circulation models have been used to project sea 
level rise into the future, with variable results.  The International Panel on Climate Change 
(IPCC, 2007) projected sea level rise for the coming century, based on a range of global 
greenhouse gas emission scenarios.  The relatively modest projections—8 to 17 inches by 2100 
for mid-range emissions scenarios—have been challenged extensively in the scientific literature 
for two principal reasons.  First, the IPCC models used to develop these projections tend to 
under-predict historical sea level rises and do not perform as well as simple empirical models 
that relate sea level rise to global temperature.  Second, the IPCC neglected the instability of ice 
sheets in Greenland and Antarctica (Shepherd and Wingham, 2007), possibly significantly 
underestimating a future source of sea level rise.  

At the request of the CALFED Lead Scientist, the CALFED Independent Science Board 
(ISB) reviewed this issue and made recommendations regarding use of projected sea level rise 
models.1  The ISB suggested that until better physical models are developed that can handle 
dynamic ice sheet instability, empirical models should be used to project sea level rise out to 
2100.  The most recent empirical models from Rahmstorf (2007) project a mid-range value of 
roughly 28-39 inches in sea level rise by 2100, with approximately one-third of that rise 
occurring by 2050 (Figure B.3). 

 

                                                      
1 http://calwater.ca.gov/science/pdf/isb/meeting_082807/ISB_response_to_ls_sea_level_090707.pdf 
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Figure B.3.  Historic and range of projected sea level rise, based on empirical relationship 
between climate warming and sea surface elevations 

Source:  Modified from Rahmstorf (2007)  

Notes: A1Fl and B1 are greenhouse gas emission-related warming scenarios from the IPCC. 
 

Since the hydrology, habitat and human uses of the Delta are all linked to Pacific sea 
level, a one foot rise by 2050 and a three foot rise by 2100 represent a dramatic change in Delta 
conditions.  The most direct and measurable effect of sea level rise will be on the Delta’s levee 
network and tidal circulation (Appendix C and Chapter 4 of the main report).  Recently 
published results of a California Energy Commission study (Cayan et al, 2008b) suggest that sea 
level rise will manifest itself in several ways in the Delta.  Beyond simply a rise in mean water 
surface elevations, with an associated increase in pressure on the levees, sea level rise will 
increase the frequency and duration of extreme high water events from the co-occurrence of 
high astronomical tides, El Niño-like disturbances or high inflows.  This increased duration of 
high water against the levees will significantly increase the likelihood of future failures and 
require extensive adaptive responses throughout the Delta.  
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Earthquakes 

The Delta lies within a region known worldwide for its high risk of earthquakes.  This 
issue has been and remains a concern for the Department of Water Resources because of the 
likelihood of multiple levee failures during a significant earthquake, potentially causing severe 
disruptions to water supply drawn from the Delta.  Historically, Delta levees have been 
damaged by earthquakes (Finch, 1985).  However, in the 100 years since the 1906 San Francisco 
earthquake, there has not been an earthquake of sufficiently large magnitude to test the levee 
system.  At the time of the San Francisco earthquake, the Delta levees were relatively modest in 
size with little land subsidence behind them.   

The most recently completed review of the risk of levee failure due to earthquakes is by 
Torres et al. (2000).  Their work, which was based on limited geotechnical information 
regarding levees and their foundations, showed that ground accelerations from earthquakes 
with 100-year recurrence intervals (annual probability of occurrence of 1 percent) are sufficient 
to cause multi-island flooding.  The risk of failure is highest in the western Delta where levees 
close to possible earthquake faults have weak foundations and are poorly constructed.  

A more comprehensive assessment of earthquake risks in the Delta is being completed 
as part of the Department of Water Resources Delta Risk Management Strategy (DRMS) 
program.  Although in draft form and undergoing revision, the DRMS assessments to date (Jack 
R. Benjamin and Associates, 2007) show exceptionally high probabilities of failure due to 
earthquakes, with ground accelerations with 20-year recurrence intervals (5 percent annual 
probability) causing multi-island failures.  This is consistent with US Geological Survey 
estimations of the probability of a large earthquake event in the Bay Area within the next 30 
years.2  The probability of a major earthquake in the region increases with time as stress builds 
on Bay Area fault systems.  The popular adage in the seismological community—the longer it’s 
been since the last quake, the closer we are to the next—applies well in the Delta. 

                                                      
2 see http//quake.usgs.gov/research/seismology/wg02/ 
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2. Certain Future, Uncertain Timing 

The failure of Delta levees in the future is a certainty and a fundamental fact of Delta 
life.  For more than 100 years federal and state governments and Delta landowners have 
adapted to this reality.  If the past were a reliable predictor of the future, it could be argued that 
the state could simply maintain the current Delta policy of supporting levee maintenance and 
repairs, fighting floods, and restoring islands when their levees fail.  However, conditions are 
not static in the Delta, and risks are increasing.  

To illustrate the magnitude of this problem, consider the level of risk for today’s 
conditions, irrespective of worsening future conditions.  Using data from the draft Delta Risk 
Management Strategy Phase 1 report (Jack R. Benjamin and Associates, 2007), we calculated the 
annual probability of island failure from either hydrologic events or earthquakes for 35 islands 
of the Delta that have subsided below mean sea level (based on analysis in Mount and Twiss, 
2005).  Then, using this information we calculated the probability that any given island will fail 
over a given period of time.  For example, an island with an annual probability of failure of 1 
percent has a probability of 40 percent that it will fail sometime in the next 50 years and 64 
percent that it will fail sometime in the next 100 years.  

In Figure B.4 we present the range of failure probabilities for 36 islands (including the 
two urbanized islands, Bethel Tract and Hotchkiss Tract) over the next 100 years.  Based on 
current flood and seismic risk factors summarized in Table B.1, the median Delta island has a 95 
percent probability of failure between now and 2050 and a 99 percent probability of failure by 
2100. This risk of failure over extended exposure periods is especially high for the western 
islands of the Delta where, based on the DRMS data, each island has a roughly 99 percent 
probability of at least one failure by 2050. 
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Figure B.4. Probability of flooding from either earthquakes or floods with length of exposure 
for 36 significant Delta islands 

Source: Author calculations, using data reported in Draft DRMS Phase 1 Risk Analysis (J.R. Benjamin and 
Associates, 2007). (For annual failure probabilities for individual islands see Table B.1). 
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Table B.1 - Summary of Annual Failure Probabilities for Delta Islands 

Zone  NAME  Flood  Seismic  
Flood + 
Seismic 

Flood 
PL 84‐
99 

PL 84‐99 
Flood + 
Seismic 

PL 84‐
99 + 1' 
Raise 
Flood 

PL 84‐99 
+1'  Raise 
Flood + 
Seismic 

Central  Bacon Island  0.04 0.02 0.06 0.04 0.06 0.03 0.05 
Central  Bouldin Island  0.06 0.03 0.09 0.05 0.08 0.05 0.08 
Central  Empire Tract  0.04 0.02 0.06 0.04 0.06 0.03 0.05 
Central  Mandeville Is.  0.04 0.03 0.07 0.04 0.06 0.03 0.06 
Central  McDonald   0.02 0.03 0.05 0.02 0.05 0.02 0.05 
Central  Medford Is.  0.03 0.02 0.05 0.03 0.05 0.02 0.04 
Central  Quimby Island  0.04 0.03 0.07 0.04 0.06 0.03 0.06 
Central  Rindge Tract  0.01 0.02 0.03 0.01 0.03 0.01 0.03 
Central  Venice Island  0.07 0.04 0.11 0.06 0.10 0.06 0.09 
Eastern  King Island  0.01 0.01 0.02 0.01 0.02 0.01 0.02 
Eastern  Terminous   0.04 0.01 0.05 0.04 0.05 0.03 0.04 
Eastern  Wright‐Elmwood   0.01 0.01 0.02 0.01 0.02 0.01 0.02 
Northern  Brack Tract  0.04 0.01 0.05 0.04 0.05 0.03 0.04 
Northern  Canal Ranch   0.04 0.02 0.06 0.04 0.06 0.03 0.05 
Northern  Dead Horse   0.03 0.01 0.04 0.03 0.04 0.02 0.03 
Northern  Grand Island  0.02 0.05 0.07 0.02 0.07 0.02 0.07 
Northern  Bethel Island  0.04 0.04 0.08 0.04 0.07 0.03 0.07 
Northern  Ryer Island  0.02 0.03 0.05 0.02 0.05 0.02 0.05 
Northern  Staten Island  0.04 0.03 0.07 0.04 0.06 0.03 0.06 
Northern  Tyler Island  0.04 0.05 0.09 0.04 0.08 0.03 0.08 
Southern  Coney Island  0.02 0.02 0.04 0.02 0.04 0.02 0.04 
Southern  Jones Tract  0.05 0.03 0.08 0.05 0.07 0.04 0.07 
Southern  Orwood Tract  0.03 0.01 0.04 0.03 0.04 0.02 0.04 
Southern  Palm Tract  0.05 0.03 0.08 0.05 0.07 0.04 0.07 
Southern  Roberts Island  0.03 0.03 0.06 0.03 0.06 0.02 0.05 
Southern  Union Island  0.01 0.03 0.04 0.01 0.04 0.01 0.04 
Southern  Victoria Island  0.03 0.03 0.06 0.03 0.06 0.02 0.05 
Southern  Woodward   0.01 0.03 0.04 0.01 0.04 0.01 0.04 
Western  Bradford Is.  0.04 0.05 0.09 0.04 0.08 0.03 0.08 
Western  Brannan‐Andrus  Is.  0.03 0.05 0.08 0.03 0.08 0.02 0.07 
Western  Holland Tract  0.05 0.03 0.08 0.05 0.07 0.04 0.07 
Western  Hotchkiss   0.01 0.03 0.04 0.01 0.04 0.01 0.04 
Western  Jersey Island  0.05 0.05 0.10 0.05 0.09 0.04 0.09 
Western  Sherman Is.  0.02 0.05 0.07 0.02 0.07 0.02 0.07 
Western  Twitchell Is.  0.03 0.05 0.08 0.03 0.08 0.02 0.07 
Western  Webb Tract  0.05 0.05 0.10 0.05 0.09 0.04 0.09 

 

Source:  Author calculations, using data from Draft DRMS Phase 1 Risk Analysis (J.R. Benjamin and 
Associates, 2007). 
Notes: “PL 84-99” denotes scenarios in which levees are upgraded to meet the higher federal levee 
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standard not currently met by most Delta levees.  “1’ Raise” indicates scenarios in which the island’s 
levees have also been raised an additional one foot to account for sea level rise. 
 

These estimates are based solely on current likelihoods of failure.  But as discussed 
above, the probabilities of island failures will increase in the future without major investments 
in levees.  Additionally, the effects of subsidence, flood inflows, sea level rise, and earthquakes 
on levee failure are mutually re-enforcing.   Subsidence, sea level rise, and increasing inflows 
act together to increase the relative difference in elevation between island interiors and 
surrounding water surfaces.  All three factors increase hydraulic gradients within the levees, 
increasing through-seepage and under-seepage failures.  Increasing Delta inflows and sea level 
rise together reduce the freeboard of the levees,3 increasing the frequency of levee overtopping.  
All three amplify the effects of poor levee construction and foundation conditions to increase 
the likelihood of levee failure during earthquakes.  And all four processes increase the 
frequency and consequence of island failures, while increasing the costs of repair and upgrades.   

Without substantial and sustained levee investments, levee failures will transform much 
of the Delta landscape toward extensive bodies of open water.   State and federal policy and 
funding for improving, repairing, restoring or abandoning levees will play a key role in 
determining future Delta landscapes.  

                                                      
3 Freeboard is the amount of levee height above the design flood water level  
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3. Current Levee Policy and Policy Challenges 

Of the 1100 miles of Delta levees, approximately two-thirds are owned and maintained 
by local reclamation districts on behalf of private landowners (“non-project levees”); the other 
third are within federally authorized flood control projects (Figure B.5).  Known as “project 
levees,” most of the levees in this latter category are maintained by local reclamation districts 
with oversight and inspection from the state.  Following significant floods in the Delta in 1986, 
the state was compelled by the federal government to set new standards for Delta levees to 
reduce the frequency of island flooding.  The Sacramento District of the Army Corps of 
Engineers and the California Department of Water Resources set two standards for levee crown 
height and width and levee slopes for agricultural levees (see Box B1).  The State Hazard 
Mitigation Plan (HMP) standard was viewed as an intermediate standard, with the long-term 
goal of upgrading to a higher federal standard, termed “PL 84-99.”  Levees meeting PL 84-99 
standards qualify for federal aid following damage due to flooding. 



 

 15 

Box B.1 
 

Delta Levee Standards 
 

 
 
 

Within the Delta there are two 
general types of levees. “Project levees” 
are associated with the federally-
authorized Sacramento-San Joaquin Flood 
Control Project.  These levees belong to 
the State of California and are maintained 
by local reclamation districts.  ”Non-
project levees” are privately owned and 
maintained by local reclamation districts.  
Non-project levees make up roughly two-
thirds of the levees in the Delta and are 
subject to a range of state and federally-
mandated standards.   
 Following a series of significant 
Delta floods in 1982 and 1983, the Federal 
Emergency Management Agency (FEMA) 
and the California Department of Water 
Resources (DWR) set new standards for 
non-project levees in response to FEMA’s 
concerns that they were not being 
maintained to sufficiently high standards 
to warrant federal disaster relief.  FEMA 
set an initial Short-Term Hazard 
Mitigation Plan (HMP) that specified 
minimum standards for levee geometry 

and crown height.  The HMP was not funded 
by the California legislature to any significant 
level until after numerous levees failed in the 
flood of 1986. Although no systematic survey 
has been completed to date, DWR personnel 
assume that almost all Delta levees meet or 
exceed HMP standards. 
 In 1982 DWR also published a set of 
agricultural and urban levee standards 
specific to the Delta.  These “Bulletin 192-82” 
standards are higher than the HMP standards 
and are used to guide projects carried out by 
the DWR Special Flood Control Projects unit.   
Concurrently, there was a joint state-federal 
effort to involve the US Army Corps of 
Engineers (USACE) in non-project levee 
rehabilitation, culminating in the Public Law 
(PL) 84-99 standards.  Set by the USACE 
specifically for non-project levees within the 
Delta, these standards are intermediate 
between the HMP and Bulletin 192-82 
standards. Levees that meet the PL 84-99 
standard are eligible for 75% federal/25% 
local cost-share arrangements for levee 
repairs.  It is not known how many levees 
meet or exceed either Bulletin 192-82 or PL 
84-99 standards, but DWR personnel estimate 
that more than 400 miles of central Delta non-
project levees do not meet PL 84-99 standards. 
 The standards for the project levees 
were established when they were included in 
the Sacramento-San Joaquin Flood Control 
Project in the 1940’s.  This standard is roughly 
equivalent to the current PL 84-99 standard 
for non-project levees.   
 It is important to note that none of the 
agricultural levee standards provide a level of 
flood protection considered minimally 
sufficient for cities and towns by FEMA’s 
National Flood Insurance Program.  
Additionally, none of these standards address 
the risks associated with earthquakes.  All 
lands behind these levees, regardless of their 
certification, are considered to be at high risk 
of flooding. 
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Figure B.5.  Project and non-project levees of the Delta, 2006 

Discussions with several state and private Delta engineers indicate that most non-project 
Delta levees meet HMP standards, but relatively few meet PL 84-99 standards.  All project 
levees are assumed to meet PL 84-99 standards.  Both HMP and PL 84-99 standards are tied to 
the 100-year flood water surface elevation as calculated following the 1986 floods.  The 
hydrology used to set these standards has not been updated since.  Given the number of large 
inflow events in the Delta during the past 20 years, updated calculations will undoubtedly 
produce a higher 100-year flood elevation than the figures used at present.  However, 
completing and adopting this new hydrology as a benchmark would require setting new 
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elevation standards for the Delta. This, in turn, could result in a requirement that all levees be 
raised to higher standards – a very costly undertaking.   

We made an effort to assess how much upgrades to PL 84-99 standards improve the 
performance of levees.  We contacted many state, federal and private engineers and asked their 
opinion about the improvement in level of protection, as expressed in reduced annual failure 
probability, achieved through upgrading levees from the HMP to the PL 84-99 standard.  All 
engineers noted that local differences in levee and foundation conditions lead to high variability 
in the value of improvements. Based on responses, we adopted a general rule that upgrades 
improve levee performance by an average of approximately 10 percent for failures from levee 
overtopping, through-seepage and under-seepage. These upgrades, which occur principally on 
the surface of the levee, do little to improve levee foundations and the risk of failure due to 
earthquakes.  

Allocating Resources 

Given the current fragility of the Delta levee system and the increasing levels of risk of 
failure, at least three critical policy issues will need to be addressed by the state.  These include:  

1. Distribution of Available Resources.  The voters of California, by passing Proposition 1E 
and Proposition 84 in 2006, allocated more than $3 billion in state bond funds to 
support levee improvements in the Central Valley (including the Delta). These funds 
and any future state and federal funds can be distributed in two ways: 1) equally 
everywhere to mitigate flood risk throughout the 1100 miles of Delta levees and the 
1700 miles of project levees outside of the Delta, or 2) concentrated at specific 
locations to meet broader state objectives such as water supply, ecosystem 
restoration, transportation, and recreation, or to reduce the economic impacts of 
levee failures.  In the Delta, the state’s historic approach has been to apply a modest 
level of resources broadly without prioritization, principally through the 
Subventions Program (typically $6 million per year), which helps fund levee 
maintenance.  However, as shown below, the costs of upgrading all Delta levees to 
even minimal current standards would require extraordinary increases in state 
contributions, with only nominal decreases in flood risk.   

2. Repair and Restoration of Islands Following Failure.  When island levees fail, state and 
local entities are faced with considerable repair and recovery costs.  As highlighted 
by the Jones Tract failure in June 2004 (Box B2), the economic impacts and costs of 
repair of an island will often exceed the value of the land, frequently by several-fold.  
The cost of just repairing a breach in a levee is typically between $20 million and $40 
million, with roughly equal costs from damages to island assets and losses to the 
local economy (URS, 2007a).  Additionally, the substantial investments needed to 
repair an island do little to reduce the likelihood of future levee failures since the size 
of a levee breach is often small compared to the total length of levee on an island.  
Given the high cost of these repairs, the low values of land they restore, and the fact 
that repairs do not reduce future failures, it is appropriate for the state to adopt a 
policy of not restoring all islands that fail and to prioritize repairs, particularly when 
multiple island failures occur in a single storm or earthquake event.  DWR 
announced such a policy following the flooding of Jones Tract, but it has yet to be 
tested.  
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Box B.2 
Jones Tract Failure 

 
On the morning of June 3, 2004, the 
western levee of Upper Jones Tract 
along the Middle River failed.  This 
failure brought heightened awareness to 
the fragility of levees in the Delta and to 
the costs associated with levee and 
island repairs.   
 
The Jones Tract levee breach occurred 
on a cloudless, windless day during a 
high spring tide and high, but not 
unusual, spring inflows to the Delta.  
The high tide created sufficient 
hydraulic head—the difference between 
the water surface and the subsided 
interior of the island—to cause seepage 
erosion of the levee and subsequent 
collapse.  The exact cause of failure is 
unknown, since the evidence for failure 
is washed away by scouring.  
Particularly perplexing is that the levee 
had been inspected by a certified 
engineer just one day before it 
collapsed.  Widespread speculation 
within the Delta fingered beavers and 
their den-building habits as the 
proximate cause.   
 
Jones Tract contains important 
infrastructure.  It is bisected by the 
Burlington Northern-Santa Fe railway, 
which separates Upper from Lower 
Jones Tract.  It contains the Mokelumne 
Aqueduct, the most important water 
supply line for the East Bay Municipal 
Utilities District.  Highway 4, a major 
east-west highway that links Stockton to 
the Bay Area runs along Trapper 
Slough, along the south east side of the 
island.    
 
The events of the Jones Tract failure 
illustrate well the complexity of Delta 
island flood fights.  Overlapping, 

occasionally conflicting jurisdictions 
occur between local, state and federal 
authorities, with almost certain 
confusion.  There is extraordinary 
demand for human resources during a 
flood fight—mostly to resist the erosion 
that occurs on the inside of a flooded 
island due to wind waves—that reaches 
into the state prison system for support. 
And most importantly, during the “fog 
of war” that is a flood fight, the 
unexpected inevitably occurs.  The 
following, taken from DWR documents 
and interviews, illustrate the challenges 
that occurred during the Jones Tract 
flood:  
 
Help was requested from the US Army 

Corps of Engineers immediately after 
the breach was discovered and 
evacuations were begun.  The ACOE 
refused to help fight the flood and to 
repair the breach because the levees were 
non-project and did not meet PL 84-99 
standards.  The ACOE eventually 
relented on one part of the effort, 
however, by helping to raise the levee at 
Trapper Slough in order to save 
Highway 4.  

 
The emergency raise of the Trapper Slough 

levee involved purchase of channel 
dredge material from the nearby Port of 
Stockton.  It was later revealed that the 
material was stockpiled because it was 
known to be high in toxic metals and 
needed to be properly disposed of.   
Raising the levee with contaminated 
soils created a cascade of problems with 
state water quality regulators and 
required expensive mitigation and 
monitoring.  

 
The flooding occurred initially in Upper 

Jones Tract and was confined behind the 
raised railroad bed of Burlington 
Northern-Santa Fe Railroads.  Water 
eventually flowed through the trestle of 
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the railroad and filled Lower Jones 
Tract.  DWR’s emergency request to 
plug the trestle in order to prevent 
flooding of Lower Jones Tract was 
refused by the railroad out of concern 
that it might harm their facilities. This 
refusal effectively doubled the area 
flooded.   

 
In response to the levee breach, DWR 

immediately reduced export pumping in 
order to reduce salinity impacts.  The 
Bureau of Reclamation followed suit.  
Both agencies increased releases from 
reservoirs to maintain water quality and 
modified operations until the levee 
breach was plugged.  This reduced the 
state’s flexibility for managing water 
later in the season.  Water quality 
modeling studies done afterward showed 
that leaving the breach open and the 
island flooded would have had no impact 
on water quality.     

 
It took four weeks to plug the breach of the 

levee.  Ironically, on the day it was 
plugged, President Bush, in a letter 
from FEMA Director Michael Brown, 
declared California a major federal 
disaster area. 

 
It took approximately six months to pump 

the water out of the 12,000 acres that 
constituted the island.  Original 
estimates were that 140,000 acre-feet of 
water would need to be removed.  
Ultimately, more than 160,000 acre-feet 
had to be removed.  The maps were out 
of date and had failed to account for 
continued subsidence.      

 
The Jones Tract levees are non-project 

levees, owned and maintained by local 
reclamation districts on behalf of local 
land owners, although with state 
oversight of maintenance and repairs 
conducted by the Central Valley Flood 
Protection Board (known at the time as 

the State Reclamation Board).  
Following completion of the levee 
repairs and pumpout of the island, 
several parties filed lawsuits to recover 
their costs.  The plaintiffs from this 
subsided island surrounded by sub-
standard levees include the railroad, the 
insurance company that paid for 
damages to the East Bay Metropolitan 
Utility District’s Mokelumne Aqueduct, 
and the farmers on the island.  As is 
typical with this kind of litigation, the 
defendants are many, including various 
state agencies, the reclamation district, 
and even the company that does rodent 
control on the levee, with DWR and the 
State of California as the logical “deep 
pocket”.  The lawsuits remain in 
discovery and have yet to come to trial.  

 
To date, there has not been a final 
accounting of the costs and economic 
impacts associated with the Jones Tract 
failure.  DWR estimates that the costs 
incurred by the state for the flood fight, 
levee repair and island pump out are 
approximately $30 million. General 
estimates of the costs of claims filed 
with the federal government are $60 
million, for a total of $90 million.  Total 
land value of Jones Tract is 
approximately $42 million, with island 
assets (including railroad, aqueduct) of 
approximately $500 million.  
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3. Levee Upgrades and Climate Adaptation.  California is recognized as a national leader in 
climate change mitigation policies.  However, to date, the state does not have well-
defined policies regarding climate change adaptation (Luers and Moser, 2006). This 
problem is particularly acute in flood management in California in general 
(Galloway et al., 2007), and in the Delta specifically.  Climate change will require 
developing adaptation strategies that go beyond simply making all levees in the 
Delta better together.  Inevitably, this issue will be addressed with elements of the 
two policy challenges described above:  selective investments in levee upgrades and 
repair of islands that flood. 

 

Evaluation of Levee Policy Decisions 

To address the three policy issues concerning future levee investments and repairs – 
how to distribute funds, whether state investments to repair islands are worth the cost, and how 
to adapt levee strategies in the face of climate change - we developed the Levee Decision 
Analysis Model (LDAM).  This model supports an economic comparison of three strategic 
options for levee management from a statewide perspective:  

1. No Upgrades 

2. Upgrades to PL 84-99 standards 

3. Upgrades to PL 84-99 standards plus 1 foot to mitigate for expected sea level rise by 
mid-century (denoted Upgrade PL 84-99 + 1ft SLR) 

For each island, each of these strategic policies regarding whether and how to upgrade 
comes with an accompanying decision of whether or not to repair that island when its levees 
fail.  We begin with a summary of the decision analysis process and method, and then describe 
how this analytical framework can be applied to Delta levees (a more detailed description of 
decision analysis appears in Appendix J).  We exclude heavily urbanized islands from the 
decision analysis results.  Levee upgrades for those islands will be subject to Federal Emergency 
Management Agency National Flood Insurance Program standards that are not accommodated 
well in this initial decision analysis.  

Decision Analysis: Framework and Methodology 

Many parts of the world face flooding and levee problems somewhat similar to those of 
the Sacramento-San Joaquin Delta.  Formal analysis of these problems includes assessments of 
costs, damages, and probabilities of failure.   Incorporating probability into economic cost 
calculations is not uncommon in work on optimal flood protection design.  For example, the 
U.S. Army Corps of Engineers’ recent policies include risk-based analysis of flood damage 
reduction plans (ACOE, 1996).  Van Dantzig (1956) pioneered the use of risk-based analysis for 
the design of protection for the Netherlands, and Voortman, et al. (2002) extend risk-based 
design to include a variety of levee or dike failure mechanisms.   

The Levee Decision Analysis Model presented here is another extension of these ideas.  
Decision analysis is a logical method to guide benefit-cost comparisons of available decision 
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options when there is uncertainty about their outcomes (Lund 2007).  The framework for the 
sequence of decisions necessary to optimize levee investments is presented in Figure B.6 as a 
decision tree.  In this decision tree, decision points among options (to upgrade levees, and to 
repair or abandon levees) are represented by boxes.  Chance events and their outcome 
probabilities, such as levee failures, are represented by circles.  The outcome values for each 
chain of decisions and events appear at the right side of the tree and are used to assess the 
expected costs of the decision options.  In this way, a decision analysis facilitates the logical 
structuring and comparison of alternatives under uncertainty. 

 

 

Figure B.6.  Island levee decision analysis tree for assessing whether to upgrade levees and to 
restore islands following flooding 

Notes: Pff(t) is the probability of first failure at time t, whereas Pf is the current probability of failure 
 
 

Decision analyses are calculated working backwards. Values are estimated for choices 
occurring furthest into the future for each strategy, and then the costs of those choices are 
weighted by an outcome probability and assigned to the present value of that strategy.  In other 
words, the first step in the analysis is to look at the choices remaining after an initial policy has 
been employed (for which costs are sunk) and a future uncertain event has occurred.   
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For Delta levees, there are three initial strategic options: 1) do not invest in upgrades, 2) 
invest in PL 84-99 upgrades, or 3) invest in PL 84-99 upgrades plus one foot additional levee 
crown height to mitigate for near-term sea level rise.  Regardless of which direction is taken 
now, in some (uncertain) future year there will be a decision whether to repair an island when 
the levee fails.  In this sense, this analysis is a variant of a classic decision tree in that the node of 
uncertainty does not split off into different uncertain events with varying probabilities, but 
rather into different uncertain timeframes in which one event will occur.  In other words, like 
life insurance, uncertainty revolves around when failure will occur, not if failure will occur. 

Funding or Not Funding Repair after Failure 

The first step is to look to a point in the future after an island has failed, and determine if 
the economic value of the failed island justifies the costs of repair. The costs of each choice for 
an individual island are discussed below. 

1. Cost of Repair at time of failure is a function of the materials and engineering costs 
of fixing and re-enforcing breached levees, pumping out the island, and the lost 
profits from one year of lost agricultural production on the island, plus those same 
costs occurring over and over again further into the future each time the island fails.  
This second future cost term is represented by an infinite series of future costs for 
repairing the island each (probabilistic) time it fails again.  The present value benefits 
of all future profits of the island (here, assumed equivalent to its property value) are 
subtracted from these costs.  In mathematical terms: 

Cost = CRepair + Bk  + (CRepair + Bk)(Pf/r) – (Bk/r) 

Where CRepair is the average cost of repairing a failure, Bk is one year of island profits, 
r is the inflation-corrected interest (discount) rate, and Pf is the probability of island 
failure in any given year.  The first term (CRepair) is the cost of repairing the first 
failure.  The second term, Bk, is the loss of one year’s farm profit from island failure.  
The third term, [(CRepair + Bk)(Pf/r)] is the present value cost of all future failures, and 
the fourth term [(Bk/r)] is the present value of island profits.  The derivation of the 
infinite series of future repair costs (third term) appears in Appendix J. 
 

2. The Cost of Not Repairing an Island at the time of failure, assuming that no entity 
is willing to fund repair, is the sum of the cost of rebuilding or diverting existing 
infrastructure (such as highways, towns and railroads) and the cost of fortifying 
nearby islands that would be newly vulnerable to wind and tides.  In mathematical 
terms: 

Cost of No Repair = Cost to Reinforce Downwind Islands + Cost of Lost Infrastructure 

Once the cost of no repair and the cost of repair for each island have been estimated, 
the least expensive (or most profitable) action can be identified (fund repair or not).  
The cost of this action is brought back to the present time and assigned a present 
value.  This is where probabilities and discount rates are important for the analysis.  
Because the costs of funding or not funding repair are summed over an infinite 
range of potential times to failure, formulas are derived to express these present 
values.  These formulas are derived in Appendix J. 
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Repair or No Repair after Failure with Upgrades 

We can now extend this logic to the costs of repair or no repair for levees that have 
previously been upgraded. 

1. Present Cost of Repair is the present value of all present and future repair costs, 
plus the cost of upgrades, minus the present value of all future profits.  
Mathematically: 

Cost = Upgrade Cost – (Bk/r) + (CRepair + Bk)( Pf/r) 

The first cost term will not exist in the “no upgrade” case.  In the case of an 
enhanced upgrade to mitigate for one foot of sea level rise, it will include the cost of 
that additional fortification. The only significant change in this formula from that of 
repair costs at the time of failure presented above is that there is no current cost of 
repairing the island today (because it has not yet failed), so that (CRepair + Bk) only 
appears once and is multiplied by (Pf/r).  The cost of current upgrades is 
incorporated to allow comparison of the three strategies. 

2. The Present Cost of No Repair is the cost of upgrades applied today to the island, 
plus the net present expected cost of upgrading surrounding islands and rebuilding 
infrastructure (roads, houses, railroads), minus the profit made from the island until 
the time of failure.  In mathematical terms: 

Cost = Upgrade Cost - (Bk/r) + (Cno repair + Bk/r)*[Pf * [(1+r)/(r + Pf)]] 

where: 

(Bk/r) - (Bk/r)*[Pf * [(1+r)/(r + Pf)]] is the present expected value of the profit made on 
the island until time of failure.  The profits made before failure are subtracted from the 
total cost of abandoning the island. 

(Cno repair)*[Pf * [(1+r)/(r + Pf)]] is the present expected cost of upgrading surrounding 
islands and rebuilding infrastructure (roads, houses, railroads).   

(The “present expected cost” and “present expected profits earned” expansions are 
derived in Addendum J1 of Appendix J). 

With these above formulas, probability acts to weight the relative costs of repair or no 
repair between the three strategic options.  Because upgrading an island to any standard will 
always cost more in cash today than not upgrading the island, the net expected present value of 
upgrades will only be cheaper than no upgrades if the upgrade significantly reduces the 
probability of failure for that island.  In other words, if the upgrades significantly increase 
protection, upgrades should have a lower expected cost than no upgrades.  Otherwise, the costs 
of upgrading are not justified. 

The above analysis can be used to estimate the present value of the three upgrade 
strategy options for each island.  The strategy for each levee is composed of two successive 
decisions.  The first is the level of island upgrade: 1) No upgrades, 2) PL 84-99 or 3) PL 84-99 + 
1ft SLR.  The second decision (which was actually analyzed first in this discussion) is what to do 
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when that island fails: fund or not fund repairs.  A complete strategy for an island might look 
something like this: “Upgrade to PL 84-99, Do not fund repair.” The six logically possible 
strategies for each island are summarized in Table B.2.   

TableB.2 – Levee Decision Analysis Model (LDAM) Policy Options 

 

Option 
Number 

Current Upgrade 
Policy 

Future Repair 
Decision 

1  No Upgrade  Repair 

2  No Upgrade  No Repair 

3  PL 84‐99  Repair 

4  PL 84‐99  No Repair 

5  PL 84‐99 + 1ft SLR  Repair 

6  PL 84‐99 + 1ft SLR  No Repair 
 

In some cases, it might be worthwhile to add another option to the analysis.  A “Prepare 
to Abandon” option for an island would include hardening or removing infrastructure to 
reduce flood damage or better survive flooding.  Although we did not include this option in our 
assessment, the results of our analysis suggest that such preparations could be a prudent 
approach to future levee management in parts of the Delta. 

Assigning Costs 

The results of this decision analysis depend on the values assigned to the costs and 
failure probabilities for each island.  For instance, increasing the profitability or property value 
of an island makes repair more attractive.  Likewise, a high cost of repair coupled with a low 
property value makes repair less likely. 

This initial analysis was done using values from various data sources.  With more time, 
a more thorough cost and valuation study for Delta islands would greatly enhance the 
resolution of the model.  These initial results should serve as a springboard for discussion, and 
this analysis as a working framework for developing an optimal strategy.  It is anticipated that 
the final Delta Risk Management Strategy reports will significantly improve our resolution on 
this issue.  

We calculated costs using the following sources, assumptions and methods (all source 
data can be found in Spreadsheet B1, titled “LDAM Source Data”). 

1. Property Value:  We ran the analysis using two different measures of property value. 
The first included only land values (easily-transported assets were not included), 
and the other included an asset estimate (buildings, equipment, infrastructure such 
as roads and rail lines, etc).  Land values were extracted from data assembled in 
Lund et al., 2007, and asset values were taken from the Draft Delta Risk Management 
Strategy Phase 1 Report (J.R. Benjamin and Associates, 2007). 

http://www.ppic.org/main/dataSet.asp?i=867
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2. Repair Costs:  An average cost of $25 million dollars was assumed to repair a breach 
and pump water from the island, based on interviews with engineers familiar with 
the Delta who estimated that the typical levee breach repair costs $20 to 30 million.  
To repair the breached levee perimeter, we assumed $5 per yard for on-island 
replacement fill, $15 per yard for off-island fill, 20 percent per yard engineering 
costs, and $15 per yard for replacing rip rap.  These materials costs were also 
developed from estimates provided in interviews with Delta engineers.   

3. PL 84-99 Upgrade Costs: These costs were calculated assuming $2.8 million dollars 
per mile of levee.  This figure was based on evaluation of a range of PL 84-99 
upgrade costs taken from multiple islands, including Twitchell, Sherman, Bouldin, 
and King, based on communication with levee engineers and DWR engineers.  This 
value is close to that cited by DRMS for upgrades.  Also, we noted which islands 
have already partially undergone PL 84-99 upgrades, and subtracted the appropriate 
amount from their estimated upgrade costs.  

4. PL 84-99 Upgrade + 1 ft SLR Costs:  These were calculated by taking the lengths of 
each island’s levees and applying a geometric formula for increased cut volumes 
needed to raise the island levee one foot, in keeping with PL 84-99 geometric 
standards.  Levee lengths were obtained from GIS data derived from DWR, cited in 
Mount and Twiss (2005).  Once we calculated the volume of material needed, we 
assigned the following costs:  $10 per cubic yard for fill and 1.4 cut cubic yards per 
cubic yard.  These values were obtained from interviews with Delta engineers.  We 
assigned no costs for engineers and contractors because in our analysis, we assume 
that such extra upgrades would occur at the same time as the PL 84-99 upgrade, for 
which engineering costs have already been included.  This estimate is also 
conservative and biases the model toward this enhanced upgrade because it does not 
account for the common phenomenon of subsidence following placement of fill on 
levees.  Depending upon local conditions, subsidence can significantly increase the 
volume of fill needed to increase levee elevations.  

5. Cost of No Repair:  We assumed the two biggest costs of not repairing an island after 
failure, presuming no other entity funds repair and with the exception of urban 
islands, will be the cost of rebuilding or diverting infrastructure and the cost of 
upgrading surrounding islands. 

A. Costs of rebuilding or diverting infrastructure were calculated as follows: 

i. Cost estimates for rebuilding roads, highways, or railroads are based on a 
simple, per mile cost obtained from the DRMS Preliminary Strategies Report 
Section 12, which reports an estimated cost of $45 million per mile of seismically 
resistant levee.  Levees of this caliber would have to be built to support the roads 
or highways on top of them (these costs are conservative in that they do not 
include the actual cost of the road or rails themselves). 

ii. The length of roads and railroads on each island used in the assessment of 
seismically resistant levee needs (above) were obtained from GIS Tele Atlas 
StreetMap Premium data, and included only the lengths on the interior of the 
island without counting road length along the levees themselves. The relevant 
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roads used were the major highways routes (4, 12, 160); other highways were 
grouped (mostly Highway 5 and 84).4 

B. Costs of reinforcing surrounding islands were calculated with these 
assumptions: 

i. The approximate length of levee upgrades needed for these surrounding 
islands should equal roughly half the circumference of the failed island 
(geometrically). 

ii. The surrounding levees need to be raised 1 foot to account for this increased 
exposure. 

iii. Cost of these upgrades should thus be equal to half the cost of materials for 
raising the levee of the failed island by one foot (obtained from earlier 
calculations of PL 84-99 + 1 ft SLR costs). 

iv. A multiplier of 1.3 is assigned to account for 20 percent cost for engineers and 
construction management, along with 10 percent state costs for management and 
processing. 

Assigning Probabilities 

Equally as influential to the outcomes of this analysis are the probabilities of failure 
assigned to each island, and the change in failure probability that occurs with each potential 
upgrade.  For our probabilities of failure in the case of no upgrades, we use the latest Draft 
DRMS Levee Optimization Assessment (J.R. Benjamin and Associates, 2008).  Based on 
interviews with government and private levee experts, we then assumed a 10 percent decrease 
in probability of failure for that island, with each level of upgrade. (See Table B.1.  These 
numbers are also found in worksheet “Pf” in the spreadsheet.) 

Results 

We ran our analysis for two estimations of property value (Table B.3).  The first, a low 
value that excluded island assets, suggested “no upgrade” for every island, regardless of 
whether it would be optimal to repair the island in the future.  Levee upgrades have a high 
price tag for a relatively small increase in reliability.  This initial analysis also suggested that 
eight islands fall in the  “repair” category and 19 islands be in the “no repair” category, with 
eight classified as “indeterminate” (Figure B.7a).  An island was assigned to the indeterminate 
category if the difference in cost between repairing and not repairing the island was less than 
$50 million.  

                                                      
4 Although this method results in conservative estimates of costs for road and rail replacement,  islands 
with these highways all fall into the “repair” category with one exception (Terminous Tract - # 59), which 
falls into the “indeterminate” category). 

http://www.ppic.org/main/dataSet.asp?i=867
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Table B.3 Land and Asset Values 

zone  NAME  Land Value      Asset Value        Land + Asset  

Central  Bacon Island  $16,248,424  $43,916,000  $60,164,424 
Central  Bouldin Island  $13,040,542  $25,897,000  $38,937,542 
Central  Empire Tract  $9,114,605  $9,790,000  $18,904,605 

Central 
Mandeville 
Island  $11,731,203  $5,212,000  $16,943,203 

Central 
McDonald 
Tract  $20,591,848  $36,246,000  $56,837,848 

Central  Medford Island  $2,221,145  $8,559,000  $10,780,145 
Central  Quimby Island  $1,565,687  $626,000  $2,191,687 
Central  Rindge Tract  $19,906,394  $18,516,000  $38,422,394 
Central  Venice Island  $6,839,964  $13,308,000  $20,147,964 
Eastern  King Island  $12,081,613  $44,049,000  $56,130,613 

Eastern 
Terminous 
Tract  $50,975,498  $93,400,000  $144,375,498 

Eastern 
Wright‐
Elmwood   $26,166,120  $16,429,000  $42,595,120 

Northern  Brack Tract  $23,205,096  $14,021,000  $37,226,096 

Northern 
Canal Ranch 
Tract  $27,692,544  $20,757,000  $48,449,544 

Northern 
Dead Horse 
Island  $862,581  $998,000  $1,860,581 

Northern  Grand Island  $64,673,235  $253,978,000 $318,651,235 
Northern  Ryer Island  $38,670,068  $61,494,000  $100,164,068 
Northern  Staten Island  $26,409,675  $20,596,000  $47,005,675 
Northern  Tyler Island  $33,202,759  $92,866,000  $126,068,759 
Southern  Coney Island  $2,438,255  $21,921,000  $24,359,255 
Southern  Jones Tract  $42,496,164  $507,972,000 $550,468,164 
Southern  Orwood Tract  $8,893,034  $251,172,000 $260,065,034 
Southern  Palm Tract  $5,346,593  $22,562,000  $27,908,593 
Southern  Roberts Island  $164,103,230 $64,446,000  $228,549,230 
Southern  Union Island  $80,672,567  $156,763,000 $237,435,567 
Southern  Victoria Island  $22,618,787  $57,078,000  $79,696,787 

Southern 
Woodward 
Island  $4,637,580  $124,671,000 $129,308,580 

Western 
Bradford 
Island  $5,518,842  $21,630,000  $27,148,842 

Western  Brannan Island  $73,173,177  $216,612,000 $289,785,177 
Western  Holland Tract  $8,823,343  $15,787,000  $24,610,343 

 

Land Value Source:  Lund et. al 2007 (Estimated property values for each island) 
Asset Value Source: DRMS Draft Phase 1, J.R. Benjamin and Associates, 2007  

Notes: Infrastructure assets considered in the DRMS assessment include railroads, highways, shipping 
channels, transmission lines, aqueducts, gas and petroleum pipelines, bridges, marinas, natural gas 
fields/storage areas, natural gas wells, commercial and industrial buildings, residences, and pump 
stations. 
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Even when property values are increased to include other assets, the least-cost strategy 
is still to not upgrade any of the 34 islands, because the upgrades are still costly relative to the 
added protections they offer.  However, many islands did switch from “no repair” to “repair,” 
with 14 islands being optimal to repair, 11 to not repair and 11 in the indeterminate category 
(Figure B.7b and Table B.4).  This makes intuitive sense, because island values were increased 
while repair costs remained constant.  The cost to upgrade each island when assets are included 
in their value, and for repair and no repair, are visible in the ‘Expected Values’ worksheet of the 
spreadsheet.   

The results of this analysis are similar to an earlier report addressing upgrade and repair 
policy in the Delta.  In 1989, Logan et. al studied the cost effectiveness of a proposed DWR 
system-wide levee upgrade plan for the Delta.  The cost for upgrading all islands was compared 
to the costs of a policy in which islands were not upgraded and were repaired post-failure.  
Logan’s approach differs from ours in that his analysis did not employ decision analysis 
methodology, and also did not compare nor optimize strategy for individual islands.  Instead, 
he predetermined the number of islands that were to be repaired by the model, and then 
applied Monte Carlo simulations to several stochastic variables to come up with a range of 
possible system-wide costs for each Delta levee policy.  He calculated the expected costs of three 
reclamation policies:  repairing all islands after they fail, repairing only 13 islands, or repairing 
no islands.  His results suggested that any of the three policies analyzed would be more cost-
effective for the state than DWR’s plan to upgrade the entire levee system.  In other words, it 
did not make economic sense from a statewide perspective to upgrade all of the Delta islands.  
These results are very similar to ours, which points to the resiliency of a limited and prioritized 
upgrade and repair policy for the Delta. 

 

http://www.ppic.org/main/dataSet.asp?i=867
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Figure B.7.A Repair decision using property values to calculate net present values 

Source:  LDAM model simulations. 
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Figure B.7.B Repair decision using property values plus assets to calculate net present values 

Source: LDAM model simulations. 

Notes:  Five western islands (red) are critical for maintaining through-Delta water exports (see text). 
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Table B.4 Summary of LDAM Results for 34 Delta Islands 

 
Sensitivity Analysis 

All analyses have uncertainties.  Because this analysis includes the simplifying 
assumption that failure probabilities do not increase with time, results could be viewed as 
conservative.  On the other hand, our costs for not repairing an island are conservative in their 
estimation of infrastructure replacement costs.  To explore the robustness of the suggested 
decisions, the sensitivity of decisions to changes in such parameter estimates can be explored.  
For this sensitivity analysis, failure probability, upgrade costs, the costs of not funding repair, 
and property value estimates were varied to assess the general robustness of the foregoing 
conclusions.  We consider these to be the most important uncertainties in this analysis. 

Probabilities and Upgrade Costs 

The failure probability of island levees acts together with upgrade costs to influence the 
estimation of net present value of upgrades and repairs.  Since these probability and cost 
estimates are imprecise and are likely to change with improvements in understanding, we 
evaluated their effect on model results.  The goal of this sensitivity analysis was to find the 
number of islands that are optimally upgraded under increasingly effective upgrade scenarios, 

Zone
# on 
map Island Upgrade? Repair?

Present Cost of 
Strategy Upgrade? Repair?

Present Cost of 
Strategy

Central 1 Bacon Island No no -$3,976,850 No no -$22,894,511
Central 4 Bouldin Island No yes $63,420,402 No yes $39,807,517
Central 16 Empire Tract No no -$2,344,364 No maybe -$6,561,594
Central 31 Mandeville Island No no -$1,375,500 No no -$3,418,183
Central 33 McDonald Tract No no -$7,195,452 No maybe -$24,527,166
Central 34 Medford Island No no $74,117 No maybe -$4,018,532
Central 44 Quimby Island No no $966,921 No no $721,579
Central 46 Rindge Tract No maybe -$9,810,219 No maybe -$21,065,998
Central 66 Venice Island No no $1,353,531 No no -$2,425,535
Eastern 27 King Island No no -$7,467,955 No maybe -$38,349,518
Eastern 59 Terminous Tract No no $16,170,826 No maybe -$46,344,475
Eastern 71 Wright-Elmwood Tract No maybe -$17,375,212 No maybe -$30,758,635
Northern 5 Brack Tract No yes $6,802,452 No yes -$6,523,106
Northern 10 Canal Ranch Tract No maybe $16,880,977 No yes -$2,647,208
Northern 14* Dead Horse Island No maybe -$20,235 No maybe -$554,449
Northern 20 Grand Island No yes $250,230,071 No yes $13,776,553
Northern 50 Ryer Island No yes -$11,199,303 No yes -$71,276,362
Northern 55 Staten Island No maybe -$2,484,929 No maybe -$10,556,897
Northern 61 Tyler Island No no -$4,722,999 No maybe -$35,409,155
Southern 13 Coney Island No no -$363,019 No no -$12,111,305
Southern 25 Jones Tract No maybe $143,043,176 No yes -$333,351,258
Southern 40 Orwood Tract No no -$3,149,116 No yes -$181,637,130
Southern 41 Palm Tract No maybe $46,711,366 No yes $25,920,483
Southern 48 Roberts Island No yes -$105,345,891 No yes -$165,983,132
Southern 63 Union Island No no -$37,386,953 No yes -$163,979,064
Southern 67 Victoria Island No yes $55,830,046 No yes $2,125,356
Southern 70 Woodward Island No maybe $24,851,462 No yes -$94,870,100
Western 6 Bradford Island No no $13,571 No no -$7,133,734
Western 7 Brannan Island No yes $200,523,190 No yes $915,232
Western 22 Holland Tract No no -$564,824 No no -$6,225,416
Western 24 Jersey Island No no $1,735,406 No no -$5,794,809
Western 52 Sherman Island No yes $47,128,121 No yes -$59,881,019
Western 60 Twitchell Island No no -$411,786 No no -$5,608,401
Western 68 Webb Tract No no -$213,240 No no -$340,508

No Assets in Property Values Assets Included in Property Values
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given low, medium, or high costs for those upgrades.  This brackets our understanding into a 
“worst-case” through “best-case” continuum, with the worst case being high upgrade costs for 
small increases in levee resiliency, and best case being low upgrade costs resulting in 
significantly strengthened levees.  Because our initial results using medium-range values 
already suggest a policy of no upgrades, we can assume that a higher upgrade cost will not 
change this and therefore call this our optimal policy under worst-case valuations as well.  
Under the best-case scenario, in which we assigned upgrade costs of $0.85 million per mile 
(versus the $2.8 million per mile used in the analysis above) and decreased every island’s 
annual post-upgrade failure probability to 0.01 (the urban standard for levees), it is optimal to 
upgrade 25 of the 34 islands included in this analysis.  The results of this sensitivity analysis 
suggest that, even if levee upgrades were relatively inexpensive and were thought to 
dramatically decrease failure probability (highly unlikely since these upgrades do not increase 
resistance to earthquakes), it still does not make economic sense to upgrade 9 islands of the 34 
islands under review.  These results support our initial conclusion that it is not cost-effective to 
invest in upgrading all Delta islands to PL 84-99 standards or higher.  The results of this 
analysis are summarized below in Figure B.8. 

 

Figure B.8.  Effect of decreasing levee failure probabilities and upgrade costs on economic 
decision to upgrade islands 

Notes: Based on a 34-island sample. 
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Do Not Repair Costs 

Because we only replace lost roads and rail in the case of no repairs, some other 
infrastructure replacement costs may not have been represented in this initial analysis for a few 
islands. In addition, we did not evaluate the additional costs of mitigating increased levee 
underseepage that would occur on some islands adjacent to flooded islands.  We experimented 
with increasing “no repair” costs by 10 percent increments to test the sensitivity of our results to 
a possible change in subsequent cost estimations.  This sensitivity analysis suggests that these 
changes will not make a significant difference in results.  Even with 100 percent increases in the 
cost of not repairing an island, there is no change in the number of islands repaired.    Only 
when the costs of no repair are quadrupled do two additional islands become optimal to repair.  
This result demonstrates the relative importance of island property and asset values in 
evaluating whether to fund repair of an island.   
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Property Values 

To evaluate the effect of property values used in the model we increased values and 
assessed its effect on the “Abandon versus Repair” decision.  Combined land and asset values 
were systematically increased by increments of 10 percent.  Small increases in land and asset 
values had minimal effect.  When values were increased by 90 percent, only six additional 
islands moved from the Abandon to Repair category.  This modest shift in the number of 
islands to repair reflects the high costs of levee repairs relative to island property values, even 
with substantial increases in those values.  These results are summarized in Figure B.9.  

Figure B.9.  Impact of increasing property values on decision to repair islands following 
levee failure 

Notes: Sample includes 34 islands. 
 
Caveats 

This economic decision analysis for levee upgrades and repairs is based solely on the 
value of the land and assets of an island and the likelihood of failure under current conditions.  
There are four main limitations to this approach.  First, there are other reasons to assign higher 
values to specific islands.  Most notably, as discussed in the main report, allowing some islands 
to flood following failure will degrade Delta water quality for agricultural and urban uses.   
Based on the hydrodynamic modeling results presented in Chapter 4 and Appendix C, the 
western islands—Sherman, Twitchell, Brannan-Andrus, Jersey and Bradford—have the greatest 
effect on water quality and would be given higher value on this basis alone (islands shaded in 
red in Figure B.7.b).  It appears that the other islands, in contrast, could be pre-flooded without 
negatively affecting water quality.  As discussed in the main report, the state would first need to 
develop a policy for mitigating any resulting impacts to affected landowners.  Additionally, this 
model does not account for other cultural values such as legacy towns, or potential 
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environmental costs and/or benefits, such as terrestrial sandhill crane habitat on Staten Island 
and potential positive habitat gains due to flooded islands. However, the model can be used to 
experiment with the simple question of “how great must other values be” to alter a repair or 
upgrade decision.  

The second main limitation is that the model does not yet incorporate future risk 
conditions.  Since risk of failure is increasing due to subsidence, changing inflows, sea level rise 
and seismicity, the analysis presented here is biased to favor upgrading and repairing islands. 

Third, the cost of not repairing an island was computed assuming that the flooding was 
unplanned, and that no entity would be willing to fund repairs if the costs outweighed the 
economic value of the islands.  In other words, we did not calculate alternate “no repair” costs 
where island flooding had been prepared for, either by previously moving or hardening 
infrastructure or deciding to abandon particular groups of islands that may not greatly affect 
the vulnerability of other nearby levees.  This also biases the model in favor of repairing islands, 
because “no repair” costs might be lower if the state or other infrastructure owners prepare in 
advance to let particular islands flood. 

Finally, this analysis does not take into account who pays for levee repairs and 
upgrades.  The source and amount of funds available, whether federal, state or local, will have 
considerable influence on decisionmaking. 
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Conclusions 

As noted in Chapter 2 of the main report, linked human and natural systems that lack 
resiliency tend to undergo abrupt changes to new, irreversible regime states.  The Delta is a 
rigid, fragile system currently at high risk of undergoing just such an irreversible change.  The 
current levee network that protects deeply subsided islands has high probabilities of failure, 
whether due to overtopping, seepage or collapse during earthquakes.  These risk factors are 
likely to increase in the future, raising the likelihood of fundamental change.   

State and federal policy and the public’s willingness to pay for upgrading and/or 
repairing Delta levees will modulate the nature of this change.  Based solely on an approach 
that seeks to optimize the investment in levees, it appears to not be cost-effective to upgrade 
levees in the Delta to PL 84-99 standards or higher based on the value of their land and built 
assets alone.  In addition, depending upon how island value is estimated, there are 10 to 19 
islands (of 34 subsided non-urban islands examined) that are not economically viable targets for 
repair once they have flooded (Figure B.7a,b and Table B.4). We assume here that these islands 
will, with time, likely be abandoned either before or following a levee failure.  Conversely, 9 to 
12 islands have sufficiently high value, either because of their land value and assets or the costs 
of replacing key infrastructure, to warrant repair investments following levee failure, at least for 
a time.  Of the remaining 9 to 11 islands analyzed here, the difference between costs of no repair 
and cost of repair is low (less than $50 million), and a decision would need to be made based on 
conditions at the time of failure.  Heavily urbanized islands require a more detailed analysis 
and were not included in this assessment. 

The forces acting on the Delta and the costs of mitigating those forces lead us to 
conclude that the Delta landscape, composed of a network of levees that separate the land from 
the water, is about to undergo (or may already be undergoing) a transition to a new regime 
state.  This new state will have little in common with the Delta of the early 1800s, since island 
flooding will replace what was historically a freshwater tidal marsh with open water more than 
15 feet deep in most places.  The consequences of this transition are unknown at best, but will 
require those who manage the Delta for its array of ecosystem services to adapt to a new, 
evolving system with significant management challenges.  
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