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1. Introduction 

ESA has been tasked by the Resource Conservation District of Santa Cruz County (RCD) with assessing the 

existing and future coastal hazards at the south embankment of Highway One at Scott Creek Lagoon. The south 

embankment is currently protected by rock revetment that was placed with an emergency permit by CalTrans in 

January 2003, to prevent erosion when the lagoon mouth migrated along the southern edge of the beach. The 

California Coastal Commission (CCC) has expressed a desire to study the likelihood of future erosion at the south 

embankment, to better understand whether future alternatives to armoring might exist for protecting the roadway. 

Although the original placement of the revetment was in response to lagoon mouth currents, the embankment will 

face future risks of erosion due to coastal (wave- and tide-driven) conditions in the future, especially with 

expected sea-level rise. 

This study aims to answer the following questions: 

1) What are the lagoonal1 and coastal2 forcing conditions at the embankment under existing conditions? 

2) At what year in the future do projected wave runup and coastal erosion impact the roadway?  

3) At what year in the future would wave overtopping of the roadway be expected to occur? 

 
1 Lagoonal refers to the Scott Creek lagoon estuary which floods the back beach when the mouth is closed, and has high velocity, scouring 

flows when the mouth breaches and the creek discharges to the ocean.  
2 Coastal refers to wave impingement on the embankment, typically manifested by wave runup across the beach and through the creek 

mouth and lagoon basin. Coastal also includes erosion of the beach, resulting in greater wave loadings on the embankment.  

http://www.esassoc.com/
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4) Can dunes be constructed seaward of the south embankment? 

 

To answer these questions, this study involves  

• Updating prior hazard mapping utilizing recent advancements made for similar projects in Santa Barbara 

(ESA 2015; ESA 2016a) and Los Angeles (ESA 2016b) 

• Using existing results from a two-dimensional hydrodynamic model of the site to understand the lagoon-

mouth currents that result along the embankment 

• Assessing beach widths and coastal parameters to evaluate the suitability of the site for dune restoration 

or other living shorelines 

To support this work, ESA applied a record of nearshore transformed waves adjacent to the south embankment 

from the prior Monterey Sea-Level Rise Adaptation Project (ESA PWA 2014). We consider two future sea-level 

rise scenarios based on recent guidance issued by the Ocean Protection Council (OPC 2018).  

This study looks at future erosion conditions at the roadway embankment, but the assessment does not consider 

the sizing or other characteristics of the placed rock, which we understand was placed for protection against 

stream flow. Although the ongoing restoration design in the lagoon and marsh would make it less likely that the 

mouth would migrate south (as in 2003 and 2015), it is not within the scope of this study to quantify the change in 

this likelihood. Since lagoon mouth migration is strongly influenced by coastal processes, which the project won’t 

change, it is possible that the mouth could migrate south again, regardless of changes to the channel configuration 

within the lagoon. 

The work described in this memorandum was completed by James Jackson, PE, Dane Behrens, PhD, PE, and 

Louis White, PE, with review by Bob Battalio, PE.  

 

2. Background 

2.1. Typical Conditions at the Scott Creek Beach 

Under existing conditions, the configuration of the roadway and bridge approaches constrain the mouth of Scott 

Creek, forcing the creek to enter the beach much farther south than its historical location (prior to construction of 

the existing Highway One roadway and bridge). The location along the beach where the mouth drains to the 

ocean largely depends on local wave conditions and the height of the beach berm. Wave sheltering due to reef at 

the north end of the beach typically reduces the power of nearshore waves at the north end, leading to lower crest 

heights, causing the mouth to either migrate to or seasonally open in this location. This was the case in every year 

after 2000 except for in 2003 and 2015-2018.  
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Following a series of significant coastal storms in November and December 2002, the mouth migrated south in 

the winter of 2002-2003, causing erosion at the toe of the south embankment slope. Although the cause for the 

southern migration is not clear, the destructive storm wave conditions may have played a role by re-setting the 

beach shape, whereas in most years, there is a notable trend toward decreasing crest heights to the north that 

facilitates breaching in the north (ESA PWA 2012).  

After 2003, the beach gradually shifted to its typical shape, with greater widths and higher crest heights south of 

the bridge opening than at the north end, and the mouth remained at the north end of the beach from 2004 until 

2015. Wave conditions during the 2015-2016 El Niño event again caused a shift in the beach shape. The mouth 

opened seasonally in late October 2015 and during several rain events over the next several months, it remained 

in the center of the beach, instead of migrating to the north. It began migrating further south through the 

remainder of the winter, until it was over 500 feet south of the bridge opening by the time it closed seasonally in 

July 2016. During the fall of 2016, the beach berm in front of the north embankment aggraded, reaching 17 feet 

NAVD88 at the time of an ESA topographic survey in early December 2016, whereas the center and southern 

portions of the beach were lower (ESA 2017). In the winters of 2017 and 2018, the mouth continued to breach in 

the center of the beach and migrate to the south. This southern alignment of the channel has exposed much of the 

south embankment to lagoon currents at the toe of the slope (see lower right panel in Figure 1) 

Currently, the ongoing development of a restoration design for Scott Creek lagoon and marsh does not consider 

alterations of the south embankment. The prior feasibility study (ESA PWA 2012) and the Monterey Sea Level 

Rise Adaptation Study (ESA PWA 2014) have looked at the future coastal erosion hazards at the south 

embankment. The latter is discussed in more detail in Section 4.1. 
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Figure 1. Project setting (left), and photographs of dune toe erosion in 2003 (from ESA PWA 2012), and conditions in June 2017. 
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Figure 2. Wave overwash hitting the south embankment on October 21, 2017. High wave events caused substantial runup and wave overwash that 

raised the level of the lagoon by 3 feet on October 21st.
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2.2. Sea-Level Rise 

The following sections provide a summary of current state guidance on sea-level rise, a description of prior 

assessments of sea-level rise impacts at the site, and recommended sea-level rise scenarios for this study. 

2.2.1 California Policy Guidance on Sea-Level Rise 

The California Ocean Protection Council (OPC) first released a statewide sea-level rise guidance document in 

2010 following Governor Schwarzenegger’s executive order S-13-08. The document was updated in 2013 (OPC 

2013) after the NRC released its final report Sea-Level Rise for the Coasts of California, Oregon, and Washington 

(NRC 2012), which provided three projections of future sea-level rise associated with low, mid, and high 

greenhouse gas emissions scenarios, respectively. Subsequently, CCC adopted sea-level rise policy guidance in 

2015 (CCC 2015), which recommended using a range of climate change scenarios (i.e., emissions scenarios) at 

multiple planning horizons for vulnerability and adaptation planning.  

More recently, the California Natural Resource Agency and OPC released a 2018 guidance update (OPC 2018) to 

the 2013 State of California guidance document (OPC 2013). The updated guidance provides a synthesis of the 

best available science on sea-level rise in California, a step-by-step approach for state agencies and local 

governments to evaluate sea-level rise projections, and preferred coastal adaptation strategies.). The OPC (2018) 

State Sea-Level Rise Guidance is based on the findings of a recent update on sea-level rise science by Griggs et 

al. (2017). 

2.2.2. Prior Sea-Level Rise Assessments at the Site  

As part of the Pacific Institute’s 2009 study, which assessed the impacts of sea-level rise along the coast of 

California, ESA3 prepared flooding and erosion hazard maps representative of future conditions with sea-level 

rise (Heberger et al. 2009; PWA 2009). These maps show future coastal flood and erosion hazards with sea level 

rise for several time periods informed by the State’s Interim Guidance for sea-level rise, which projected up to 4.6 

feet of sea-level rise by 2100 (OPC 2011).  

Later, as part of the Monterey Bay Sea-Level Rise Adaption Project, ESA modeled projected climate change 

impacts to the coast of Monterey Bay at a scale suitable for planning purposes. By using a variety of sea-level rise 

and wave climate scenarios, ESA produced maps of projected future coastal hazards, which include an integrated 

approach of stepping through time, eroding the coast, and flooding newly eroded areas through hydraulic 

connectivity. While the focus was on Monterey Bay, the study area also included much of Santa Cruz County, 

included Scott Creek. The project was advised by a Monterey Bay region-wide technical advisory group 

comprised of research institutions (UCSC, Naval Postgraduate School, Moss Landing, CSUMB and USGS), local 

planning agencies (Santa Cruz, Monterey Counties, Cities of Monterey, Santa Cruz, Seaside, Sand City, 

Capitola), and other technical experts.  The issue of uncertainty in the projections was addressed by overlapping 

results from a number of sea level rise scenarios and developing an uncertainty index that shows relative risk of 

impact.  

 
3 Formerly Philip Williams & Associates 
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2.2.3. Sea-Level Rise Scenarios for South Embankment Study 

Table 1 presents a summary of the sea-level rise projections for preparing updates to coastal hazard maps as part 

of the Scott Creek South Embankment Study. Based on prior discussion with the RCD and TAC, we adopt three 

time periods for assessing conditions at the south embankment: existing conditions, conditions in 2043 (25 year 

time horizon), and conditions in 2068 (50 year time horizon). Given the importance of Highway One 

infrastructure, we recommend a medium-high risk scenario, which projects sea-level rise of 1.5 feet and 3.0 feet 

by 2043 and 2068, respectively (Table 1). OPC (2018) also considered an extreme risk scenario which would 

correspond to higher elevations for these timelines. Although this scenario was not considered here, modeling this 

extreme scenario would be equivalent to assuming the sea-level rise amounts listed in Table 1 occur sooner than 

the 25 and 50 year timelines. Based on CCC (2015) guidance, the future projections were not adjusted to account 

for differences between the start of the project and the baseline year of 2000. 

TABLE 1 
RECOMMENDED SEA-LEVEL RISE SCENARIOS FOR SCOTT CREEK SOUTH EMBANKMENT STUDY 

Scenario 2018 2043 2068 

Medium-High Risk 0 feet 1.5 feet 3.0 feet 

 

Figure 3 presents the recommended sea-level rise scenarios plotted relative to the sea-level rise projections of 

OPC (2018). The OPC (2018) projections include curves for extreme, medium-high, and low risk aversion based 

presented for the Monterey tide gage. Beyond the year 2050, the medium-high and low risk aversion curves 

include a range to account for uncertainty of global greenhouse gas emissions. 

 
Figure 3 Sea-Level Rise Projections for the project site based on OPC (2018) with recommended sea-level rise 

scenarios for this study (yellow squares) 
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3. Approach 

To determine the extents of the future coastal hazards at the south embankment, we applied a methodology that 

was developed for sea-level rise vulnerability assessments in Santa Barbara County (ESA 2015; ESA 2016a) and 

Los Angeles (ESA 2016b). This approach includes several updates from the prior Pacific Institute study and the 

Monterey Bay study, discussed in the prior section of this memorandum. To assess the viability of natural 

infrastructure approaches in front of the south embankment, we drew on methodologies developed as part of a 

forthcoming framework for developing natural infrastructure approaches in Coastal California (Newkirk et al. 

2018). These approaches are summarized below. 

3.1 Wave Run-up hazard modeling 

Wave run-up hazards were calculated at three beach profile locations along the Highway 1 embankment (as 

shown in Figure 1) using a composite slope method with wave parameters developed previously for the Monterey 

Bay Sea-Level Rise Vulnerability Assessment and representative winter beach profiles, each of which are 

described below. 

Developing a Winter beach profile 

For wave runup modeling, we obtained representative winter beach profiles in front of the armored portion of the 

south embankment, which is appropriate since the largest observed waves in California tend to occur in winter as 

swell waves from the Gulf of Alaska arrive at the coast (Allan and Komar 2006). Shore profiles were generated 

using 2014 LiDAR adjusted for winter conditions and comparing against surveyed beach profiles from ESA 

measured in December 2016. Since nearshore bathymetric data for winter conditions does not exist for the study 

area, a representative sub-tidal portion of the bar-berm profile was constructed using the methods of Inman et al. 

(1993). The shape and spacing parameters for the summer bar-berm profile for Oceanside, California, were 

modified to fit the summer/fall conditions at Scott Creek. Then, the relative change in parameters between 

seasons at Oceanside were applied to the fitted parameters for Scott Creek to yield a representative winter bar-

berm beach profile.  

Wave Run-up Estimates 

Nearshore wave estimates at the site were available from January 1996 through February 2013 from the Monterey 

Bay Sea-Level Rise Adaptation Study (ESA 2014). Wave run-up hazards were mapped for the Monterey Bay 

study by first identifying the top three historic total water level (TWL) events, which are summarized in Table 2 

below ranked by computed TWL. TWL is the sum of the still oceanic water level and the maximum wave runup 

elevation on the beach. 

The Stockdon run-up method (Stockdon et al 2006) was used to identify the wave events within this time period 

that caused the maximum TWL at the south embankment. The wave parameters (significant wave height, wave 

length, direction) from the top three events were then used as inputs to a run-up program that is valid for a wider 

range of profile configurations (Stockdon 2006 was developed for wide natural beaches). A run-up program 

developed by ESA (previously PWA) and consistent with FEMA guidelines was used to iteratively calculate the 

dynamic water surface profile along each representative profile, as well as the nearshore depth-limited wave, and 
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the run-up elevation at the end of the profile. Wave run-up is computed using the method of Hunt (1959) which is 

based on the Iribarren number (also called the Surf Similarity Parameter), a non-dimensional ratio of shore 

steepness relative to wave steepness. The run-up is limited to a maximum of about three times the incident wave 

height, which is generally consistent with other methods that rely on the relative steepness parameter. While there 

are a variety of run-up equations, they provide a range of results and hence the simplest and most direct was 

chosen (Hunt, 1959). 

TABLE 2 
WAVE PARAMETERS FOR TOP 3 TOTAL WATER LEVEL EVENTS AT SCOTT CREEK USED IN WAVE RUN-UP CALCULATIONS 

Event Date 
Still water level  
(ft NAVD) 

Offshore swell height 
(ft) Swell Period (s) 

1 8-Nov-2002 1100 6.4 21.1 16.7 

2 17-Dec-2002 0800 6.6 20.1 16.7 

3 8-Nov-2002 1200 6.9 19.1 16.7 

 

The program also uses the Direct Integration Method (DIM) to estimate the static and dynamic wave setup and 

resulting high dynamic water surface profile (FEMA 2005; Dean and Bender 2006; Stockdon 2006). The 

methodology is consistent with the FEMA Guidelines for Pacific Coastal Flood Studies for barrier shores, where 

wave setup from larger waves breaking farther offshore, and wave run-up directly on barriers combine to form 

the highest total water level and define the flood risk (FEMA 2005). This program also incorporates surface 

roughness of the structure and overland which acts as friction on the uprush of the waves thus reducing the extent 

of wave run-up. This method also uses a composite slope technique as outlined in the Shore Protection Manual 

(USACE 1984) and Coastal Engineering Manual (USACE 2002). 

Sea-Level Rise and Future Beach Width 

To calculate changes in run-up extents with sea-level rise, future conditions profiles were created by applying 

sea-level rise recession of the beach portion of the profile (since the backshore is armored, it was held in place) 

following the Bruun (1962) method. The Bruun transgression slope used to generate future composite slope run-

up profiles was 0.022 for all three profile locations. This slope was calculated previously by ESA (2014) from the 

backshore (toe of road berm) to the depth of closure. Recession distances (without any long term erosion rate) 

with sea-level rise applying the Bruun rule yields shoreline migration (and corresponding reductions in beach 

width) of 68 feet at 2043 (1.5 feet sea-level rise) and 136 feet at 2068 (3.0 feet sea-level rise). The Bruun method  

is a conservative approach, which does not account for lateral spreading of wave power in an embayment 

bordered by headlands, which would probably limit the inland transgression rate. 

Mapping Hazard Zones 

To map coastal hazard zones adjacent to the south embankment, we used the maximum inland extent of wave 

run-up computed out of the three identified largest TWL events in the available wave record. The maximum run-

up extent was then mapped in GIS. In Section 4, the projected wave run-up extents are illustrated for the 

maximum event for each sea-level rise scenario considered.  
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3.2 Effect of Lagoon Currents 

In addition to coastal flooding from wave activity, the south embankment also experiences occasional erosive 

forces from currents in the lagoon mouth. This was the case in the winter of 2002-2003, and also from 2015 to the 

present. ESA has developed a two-dimensional (2D) HEC-RAS model of the lagoon marsh to better understand 

these currents and their effect on erosion of bed sediments. This includes simulation of a mouth breach event, and 

several fluvial flood events (ESA 2018). Although a southern lagoon mouth configuration was not modeled, the 

estimated currents and bed shear stresses along the north embankment are likely representative, as they erode 

sediment in front of the north embankment in most years. We use existing HEC-RAS runs to characterize typical 

bed shear stresses in the channel along the beach here. 

3.3 Potential for Natural Infrastructure Approaches 

To assess the viability of replacing the existing riprap along the south embankment with softer approaches, we 

drew from a draft report being developed by a partnership of ESA, SCC, TNC, NOAA, and Point Blue, titled 

Toward Natural Shoreline Infrastructure to Manage Coastal Change in California (Newkirk et al., 2018). The 

report was funded by the California Natural Resources Agency (CNRA), and prepared for California’s Fourth 

Climate Change Assessment. 

As part of this effort, the report develops a framework for evaluating the viability of dunes as a natural defense 

for coastal erosion. This approach relies on historical estimates of beach width, which were previously tabulated 

from aerial images at Scott Creek Beach by ESA PWA (2012).  

 

4. Results 

4.1 Prior Assessment 

ESA PWA (2014) previously mapped coastal flooding and dune erosion hazard zones at the site. These are 

intended to inform planning studies, and the updated methodology described in Section 3.1 represents an 

refinement of this prior approach. These results are provided for context. 

The prior mapping study found that: 

• Overtopping of the roadway near the northern edge of the armoring is expected to occur between 2030 

and 2060 for a medium emissions sea-level rise scenario (Figure 4). 

• Only the northernmost edge of the armoring is expected to be classified as a dune erosion hazard area 

under existing conditions, but the northern half of the armoring is expected to be within this area by 2030. 

Most of the armoring is expected to be within the dune erosion hazard area by 2060. 
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4.2 Updated Wave Runup Hazard 

Figures 6 and 7 show the results of the wave runup analysis at the northern and southern edges of the section of 

the south embankment fronted by riprap, and Figure 8 maps the extents of wave runup spatially. An additional 

profile was used immediately north of the bridge opening as an additional reference site.   

For the existing conditions scenario (0 feet sea-level rise): 

• At the northern edge of the armoring, each of the three peak wave runup events were predicted to 

encroach on the south embankment slope (Figure 6), reaching a peak TWL of 21-24 feet NAVD88.The 

roadway was not predicted to be overtopped. The top of the roadway at this location is approximately 

26.0-27.5 feet NAVD88. 

• At the southern edge of the armoring, the three peak wave runup events also encroached on the 

embankment, but due to the wider beach, the peak TWL was lower, at 21-23 feet NAVD88. The top of 

the roadway was not predicted to be overtopped. The top of the roadway at this location is approximately 

32.0-33.0 feet NAVD88. 

For 2043 conditions (1.5 feet sea-level rise): 

• Sea-level rise resulted in a narrowing of the beach width to roughly 150 feet at the northern edge of the 

armoring, and 170 feet at the southern edge. 

• As a result of the narrower beach, at the northern edge of the armoring, two of the three peak events on 

record were predicted to overtop the roadway. 

• At the southern edge of the armoring, peak TWL increased to 26 feet NAVD88, but the roadway was not 

overtopped. 

For 2068 conditions (3.0 feet sea-level rise): 

• Continued sea-level rise resulted in a further narrowing of the beach width to roughly 100 feet at the 

northern edge of the armoring, and 120 feet at the southern edge. 

• All three peak runup events resulted in overtopping of the roadway at the northern edge of the armoring. 

• At the southern edge of the armoring, peak TWL increased to about 30 feet NAVD88, but the roadway 

was not overtopped. 

 

4.3. Beach Widths 

Historical beach widths in front of the south embankment are shown in Figure 9 for 1986 to the present. Values 

prior to 2009 were estimated by ESA PWA (2012) using historical maps of the site and aerial images to define 
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the width between the backshore and the wet/dry line on the beach face. We extended the record to 2018 using 

the same methodology. Since the 1990s, the beach width at the northern edge of the armoring on the south 

embankment has varied from about 150 to 350 feet. Values in winter tended to be less than 250 feet. At the south 

edge of the armoring, the width has been larger, and varied between about 250 and 400 feet. Winter values have 

typically been between 250 and 350 feet. Using the Bruun (1962) approach, the future beach widths are expected 

to decline by 70 to 140 feet for 1.5 and 3.0 feet of sea-level rise, respectively. 

 

4.4. Lagoon Mouth Currents at the South Embankment 

Velocities and bed shear stresses are simulated in front of the northern Highway One embankment as part of the 

ongoing studies supporting the development of the restoration design (ESA 2018). Results are expected to be 

comparable to hydraulic conditions when the mouth is oriented southward, and indicate: 

• During typical open-mouth conditions, bed shear stresses and velocities are near the threshold for 

mobilizing sand 

• During mouth breach events and flood events at the Q1.5 or greater level, bed shear stresses and 

velocities are high enough to erode sand for extended periods of time.  
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Figure 4. Maps of coastal flooding of Scott Creek Lagoon for a medium emissions sea-level rise scenario (ESA 

PWA 2014). Note that the northern edge of the revetment is impacted for all cases, and roadway overtopping 

occurs at the northern edge of the armoring between 2030 and 2060. 
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Figure 5. Maps of dune erosion hazard for all sea-level rise scenarios (ESA PWA 2014). This assessment did not 

consider the effect of placing dunes in front of the embankment. 
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Figure 6. Transect 2 wave runup predictions for the three highest storm events from 1996 to 2013.  
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Figure 7. Transect 3 wave runup predictions for the three highest storm events from 1996 to 2013.  
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Figure 8. Predicted wave overwash extents for the three highest storm events from 1996 to 2013.  
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Figure 9. Beach width estimated from aerial images in front of the south embankment from 1986 to 2018.  
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5. Conclusions 

5.1 Implications of the Results 

• Lagoon mouth migration to the south end of the beach may be a response to major winter coastal storm 

events. Large winter waves are often destructive, reducing the width of the supra-tidal portion of the 

beach and lowering the beach crest. This can have the effect of ‘re-setting’ the beach, which can remove 

some of the morphologic feedbacks that cause the mouth to breach to the north end of the beach in the 

majority of years. This is supported by the fact that large wave events in the winters of 2002-2003 and 

2015-2016 preceded both known southern migration events. Although the proposed restoration may 

reduce the likelihood of southern migration of the mouth, these infrequent but powerful winter events 

will still occur, implying that southern migration could still occur in the future even with a new channel 

configuration.  

• Under existing conditions (based on nearshore wave data for 1996 to 2013), the wave runup modeling 

implies the south embankment would already be impacted by runup during major coastal storm events. 

This is supported by anecdotal evidence of erosion along the south embankment after the major 2002-

2003 coastal storm events.  

• Exposure to wave runup appears to decline moving south along the embankment (as the beach becomes 

wider). 

• Wave overtopping of the south embankment at the northern edge of armoring (near the bridge opening) is 

predicted to occur for 1.5 feet of sea-level rise. 

• Wave overtopping at the southern edge of armoring is unlikely for 0 to 3.0 feet of sea-level rise, but 

would be expected to happen for greater amounts of sea-level rise that would happen beyond the 50-year 

timeline. 

• Erosion from lagoon channel currents is more a function of mouth location than fluvial conditions. 

Typical currents in the lagoon channel during mouth breach events and during the 1.5-year annual 

recurrence floods are capable of eroding beach sand, meaning that erosion along the south embankment 

would be expected to occur whenever the mouth migrates south.  

• Beach widths in front of the south embankment will decline over time as sea-level rise causes the beach 

to transgress landward. This will be associated with more-frequent wave runup hazards at the south 

embankment. 
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5.2 Potential for Natural Infrastructure 

Based on beach width alone, the applicability of utilizing dunes at the south embankment would be ranked as 

‘medium’ in Newkirk et al. (2018). The ecological value of proposed dunes is degraded by the proximity of the 

roadway. Therefore, construction of dunes in this location would consist of a “dune embankment” with limited 

ecological output.  With wave runup extending into the footprint of the potential dune, it is likely that the dune 

would be eroded during extreme winters and potentially individual storms, requiring reconstruction. 

Consequently, we are skeptical that a dune system would protect the roadway reliably. However, we expect a 

dune embankment could be used to obscure the existing rock armor in between erosion events.  

With sea-level rise, a dune project looks less promising because it would be impacted more and more frequently, 

and reconstruction would be required. However, a dune would likely reduce wave runup and incrementally 

improve the reliability of the roadway with low amounts of sea-level rise.  
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