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Shoreline Erosion with Sea Level Rise 
in North Manhattan Beach
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SLR = sea level rise 

n/a = no flooding through 9.8 ft of SLR 

1. This represents wave flooding above the coastal storm inundation. See sidebar in Section 2.3 for photo examples. 
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EXECUTIVE SUMMARY  
 

Background 

Characterizing the frequency and return period (i.e. recurrence interval) of extreme events is 

fundamental to local level planning, adaptation, and risk management. Coastal cities, like 

Manhattan Beach, are typically exposed to multiple extreme (and even non-extreme) flooding 

hazards (or flood drivers) such as ocean water levels, waves, precipitation, and rainfall, or 

surface, runoff. In coastal systems, the flood drivers are often tied together or are dependent 

on one another (e.g., a storm event that drives both high ocean water levels and extreme 

precipitation), which can lead to compound events in which the simultaneous or sequential 

occurrence of extreme or non-extreme events may lead to an extreme impact (e.g., flood 

inundation, infrastructure failure). In Manhattan Beach, combined extreme precipitation and 

high ocean water levels can have a multiplier effect leading to flood inundation and damages 

to infrastructure.  

Current trajectories of SLR point to an increase greater than 3 ft (1 m) over the 21st century. 

By changing coastal dynamics characteristics, this rise amplifies flood risk in the region, altering 

design heights and posing uncertainties in required flood risk allowances. 

Physically, SLR adds to the height of future storm tides, reduces pressure gradients that are 

important for transporting surface runoff (here, urban floodwater) to the ocean, and enables 

greater upstream wave propagation. Projected future SLR further complicates coastal flood 

hazard analysis by introducing a non-stationarity change in the flood risk over time (i.e., 

continuously changing risk over an unknown period of time adding to uncertainties in future 

flood risk). 

Current procedures for local rainfall and flood frequency analysis methods do not consider the 

effect of dynamic ocean water levels. Similarly, frequency analysis procedures for ocean water 

levels do not account for terrestrial factors such as surface runoff or direct precipitation into 

urban areas (also known as pluvial flooding). Ignoring the interactions between these drivers is 

expected to underestimate the overall flood risk and their impacts on local infrastructure. In this 

report, the individual drivers of flooding (here, rainfall and ocean water level) are investigated 

under current and future climate scenarios. Then, current and future flood drivers are used for 

multi-hazard confluence modeling of Manhattan Beach’s stormwater infrastructure. 
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Key Findings 

Climate change is expected to increase frequency and intensity of extreme rainfall events and 

storm-driven floods: NOAA Atlas 14 volume 6 provides precipitation frequency estimates for 

California, frequently used for design and risk assessment purposes (gray lines in Figure 1). 

Results show that climate change is expected to increase the likelihood of extreme rainfall 

events in Manhattan Beach. Figure 1 displays current Intensity-Duration-Frequency (IDF) 

curves (grey lines based on NOAA) and projected future IDF curves for 25-, 50-, and 100-year 

events under representative concentration pathways (RCP) 4.5 (top) and 8.5 (bottom). The 

curves for the future scenarios are on top of the current IDF curves, indicating an expected 

increase in frequency and intensity of rainfall with climate change. 

 

 

Figure 1: Estimated IDF curves for 25-, 50-, and 100-year rainfall events based on all available 
downscaled CMIP5 climate model simulations under RCPs 4.5 (top) and 8.5 (bottom). The grey 
lines indicate the current IDF curves available from NOAA whereas the shaded areas represent 
the 90% confidence intervals. 
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Widespread urban flooding is expected under current 50-yr and 100-yr storms: Model 

simulations for current 25-, 50-, and 100-yr return periods show that the Manhattan Beach’s 

stormwater infrastructure cannot convey the excessive rainfall generated by 50-yr and 100-yr 

storms, leading to widespread flooding, even without a significant contribution from the coastal 

water levels. The system reaches its capacity under a 25-yr rainfall event with limited flooding 

across the city. Under 50-yr and 100-yr storm-dominated scenarios, all the links of network N1 

(larger network in Figure 2) reach their maximum capacity at the 9th hour of the simulation (the 

most extreme time-step during the modeled extreme storm), and the majority of maintenance 

holes experience surcharge and extensive flooding. While the network N2 (smaller network in 

Figure 2 that drains near the pier) performs slightly better under the same scenarios, flooding 

would be expected in Valley Drive and conduits near (and upstream of) the cross-section of 6th 

and N. Ingleside Drive. as they reach their maximum capacity.   

 

Figure 2: Map of the simulated status of the network under the univariate storm-driven 100-yr 
flood (e.g., rainfall alone with no extreme ocean water level or future extreme ocean water 
levels) at the 9th hour (the most extreme time-step during the simulation). 
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Figure 3 shows part of the N1 network (larger network in Figure 2 – see the red line) under 

current 25-yr (left) and future 25-yr storms –– see the technical report for more details and 

alternative scenarios. As shown, the simulated water levels (blue lines) are higher in the right 

panel (future climate) relative to the left panel (current climate) indicating more flooding is 

expected in a warming climate. 

 

  

 
Figure 3: Part of the N1 network (larger network in Figure 2) under current 25-yr (left) and future 
(RCP8.5) 25-yr (right) storms (right column).  
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Future sea levels without a rainfall storm do not lead to substantial flooding in the stormwater 

infrastructure system: After investigating a wide range of current and future SLR scenarios, it 

was concluded that SLR alone (without a rainfall storm) does not lead to substantial flooding of 

the stormwater network primarily because of elevation difference between the outfalls and the 

rest of the system, as shown in profile views in Figure 3. The below pictures show two outfalls 

from which stormwater drains into the ocean. The upward slope away from the coast limits the 

penetration of ocean water level into the stormwater drainage network. 

 

 

 

 



  

8 

Compound high ocean water level scenarios and rainfall storms can cause widespread 

flooding: Stormwater infrastructure in coastal cities is usually designed to drain rainfall based 

on a fixed ocean water level (i.e., the design usually assumes ocean water levels are low 

enough to allow full drainage from the pipes). However, the co-occurrence of extreme rainfall 

and high ocean water levels can lead to increased flood risk. With rising sea levels, the model 

showed that Manhattan Beach will experience flooding from rainfall events that the storm 

system has previously been designed to handle due to the blockage of the outfalls by higher-

than-normal coastal water levels. In this situation, reduced outflow capacity at the ocean outlets 

will propagate through the system leading to flooding inland. Figure 4 shows the estimated 

maximum flood rate for various 25-yr (top) and 100-yr (bottom) compound flooding scenarios.  

The percentiles in the labels correspond to the percentiles of the future sea levels. Higher 

percentiles indicate higher sea levels from the ensemble of future projections (see the technical 

report for the exact values of the selected scenarios). For example, the chance that the 100-yr 

ocean water level (i.e., the water level with a 1% chance of occurring each year) occurs at the 

same time as the 100-yr rainfall event is much less 1%. There are a variety of combinations of 

ocean water level and rainfall amount that will result in a 100-yr event. For example, a typical 

ocean water level with an extreme amount of rainfall could result in a 100-year event or an 

extreme ocean water level with a typical amount of rainfall could result in a 100-year event. 

Figure 4 shows both the most likely combination of ocean water level and rainfall that would 

correspond to a 25- and 100-yr event and also a rainfall dominated scenario, where the ocean 

water level is less extreme.  As shown, considering future sea levels, the maximum flood rate 

increases with higher amounts of projected future SLR. The x-axis in Figure 4 shows the last 7 

nodes in the stormwater drainage network where sea level impact is noticeable.  
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Figure 4: Estimated maximum rate of flooding under various 25-yr (top) and 100-yr (bottom) 
compound flooding scenarios (percentiles in the labels correspond to the percentiles of the 
future sea levels). 
 

 

Figure 4 highlights the impacts of SLR on local flooding in the coastal part of the stormwater 

drainage system. Comparing the current compound coastal flooding (blue bars) with future 

compound coastal flooding with 50th percentile of future sea levels (green bars) one can see 

significant increases in the maximum flood rate. As an example, at the near end of the system, 

the maximum flood rate under current most likely 25-yr compound scenario is estimated at 19.7 
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cfs which increases to 28.5 cfs under future most likely 25-yr compound flood scenario with 50th 

percentile of future sea levels. For the same 25-yr scenario but under 99th percentile of future 

sea level projections, the maximum flood rate increases to 41.2 cfs.  

In summary, the interactions between SLR and extreme rainfall is expected to exacerbate 

flooding in coastal areas. Even under a future 25-yr compound flooding scenario but extreme 

future sea levels (e.g., 99th percentile), the system reaches its capacity and flooding in coastal 

part of the system in inevitable. In Figure 5, areas around the red lines are expected to get 

flooded due to overflow of the drainage system. However, pluvial flooding in other areas can 

also occur due to accumulation of direct rainfall due to poor drainage.    

 

 

Figure 5: Map of the simulated status of the network under the most likely 25-yr compound 
flooding scenario + the 99.9th percentile of the projected mean sea levels in year 2100 (under 
RCP 8.5) at the 9th hour of simulation (the most extreme time-step during the simulation). 
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FLOOD DRIVERS AND CLIMATE CHANGE 
 

Ocean Water Level and Sea Level Rise  

In a warming climate, mean sea level (MSL) is projected to be significantly higher than the 

current level. Sea level rise (SLR) reduces the gap between coastal high water and flooding 

threshold and so increases the chance of flooding. MSL at the coast of Los Angeles has risen 

since 1920s at an average rate of 1.03 ± 0.23 mm/yr. This means the current MSL is 

approximately 4 inches higher than 1920s. Here, the coastal TWL estimates are analyzed using 

the Coastal Storm Modeling System (CoSMoS) by United States Geological Survey (USGS). 

CoSMoS 3.0 provides information about the severity (e.g., extent, depth) of flooding along the 

coasts of Southern California under scenarios combining SLR and possible coastal storm 

conditions (daily/background conditions, 1-year storm, 20-year storm, and 100-year storm). 

These coastal storm conditions include sea level anomalies, waves, storm surge and river 

discharge. Figure 6 shows SLR scenarios (in inches above MSL at year 2000) for the tide gauge 

at Los Angeles (NOAA # 9410660) for different future time horizons based on CoSMoS 3.0. 

 

 

 

Figure 6: Sea Level Rise (SLR) scenarios (in inches above MSL at year 2000) for the tide gauge 
at Los Angeles (NOAA # 9410660) From CoSMoS 3.0. 
 

The primary drivers of coastal flooding in Manhattan Beach are coastal ocean water level and 

pluvial flooding (resulting from direct rainfall). The risk stemming from oceanic drivers is 

changing continuously because of rising sea levels that also may interact with the pluvial driver. 
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The concurrence of heavy precipitation and storm surge can be considered a compound event 

in low-lying coastal regions Storm surges prevent water from discharging into the open sea, 

while heavy local precipitation results in excessive water levels in inland areas. The rising sea 

levels, also, will change the gradient of flow in storm drainage system towards ocean and 

impact the drainage capacity, making future coastal flooding more impactful even if rainfall 

intensity remain unchanged. Projections of tidal high water in Los Angeles, exceed historic 

flooding thresholds in the following decades. Bars in Figure 7 show the likelihood that an 

extreme coastal water level goes beyond these historic thresholds, based on coastal water-

level projections from the Coastal Storm Modeling System (CoSMoS; Barnard et al. 2015). 

Figure 7 indicates that it is unlikely for the 10-year flooding threshold associated with tidal high 

waters to be exceeded in 2030; however, there is a 5% and 50% chance that this threshold will 

be surpassed by 2070 and 2100, respectively, under high emission scenarios. This highlights 

the importance of ocean water level as a potential flood driver. 

 

Figure 7: Probability of projected tidal high waters exceeding historic flooding thresholds in a 
warmer climate for Los Angeles, CA. Dashed vertical lines represent the historic flooding 
thresholds associated with 1-, 2-, 10-, and 100-year return periods. 
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Rainfall 

Traditionally, infrastructure design and risk assessment rely on the notion of stationarity, which 

assumes that the statistics of hydroclimatic extremes (e.g., rainfall) do not change significantly 

over time. However, during the last century, we have observed a warming climate with more 

intense precipitation extremes in some regions, likely due to increases in the water holding 

capacity of the atmosphere. Consequently, infrastructure and natural slopes will likely face 

more severe climatic conditions, with potential human and socioeconomic consequences. In 

this project, a nonstationary model, used in California’s Fourth Climate Change Assessment, 

to evaluate changes in rainfall intensity-duration-frequency (IDF) curves using historical and 

future climate model simulations. The inputs include bias-corrected multi-model simulations of 

historical and projected precipitation extremes from the Coupled Model Intercomparison 

Project Phase 5 (CMIP5) recommended for California. The approach evaluates changes in 

rainfall IDF curves and their uncertainty bounds using a non-stationary model based on 

Bayesian inference. Results show that precipitation extremes are projected to increase relative 

to the historical condition. This indicates that today’s 50-yr rainfall will have a shorter return 

period in a warming climate.  As an example, Figure 8 shows how today’s 50-yr and 100-yr 

events are expected to change RCP 4.5 and RCP 8.5. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Expected changes to today’s 
50-yr and 100-yr events under RCP 4.5 
and RCP 8.5. 
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COMPOUND FLOOD SCENARIOS 
 

 

Compound events correspond to combination of two or more hazards (or climate variables) 

leading to an extreme impact. In Manhattan Beach, there are two main drivers for coastal 

flooding: rainfall (pluvial flooding) and ocean water level. As mentioned earlier, climate change 

can alter the flooding regime in coastal areas of Manhattan Beach through raising the mean 

water level and altering hydroclimate patterns (i.e., changes in precipitation extremes). For 

compound flood analysis, NOAA rainfall data and also climate model simulations of the future 

are used as discussed in the technical report. The historic records of coastal total water level 

(TWL) for the nearest tide gauge in Los Angeles, NOAA ID: 9410660, is obtained from NOAA’s 

“Tides & Currents” portal for compound flood assessment. This gauge was established in 

November 1923 and the mean higher high water (MHHW) is 5.29 feet above NAVD88 (during 

tidal epoch 1983-2001). TWL (a.k.a still WL) measured at this gauge consists of three 

components: mean sea level (MSL), astronomic tides (AT) and nontidal residuals (NTR):  

TWL = MSL + AT + NTR 
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Astronomic tides (AT) are highly predictable. Based on the calculated tidal constituents at this 

site, tides are mixed diurnal-semidiurnal with the greater diurnal tidal range of 5.5 ft. The 

estimates of change in MSL between the present and future time of interest, referred to as sea 

level rise (SLR), are taken from climate models. The non-tidal residual (NTR) is the part of the 

sea level that remains once the astronomical tidal component has been removed. This primarily 

contains the meteorological contribution to sea level, often called the surge.  

As discussed in the technical report, there is a statistically significant relationship between NTR 

and rainfall in Manhattan Beach. In practice, a multivariate model can be constructed by fitting 

suitable univariate laws on the marginals, and an appropriate copula on the observed pairs. In 

this project, a recently developed model that comprehensively analyzes the dependence 

structure between flood drivers is used. The approach models the flood drivers using copula 

functions to estimate design return periods/levels. This model first fits the appropriate 

underlying marginal distribution for each of the drivers, from 17 univariate distributions, based 

on measures of goodness-of-fit including Akaike Information Criterion (AIC) and Bayesian 

Information Criterion (BIC). The copula model will then be selected from a plethora of 26 copula 

functions available in the literature. Parameters of these copula models are inferred through a 

Bayesian inference approach with Markov Chain Monte Carlo, to estimate the underlying 

uncertainties of the modeling framework. Then a hydrodynamic model is used to estimate the 

stormwater flooding across Manhattan Beach City under each of these compound scenarios. 

Compound statistical analysis of bivariate extreme samples show that an archimedean copula 

called Ali–Mikhail–Haq best characterizes the correlation structure between hourly precipitation 

and NTR (parameters and goodness-of-fit information is available in the technical report). The 

multivariate analysis leads to the joint relationship between NTR and precipitation (top right 

panel in Figure 9). For each return period, the model leads to a curve with different 

combinations of NTR and precipitation extremes. The most likely scenario is derived based on 

the density of the isoline. The two boundaries (here, extreme rainfall and extreme NTR) indicate 

rainfall dominated and coastal dominated scenarios. This figure can then be used to extract 

multi hazard flood water level scenarios under most likely, rainfall dominated and coastal 

dominated scenarios (see a sample output in lower left panel in Figure 9). Table 1 shows the 

TWL scenarios for 25-yr, 50-yr and 100-yr events. These bivariate hazard scenarios will be 

used to force the EPA-SWMM model for Manhattan Beach to characterize the flooding patterns 

under each of these scenarios. 
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 Figure 9: Expected changes to today’s 50-yr and 100-yr events under RCP 4.5 and RCP 8.5.  
 

 

RP 

(years) 
Scenario 

1hr rain. 

(in) 

2hr rain. 

(in) 
NTR (ft) 

TWL = NTR + MHHW 

(ft above NAVD88) 

25 

Most likely 1.04 0.73 0.81 6.10 

Rainfall dominated 1.24 0.87 0.17 5.46 

Coastal TWL dominated 0.00 0.00 0.91 6.20 

50 

Most likely 1.27 0.89 0.93 6.22 

Rainfall dominated 1.44 1.01 0.18 5.47 

Coastal TWL dominated 0.00 0.00 1.04 6.33 

100 

Most likely 1.47 1.03 1.06 6.35 

Rainfall dominated 1.63 1.14 0.24 5.53 

Coastal TWL dominated 0.00 0.00 1.17 6.46 

 

Table 1: Bivariate hazard scenarios for various return periods 
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HYBRID HYDROLOGIC-HYDRAULIC 
CONFLUENCE MODELING 
 

 

Runoff Estimation 

Manhattan Beach is a highly urbanized 

system. Figure 10 shows the 

distribution of land cover and land use 

types in Manhattan Beach. A large 

percentage of land in Manhattan Beach 

are characterized as “Developed” in 

National Land Cover Database 2016. 

This means the watershed mainly 

consists of impervious areas that turn a 

significant portion of received rainfall to 

excessive overland runoff. In this 

system, a man-made system of 

drainage channels facilitates the 

movement of runoff through the city and 

so time of concentration would be 

significantly less than an undeveloped 

watershed. For estimation of direct 

runoff from storm rainfall, the Natural 

Resources Conservation Service 

(NRCS) method was used that relates 

the depth of runoff (Q) to the depth of 

rainfall (P), and maximum potential retention (S), all in inches, as: 

{ � > �� →   � =
(� − 0.2�)�

� + 0.8�
 � < �� →                        � = 0  

where, Ia is initial abstraction, which mainly consists of interception, infiltration during early parts 

of the storm, and surface depression storage. In this method, S is a function of curve number 

(CN) as: 

 

Figure 10: Distribution of land cover and land use in 
Manhattan Beach area (Data from NLCD 2016). 
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� =  
1000

��
− 10 

where, CN is a function of land cover, antecedent soil moisture and average slope of the 

catchment. Elevation contours (Figure 11) was used to generate a slope raster (Figure 12) in 

order to calculate the average slope of the watershed. The results of this geospatial analysis 

suggested an average 8.5% slope that was used for runoff coefficient calculation. 

 

  

Figure 11: Elevation map of the City of 
Manhattan Beach. 

Figure 12: Slope map of the Manhattan Beach 
area. 

 

Stormwater Modeling 

The compounding effects of different flood drivers significantly contribute to the flood dynamics 

in urbanized coastal systems. Stormwater drainage systems are typically designed under the 

assumption of free outlet for delivering the inland fluvial/pluvial flooding to the ocean. With rising 

sea levels, the community may experience flooding from a design rainfall (or even smaller) 

events due to the blockage of outlet by a greater than normal coastal water level (i.e., a King 

tide), causing significant impacts. Numerical models have been developed to study the physical 

interaction of extreme fluvial/pluvial and coastal flooding drivers. Here, a hybrid hydrologic-

hydraulic model was used for simulating compound coastal flooding based on the multi-hazard 

scenarios discussed earlier. The numerical model of the Manhattan Beach stormwater 
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drainage system was developed in EPA-SWMM 5.0 to simulate the dynamical response of 

drainage system to under historical and future compound hazards. The outcome of such 

analysis will be fundamental to evaluating vulnerability of the current infrastructure to the 

projected extreme rainfall, sea level rise, extreme coastal water levels and their compounding 

effects. 

 

Model setup 

A coupled hydrologic and hydrodynamic (H&H) model of stormwater drainage system of 

Manhattan beach was developed to simulate the flow of excessive rainfall through the system 

and determine the flooding patterns under compound hazard scenarios of interest. Stormwater 

modeling of Manhattan Beach consists of a hydrologic model that simulates extreme rainfall 

event and the associated runoff generated overland. The generated runoff then will be 

dynamically routed through the drainage system and via outlet enter the coast of Pacific Ocean. 

How the model is developed, validated and applied is discussed in detail in the technical report. 

In the following, a brief summary is provided.  

EPA-SWMM 5.0 offers a lumped hydrologic modeling module for generating synthetic storms 

over an urban watershed and tracking the generated runoff over each subcatchment to the 

inlets of the drainage system. Characteristics of the rainstorm event (i.e. intensity and duration) 

depends on the reginal hydroclimatic characteristics of the watershed and is highly variable 

across space. Characteristics of the generated runoff is a function of catchment features 

including land use land cover, slope and soil properties. For the same rainfall events, 

urbanization factors, such as large impervious areas (i.e. paved surfaces and roofs), intense 

channelization, and low overland flow roughness, can increase the flood risk through increased 

total volume of runoff and shorter time to flood peak. 
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The hydrologic model consists of fourteen subcatchments, from which two main subcatchments 

draining to the ocean. A dynamic wave model is used to rout the generated runoff throughout 

the system. Ponding is allowed over the subcatchments and routing time step is set to be 30 

seconds. This time step yields in stable runs with acceptable model error (see the results 

section and Appendix 1 of the technical report for details). 

 

Hydraulic modeling 

As-Built drawings of the Manhattan Beach’s storm drainage system available from the Los 

Angeles County Storm Drain System portal (https://pw.lacounty.gov/fcd/StormDrain/index.cfm) 

were used to build the model. These plots include detailed information about the hydraulic 

characteristics of the system, including length and cross-sectional dimensions (i.e. circular, box 

or horseshoe) elevations of manholes and conduit materials. As-Built drawings were used to 

set up the numerical model of the Manhattan Beach stormwater drainage system in EPA-

SWMM 5.0. The hydraulics model consists of 60 nodes, including maintenance holes and 

outlets, and 58 links, including channels and culverts. All the modeled links are made of 

reinforced concrete and hence, the typical manning roughness coefficient of n = 0.014 was 

used in the model. Figure 13 shows a snapshot of information needed for detailed hydraulic 

modeling of the stormwater drainage system (see Figure 14 for the map of all hydraulic 

components). 

 

Figure 13: A sample snapshot of the hydraulic modeling module in EPA-SWMM 5.1. The code 

inside description box refers to the drawing file number on Los Angeles County Storm Drain 

System portal from which we obtained detailed information about the links. 
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Figure 14: Map of Manhattan Beach’s storm drainage system and observed/reported flooding 
during a storm in 2004 used for validation of the model. 
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Model Validation and Simulations 

Local flood information from a historic event in Manhattan Beach, occurred in December 28, 

2004, is used for validation and verification proposes. On that day, Manhattan Beach 

experienced two consecutive extreme floods one in the morning and one in the afternoon. The 

first storm with a larger volume and peak rainfall intensity, started at 2:00 AM, reached a peak 

intensity of 0.80 in/hr around 7:00 AM, and ended at 11:00 AM. The morning storm was followed 

by an afternoon storm with a peak intensity of 0.66 in/hr between 5:00 - 6:00 PM (see the time 

series in the technical report).  

To appropriately force the model under compounding effects of rainfall and coastal sea level, 

the outlets were forced with the tidal record observed at the tide gauge in Los Angeles (NOAA 

ID: 9410660). On December 28, 2004, the coast of Manhattan Beach experienced a spring tide 

with the greater diurnal tidal range of 6.3 ft, and 0.75 ft of non-tidal residual at the time of higher 

high water. The verified total water level at the time of peak was 1.17 ft above MHHW. 

The only available information for validation was the recorded calls about flooded locations. 

However, the information did not include the actual volume, depth and duration of flooding. For 

this reason, we were not able to quantitatively compare the model flow depth outputs with actual 

observations. However, comparing the outputs with the reported floods can be used to ensure 

the model generates floods consistent with observations. Model simulations showed at 6:00 

AM, four hours after the storm started, even before reaching the storm’s peak intensity, a 

number of conduits reached their capacity around Voorhees Ave, along the S Meadows Ave, 

and some other conduits capacity (e.g., near the cross section of Valley Dr. and 27th St) 

reached close to their maximum. These are within close proximity of neighborhoods reported 

storm-related calls available from the City of Manhattan Beach.  
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Around 8:00 AM, extensive flooding occurred around the town and flow in majority of conduits 

along the larger network (draining to the northwest boundary outlet) exceeded the network 

capacity. The model simulations are again in line with spatial pattern of storm-related calls 

received between 7:00 and 8:00 AM on December 28, 2004 showing surcharge of runoff out of 

maintenance holes across the city including along the S Meadows Ave and Pine Ave (see 

Figure 15 and the technical report for more details about model validation). After validation, the 

model was used to run a wide range of (more than 100) univariate and compound hazard 

scenarios. All the simulations including water profiles are available the technical report, and 

hence are not included here for brevity.  

 

Figure 15: Simulated status of network at 8:00 AM, December 28, 2004. 
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Shoreline Evolution Model 

In order to project beach widths through time, ESA applied its “two-line” shoreline evolution model that 

separately tracks shoreline and backshore erosion with beach width. The shoreline evolution model relies on 

historic shoreline and backshore erosion rates, shore geometry and sea-level rise amounts to calculate future 

erosion distances and beach width along the length of Manhattan Beach.  

The City of Manhattan Beach has a uniform-width beach spanning about 400 feet on average between the Pacific 

Ocean and the edge of development. Historic erosion rates were taken from the CoSMoS beach erosion transects’ 

shoreline erosion rates. Sea-level rise predictions were taken from the medium-high risk aversion scenario from 

the State of California’s Sea-Level Rise Guidance document (OPC 2018). The CoSMoS historic erosion rates 

were applied to the beach edge and the backshore was assumed to be held in place (at the development line). 

Existing beach widths were determined for each transect using the CoSMoS transect profiles, the CoSMoS 

backshore line, and a shoreline based on mean high water (MHW)1. Shore geometry (foreshore slope and 

shoreface slope) was calculated using an estimated depth of closure point.  

Beach Width 

The beach width is the distance between the shoreline and the backshore. A starting beach width was estimated 

for each transect using the representative distance between the MHW line and the backshore location, as 

identified in CoSMoS. Subsequent beach widths are calculated based on the relative movement of the shoreline 

and backshore. If the shoreline erodes more quickly than the backshore, then the beach narrows, and vice versa. 

Shoreline Movement 

Three components contribute to shoreline movement in this quantified conceptual model: landward movement 

due to sea-level rise, shoreline erosion caused by other coastal processes (e.g., waves, wind, changes in sediment 

supply), and seaward movement of the shore due to sand placement activities: 

𝑆ℎ𝑜𝑟𝑒𝑙𝑖𝑛𝑒 𝑀𝑜𝑣𝑒𝑚𝑒𝑛𝑡 = 𝑆𝐿𝑅 𝑡𝑟𝑎𝑛𝑠𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + 𝑂𝑛𝑔𝑜𝑖𝑛𝑔 𝑒𝑟𝑜𝑠𝑖𝑜𝑛 + 𝐵𝑒𝑎𝑐ℎ 𝑛𝑜𝑢𝑟𝑖𝑠ℎ𝑚𝑒𝑛𝑡 

To evaluate how the shore may evolve if the City takes no action, beach nourishment was not included in the 

model. The other two components are explained in further detail below. 

Sea-Level Rise Transgression 

The impact of sea-level rise on shoreline movement is incorporated by assuming that the shoreline will move 

inland based on the shape of the beach profile and the amount of sea level rise: 

𝑆𝑒𝑎-𝐿𝑒𝑣𝑒𝑙 𝑅𝑖𝑠𝑒 𝑇𝑟𝑎𝑛𝑠𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑠𝑒𝑎 𝑙𝑒𝑣𝑒𝑙

𝑠ℎ𝑜𝑟𝑒𝑓𝑎𝑐𝑒 𝑠𝑙𝑜𝑝𝑒
  

The shoreface slope used in this equation generally depends on whether or not the backshore is eroding. Figure 1 

shows how the sea-level rise erosion changes with beach width. When the backshore is not allowed to erode or 

                                                      
1 MHW=4.55 ft NAVD88, from NOAA Santa Barbara tide gage. 



the beach is so wide that backshore erosion is not occurring, both of which are true of this study, the shoreline 

erodes according to a standard Bruun2 slope, which is the slope between the depth of closure and the backshore 

toe location (shoreface height/active profile length).  

If the backshore was allowed to erode, it would release sand into the system that would slow future erosion. This 

case would require a modified Bruun slope, which accounts for the eroding dune height, and is calculated as 

below:  

𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝐵𝑟𝑢𝑢𝑛 𝑠𝑙𝑜𝑝𝑒 =  
𝑠ℎ𝑜𝑟𝑒𝑓𝑎𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 + 𝑑𝑢𝑛𝑒 ℎ𝑒𝑖𝑔ℎ𝑡

𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
 

The model assumes a linear transition between when a regular Bruun slope is used and when the modified Bruun 

slope is used (Figure 1Error! Reference source not found.). When the beach is more than 2x wider than the 

stable beach slope, the Bruun slope is used. When the beach is narrower than the stable beach slope and the 

backshore is allowed to erode, the modified Bruun slope is used. In between these two beach widths, the erosion 

is linearly interpolated between the two methods.  

 
SOURCE: ESA 

Figure 1  
Example of empirical relationships 

between sea-level-rise-induced erosion 
rate and beach width 

 

As the rate of sea-level rise increases towards the end of the century, the contribution of sea-level rise to shoreline 

movement will likely be greater than ongoing erosion. 

Erosion 

All beaches have an historic shoreline trend – either towards erosion or accretion. If no action is taken, and the 

beach is allowed to erode, this component of erosion will remain constant. However, if actions are taken that 

modify the beach’s behavior (like beach nourishment or building a seawall), this component of erosion can 

increase or decrease. In general, historic erosion rates in Manhattan Beach show net accretion over time, so the 

                                                      
2 Bruun, P., 1962. Sea-level rise as a cause of shoreline erosion. Proceedings of the American Society of Engineers. Journal of the 

Waterways and Harbors Division 88, 117-130. 



baseline historic erosion rate was set to zero erosion in the two-line model to estimate conservatively high future 

erosion.  

 

In this model, shoreline erosion is specified as a function of beach width. When the beach is nourished, the beach 

widens and the shoreline moves seaward. In this unusually wide beach configuration, the shoreline erosion rate is 

expected to increase (Dean 2002). If the beach narrows (either due to sea-level rise or background erosion 

combined with holding the line), shoreline erosion decreases. An exponential empirical relationship was 

established between shoreline erosion rate and beach width that reflects this conceptual model.  

𝐸𝑠ℎ𝑜𝑟𝑒𝑙𝑖𝑛𝑒(𝑡) = min (𝐸𝑠ℎ𝑜𝑟𝑒𝑙𝑖𝑛𝑒,ℎ𝑖𝑠𝑡𝑜𝑟𝑖𝑐 ∗ 𝑒
𝑎(

𝐵𝑊(𝑡)
𝐵𝑊𝑠𝑡𝑎𝑏𝑙𝑒

 − 1)
, 𝐸𝑠ℎ𝑜𝑟𝑒𝑙𝑖𝑛𝑒,𝑚𝑎𝑥) 

Where: 

Eshoreline (t)  = Shoreline erosion at time t 

 Eshoreline, historic = Historic shoreline erosion rate 

 Eshoreline,max = Maximum shoreline erosion rate 

 BW (t)  = Beach width at time t 

 BWambient  = “Ambient” beach width 

 a   = calibration parameter for erosion rate responsive to beach width 

 

Similar exponential relationships have been proposed for existing sand placement projects (Dean 2002). One 

assumption is that sand placements are self-similar. Previous studies have shown that an exponential relationship 

may overestimate the erosion rates (Dette et al. 1994). Because very little data exist related to response of 

shoreline erosion to sand placement, the decay parameter was selected based on wave exposure. Then, the value 

of (a) is increased in areas with higher wave exposure and decreased in reaches with lower wave exposure. When 

a groin is implemented, the decay parameter is reduced by 50%, to account for the reduced potential sediment 

transport. In beach nourishment scenarios, the decay parameter can be increased over time to reflect decreasing 

availability of beach-sized sediments (finer sediments are removed from the system more quickly). See the 

discussions about beach nourishment below for more detail. 

An example of this relationship is plotted in Figure 2. When the beach width is equal to the ambient beach width, 

the erosion rate is equal to the long-term historic erosion rate. The equation is capped with a maximum erosion 

rate to acknowledge that there is a limit to how quickly sand can be removed from the beach. A high value of the 

calibration parameter (a) leads to erosion rates being more responsive to beach width. A value of 0 would result in 

a constant erosion rate equal to the historic erosion rate, regardless of beach width.  



 
SOURCE: ESA 

Figure 2  
Example of empirical relationships 

between erosion rate and beach width 

Beach Nourishment 

When implemented, beach nourishment widens the beach by shifting the shoreline seaward. The amount the 

shoreline is shifted seaward depends on the volume of sand placed on the beach, the beach profile, and sand 

quality. In this analysis, we assumed no beach nourishment. 

Model Results 

Under the medium-high risk aversion sea-level rise scenario, the average total beach width is expected to decrease 

to 310 feet by 2060 from its current width of 370 feet. By 2100, 200 feet of beach will remain.  

Table 1 
Total Beach Width Evolution by Decades 

Year Total beach width (ft) Percentage Lost 

2020 370 0% 

2030 360 2% 

2040 350 5% 

2050 330 11% 

2060 310 16% 

2070 290 22% 

2080 260 29% 

2090 230 37% 

2100 200 47% 
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Introduction 
Coastal communities throughout California are actively planning for coastal impacts from 
climate change. Many impacts, such as sea level rise, wave action, coastal storms, storm surges, 
shoreline change, and bluff erosion, have a comprehensive suite of scientific information that can 
help communities plan. Accordingly, many communities have either completed, or, as in the case 
of the City of Manhattan Beach, are in the course of conducting, sea level rise vulnerability 
assessments. This is an initial step generally followed by identification of appropriate climate 
adaptation strategies if those are warranted.  
 
Emerging research indicates that sea level rise, in addition to its potential to increase overland 
flooding, can also lead to rising shallow groundwater tables and create flooding hazards where 
not previously or generally expected.  Rising groundwater can:  

 Emerge at the surface as ponded water or create areas of saturated soil that previously 
were dry 

 Infiltrate underground wastewater and stormwater pipes, cause foundations to heave, and 
require extensive underground waterproofing;  

 Increase the risk of soil liquefaction in a seismic event;  
 Remobilize old soil contaminants, creating problems for public health and ecosystem 

health. 
 
While this is an area of ongoing research, the USGS, in collaboration with Dr. Kevin Befus (U. 
of Arkansas), recently published model results that project the impact of rising sea levels on 
shallow coastal aquifers for the entire California coastline. The Coastal Storm Modeling System-
Groundwater (CoSMoS-GW), builds on the CoSMoS model, which is being used by the City of 
Manhattan Beach in its assessment of the City’s exposure to rising sea levels and coastal storms. 
The modeling was supported by a combination of CA Ocean Protection Council funds and 
internal funding from USGS.  
 
The City of Manhattan Beach used CoSMoS-GW data to better understand its vulnerability to 
the potential impacts of rising seas on coastal water tables, and potentially on the City’s coastal 
assets.  Study methods and results are presented in this report, along with discussion of the 
findings. These findings are also summarized in the main body of this report: Sea Level Rise 
Risk, Hazards, and Vulnerability Assessment, City of Manhattan Beach. 
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Methods 
Groundwater Modeling: 
CoSMoS-GW uses high-resolution numerical modeling based on the U.S. Geological Survey 
(USGS) MODFLOW1 program to calculate groundwater flow. Groundwater flow is modeled in 
three dimensions, driven by average annual recharge (water infiltrated through the ground 
surface), with the model allowed to stabilize to steady-state for each model run. The model uses 
a range of hydraulic conductivities (K; 0.1, 1 and 10 m/d) and coastal water level boundary 
conditions (MHHW (Mean Higher-High Water) and LMSL (Local Mean Sea Level)) to capture 
the range of likely conditions for coastal California. Steady-state groundwater tables are 
determined for 12 SLR conditions from present-day (0) to +5 meters (m). The full model 
includes a drain function that allows groundwater reaching the ground surface to be removed 
from the model via overland or stream channel flow. “Linear” runs also were performed with the 
drain feature disabled for comparison to other studies, but because the “Linear” results do not 
differ significantly from full model runs in Manhattan Beach, only the full model results were 
considered for this study. 
 
In interpreting CoSMoS-GW model results, it is important to note that year-to-year variations in 
recharge are not considered in the model. Significant year-to-year fluctuations in groundwater 
table heights can be expected in response to natural fluctuations in annual recharge (e.g. 
associated with either extended drought conditions or years with unusually high rainfall). 
Similarly, effects due to seasonal and tidal fluctuations are not considered, although these should 
be relatively small due to the slow response of groundwater levels to external forcing in most 
areas. Impacts due to human activities (e.g. pumping, drains, augmentation) also are not 
considered but may be important in some areas. Model results discussed here provide the 
baseline long-term average water table heights that would be overprinted by seasonal, tidal, and 
other transient signals. For these results, areas with emergent groundwater (where the 
groundwater table rises above the surface of the ground) would be likely to experience chronic 
‘sunny day’ surface flooding (i.e., surface flooding even in the absence of heavy precipitation), 
while areas of deeper groundwater might not produce visible impacts at the ground surface but 
might still impact buried assets. Full CoSMoS-GW modeling methodology is described in Befus 
et al., (2019).   
 
Stormwater System Analysis: 
Stormwater infrastructure vulnerability to SLR driven groundwater shoaling was assessed by 
determining the elevation of stormwater outfalls relative to predicted CoSMoS-GW groundwater 
tables for present and future sea-level rise conditions. Coastal stormwater systems generally are 
designed so that stormwater discharges at or above receiving water levels; receiving water levels 
that are higher than the outfall height (i.e. the discharge is partially or fully submerged) will 
impede stormwater discharge and potentially increase upstream flooding. Stormwater outfalls 
typically are at or slightly above the ground surface, so a first-order assessment of stormwater 
system vulnerability to SLR can be obtained simply by determining the depth to groundwater 
from the ground surface at the outfall location. For outfalls with known elevations relative to the 
ground surface, vulnerability can be determined more precisely. 
 
                                                      
1 MODFLOW: https://www.usgs.gov/mission-areas/water-resources/science/modflow-and-related-programs?qt-
science_center_objects=0#qt-science_center_objects 
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Twenty-two coastal stormwater outfalls were identified in Manhattan Beach (Table 1, Figure 1). 
Outfall locations were estimated using a stormwater infrastructure shapefile provided by the 
City.2 Stormwater line feature (pipe) endpoints were converted to points in ArcGIS, with the 
point at the seaward end of the system providing an estimate of the location of the outfall. 
Elevations were not available in the shapefile, so as-built drawings retrieved from an online 
library of Los Angeles County Storm Drain information3 were used to obtain information on 
outfall elevations.  
 
Of the 22 outfalls identified, online drawings were only available for six. Drawings did not 
typically specify the vertical datum for elevation measurements, but one stated that the vertical 
measurements were in “feet above the U.S.G.S. mean sea level datum”. That is not a current 
datum, but based on the time period (1960 – 1982) and annotated values for Maximum Mean 
High Water (MMHW) and Mean Higher-High Water (MHH) that are very close to superceded 
(1960-1978) values from the NOAA Los Angeles Tide Station, it appears that the drawing datum 
is very close to NOAA Mean Sea Level (MSL) for that period. Because CoSMoS-GW 
groundwater table elevations are relative to the NAVD88 vertical datum, stormwater discharge 
elevations were converted from NOAA MSL to NAVD88 using a vertical adjustment of 2.62’. 
For outfalls without elevation information, the ground elevation at the outfall location was 
extracted from the high-resolution digital elevation model (DEM) used for the groundwater 
model and used as an estimate of the minimum outfall elevation (as noted above, outfalls 
normally are built to discharge at or above the ground surface). 
 
Depth to groundwater from the ground surface was extracted from appropriate model results at 
all outfall locations. Where possible, depths were then adjusted for outfall elevation relative to 
the ground surface. Because outfalls typically are at or above the ground surface, depth from the 
ground surface is expected to provide a conservative (greatest risk) estimate of hazard potential. 
Similarly, this analysis considered only models using the MHHW boundary condition (1.591m) 
because that produces the highest (most conservative with respect to risk) water tables. The 
lower Local Mean Sea Level boundary condition (0.792m) produced significantly lower and thus 
less hazardous groundwater tables. The actual boundary condition controlling the height of 
groundwater discharging at the coast in Manhattan Beach is likely to be somewhere between 
MHHW and LMSL but additional data would be needed to estimate it accurately.  
 
Because geologic and hydraulic data were not available to directly estimate a specific hydraulic 
conductivity for Manhattan Beach, depths to groundwater were determined for all of the modeled 
hydraulic conductivities (K; 0.1, 1 and 10 m/d). Hydraulic conductivity is a measure of how 
easily water moves through the subsurface; dense, compact, clayey soils will have relatively low 
values, while looser substrates like sand and gravel will have higher values. For the entire State 
of California, water tables measured in shallow coastal wells generally fall between model 
results for the K 1 and K 10 cases. Well logs included with some of the as-built drawings show 
mostly sandy substrate in Manhattan Beach, suggesting that, like the State as a whole, a K of 0.1 
likely is inappropriate for this area, but that a value between 1 and 10 probably is reasonable. 
Depths to groundwater were determined for this analysis for sea-level rise values of 0 (present 
day), 1, 2, and 3m. 
                                                      
2 Shapefile (MB_StormPipes) was provided by the City of Manhattan Beach. 
3 pw.lacounty.gov/fcd/StormDrain/index.cfm, accessed 11/30/20 
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Study Asset ID Outfall ID Location 

1 s9d100 44th St 
2 s9d110 43rd St 
3 s9d120 41st St 
4 s9d130 39th St 
5 s10d10 Rosecrans 
6 s10d20 32nd St 
7 s10d30 28th St 
8 s10d40 27th St 
9 s10d50 24th St 
11 s10d60 21st St 
10 s10d55 Marine Pl 
12 s10d70 18th North 
13 s10d75 18th South 
14 s10d80 14th St 
16 s11d2 Pier South 
15 s11d1 Pier North 
17 s11d5 9th St 
18 s11d10 8th St 
19 s11d15 7th St 
20 s11d20 6th St 
21 s11d23 2nd St 
22 s11d25 1st St 

Table 1. List of stormwater outfalls reviewed, including unique asset ID (column 1), City of MB outfall 
identification (column 2), and location (column 3). 

 

 
Figure 1. Map of stormwater outfall location endpoints extracted from City shapefiles. Outfalls numbers correspond 
to labels in Table 1.  

 
 
Unconfined coastal groundwater consists of relatively dense saline groundwater (infiltrated into 
the subsurface from the adjacent ocean) with fresh groundwater floating on the saline 
groundwater due to its lower density. As a result, even if fresh groundwater is only a small 
portion of the overall groundwater volume (e.g., in arid regions like Southern California) 
unconfined saline groundwater can be expected to rise with SLR and may create groundwater 
hazards. Saline groundwater levels can be expected to be similar to the adjacent sea level, but 
with little or no tidal fluctuation. To evaluate how much the fresh groundwater modeled in the 
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study contributes to groundwater heads at the outfalls (compared to the underlying saline 
groundwater from marine intrusion), groundwater heads at the outfalls were compared to the 
MHHW boundary condition height.  The difference in height was used to estimate the freshwater 
contribution to the groundwater table height.  Results from this analysis show that, especially 
near the coast, the freshwater portion produces only a small (~1 to 7”) increase in the overall 
water table height. Based on these results, it appears that most of the long-term steady-state risk 
associated with groundwater shoaling in Manhattan Beach can be assessed simply by considering 
SLR impacts on the saline groundwater table. However, it is important to note that increases in 
the fresh groundwater table will occur following unusually wet periods, potentially leading to 
temporary fresh groundwater shoaling issues in lower elevation areas. 
 
Wastewater System 
Wastewater system information was extracted from shapefiles provided by the City of Manhattan 
Beach. As with the stormwater system, x and y locations were determined for pipe segment 
endpoints in the most seaward portion of the wastewater system, which runs parallel to the shore, 
seaward of The Strand (Figure 2).    
 

 
 
Figure 2. Map of sewer pipe segment endpoints extracted from City shapefiles. 

 
For this study, no as-built drawings or plans were available to determine belowground sewer line 
depths. However, current code indicates that sewer lines generally should be located no deeper 
than ~2 m below ground level. Therefore, the depth to groundwater was estimated conservatively 
(maximum risk) by assuming that the bottom of the sewer line was located a full 2 m below the 
land surface, using ground elevations at the pipe segment endpoints from the model DEM.  
 
Results and Discussion 
 
Fresh groundwater abundance and associated impacts for the City of Manhattan Beach are likely 
to be minor due to low recharge (~2.5 cm, or 1” per year) and relatively permeable sandy 
substrate (boring logs for outfalls 7-10, 18, and 22 show that all are in areas of fine to medium-
fine sand). Modeled water tables (WT) show relatively slow increases in elevation moving 
inland, even for K = 0.1, the lowest (and very unlikely) hydraulic conductivity case, while land 
surface elevations increase relatively rapidly, indicating that any SLR-driven GW shoaling 
impacts are likely to be confined to a narrow strip along the coast (Figures 3 and 4). 
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Figure 3. Modeled groundwater depth for SLR 0, K 1.0, and MHHW boundary condition. Inset shows the ground 
surface (DEM) and water table elevations along the red transect line for K = 0.1, 1 and 10 m/d. Groundwater depths 
for the case shown in the main figure (SLR 0, K 1.0, MHHW) are all > 5m at the Strand and increase rapidly 
moving inland, indicating that any groundwater impacts on buried infrastructure will be restricted to a narrow region 
along the coast. 

 

 
Figure 4. Groundwater table elevations for the MHHW K 1.0 model with SLR values of 0, 1, 2, and 3m along the 
red transect line in Figure 3. Water tables rise almost linearly with SLR, but the rapid increase in ground elevation at 
and just inland of the bike path limits potential groundwater shoaling impacts inshore of that region. MHHW 
boundary condition heights for each SLR case are shown by dots on the vertical axis. Note that the sandy beach 
portion of the DEM profile changes significantly from summer to winter as the beach erodes in the winter and 
accretes in the summer leading to burial of the 2 most seaward outfalls. 
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-500 Inundated (marine) 

  Emergent 

 Very Shallow (0 - 1m) 

  Shallow (1 - 2m) 

  Deeper than 2m 

 

   Depth to groundwater (m) 

   K 0.1  K 1.0  K 10 

Label Name  

SLR 
0 

SLR 
1 

SLR 
2 

SLR 
3  

SLR 
0 

SLR 
1 

SLR 
2 

SLR 
3  

SLR 
0 

SLR 
1 

SLR 
2 

SLR 
3 

1 44th St 
 3.344 2.512 1.755 1.116  4.549 3.567 2.590 1.628  4.673 3.674 2.677 1.681 

2 43rd St 
 3.028 2.194 1.446 0.831  4.173 3.190 2.213 1.254  4.289 3.291 2.293 1.298 

3 41st St 
 3.075 2.240 1.460 0.825  4.332 3.348 2.369 1.407  4.460 3.461 2.464 1.467 

4 39th St 
 3.290 2.455 1.674 1.043  4.634 3.650 2.671 1.709  4.771 3.772 2.774 1.778 

5 Rosecrans 
 3.360 2.516 1.730 1.164  4.671 3.687 2.707 1.751  4.804 3.806 2.808 1.812 

  32nd St 
 3.532 2.685 1.915 1.341  4.884 3.900 2.920 1.965  5.022 4.024 3.026 2.030 

6 32nd St 
 3.532 2.685 1.915 1.341  4.884 3.900 2.920 1.965  5.022 4.024 3.026 2.030 

7 28th St 
 1.228 0.393 -500 -500  1.571 0.589 -500 -500  1.607 0.609 -500 -500 

8 27th St 
 2.657 1.810 1.067 0.510  3.898 2.914 1.935 0.983  4.025 3.026 2.028 1.033 

9 24th St 
 4.641 3.797 3.005 2.386  6.047 5.063 4.083 3.122  6.190 5.192 4.194 3.198 

10 Marine Pl 
 3.623 2.779 1.975 1.385  4.983 4.000 3.019 2.060  5.122 4.124 3.126 2.130 

11 21st St 
 4.102 3.261 2.452 1.932  5.540 4.556 3.575 2.622  5.686 4.688 3.690 2.695 

12 
18th 

North  4.083 3.246 2.425 1.930  5.520 4.537 3.555 2.604  5.667 4.669 3.670 2.675 

13 
18th 

South  4.104 3.266 2.446 1.977  5.559 4.576 3.594 2.645  5.708 4.709 3.711 2.716 

14 14th St 
 3.609 2.765 1.966 1.448  5.071 4.088 3.106 2.155  5.221 4.222 3.224 2.229 

16 
Pier 

South  3.040 2.207 1.577 1.513  4.590 3.607 2.629 1.733  4.748 3.750 2.752 1.762 

15 
Pier 

North  2.331 1.496 0.867 0.748  3.817 2.834 1.856 0.954  3.969 2.970 1.973 0.982 

17 9th St 
 4.152 3.326 2.541 2.123  5.853 4.871 3.889 2.950  6.028 5.030 4.032 3.038 

18 8th St 
 3.506 2.687 1.890 1.423  5.249 4.267 3.285 2.340  5.430 4.432 3.433 2.439 

19 7th St 
 3.175 2.351 1.553 1.097  4.849 3.867 2.884 1.941  5.022 4.024 3.025 2.031 

20 6th St 
 3.480 2.663 1.864 1.382  5.248 4.266 3.284 2.337  5.431 4.433 3.435 2.440 

21 2nd St 
 3.885 3.073 2.300 1.841  5.643 4.661 3.680 2.737  5.827 4.829 3.831 2.837 

22 1st St 
 1.492 0.641 0.044 -500  2.011 1.025 0.053 -500  2.066 1.068 0.070 -500 

 
Table 2. Depth to groundwater for the MHHW boundary condition (worst/highest case), all K’s and sea level rise 

rates of 0, 1, 2 and 3m.   
 
For the 22 stormwater outfalls identified in this study, depths to groundwater from the ground 
surface (using the model DEM to extract ground surface points) were extracted (Table 2). The 
color-coding highlights results for various model cases using a series of management-relevant 
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categorization bins. Blue (inundated) indicates that the asset is flooded by the ocean via overland 
inundation; any groundwater impact would be masked by the fact that the asset is now either 
permanently inundated by ocean water. Red (emergent) is not used in the table but would 
indicate that groundwater is emerging above the land surface; this would indicate sites where 
groundwater may already be observable (e.g. a river, pond, or ponded water following 
precipitation events) or where new groundwater will emerge due to the impacts of sea level rise 
on groundwater tables. Orange (very shallow) shows where groundwater is within 1 m of the 
land surface. At this depth, groundwater could impact shallow buried infrastructure as well as 
building foundations or other assets that were built requiring and assuming a dry subsurface. 
Yellow (shallow) delineates the 1 – 2 m zone where groundwater may interact with deeper assets 
(up to 6 feet below the ground surface). Stormwater system pipes, as well as wastewater pipes, 
are most often located in this depth range. White indicates depths to groundwater tables that are 
greater than 2m. Most stormwater and wastewater systems are not buried this deeply.  
 
These results project where groundwater will shallow most quickly (depicted by the 
orange/“very shallow” shading). Pipes at 28th St and 1st are the most exposed to groundwater. 
This is not surprising as these are the outfalls closest to the ocean.  
 
For the 6 outfalls with elevation data extracted from as-builts, depth to groundwater from the 
outfall was calculated. The 2 seaward outfalls (7 and 22) are well below the ground surface for 
the DEM used in the modeling and the outfalls are already underwater for the MHHW case. 
Except for outfall 8 (27th Ave), which is 1.5m below the ground surface, the other outfalls are 
very close to the ground surface and vulnerability is similar to that calculated above for 
groundwater depth from the ground surface (Table 3). 
 

   Depth to groundwater from outfall (m) 

   K 0.1  K 1.0  K 10 

Lbl Name Eln SLR 0 SLR 1 SLR 2 SLR 3  SLR 0 SLR 1 SLR 2 SLR 3  SLR 0 SLR 1 SLR 2 SLR 3 

7 28th St -1.88 -0.650 -1.485 -500 -500  -0.307 -1.289 -500 -500  -0.271 -1.269 -500 -500 

8 27th St -1.53 1.127 0.280 -0.463 -1.020  2.368 1.384 0.405 -0.547  2.495 1.496 0.498 -0.497 

9 24th St 0.08 4.718 3.874 3.082 2.463  6.124 5.140 4.160 3.199  6.267 5.269 4.271 3.275 

11 
Marine 

Pl -0.08 3.539 2.695 1.891 1.301  4.899 3.916 2.935 1.976  5.038 4.040 3.042 2.046 
…                             

18 8th St 0.12 3.621 2.802 2.005 1.538  5.364 4.382 3.400 2.455  5.545 4.547 3.548 2.554 
…                             

22 1st St -1.80 -0.307 -1.158 -1.755 -500  0.212 -0.774 -1.746 -500  0.267 -0.731 -1.729 -500 

 
Table 3. Depth to groundwater from outfall MHHW boundary condition (worst/highest case), all K’s and sea level 

rise rates of 0, 1, 2 and 3m.   
 
 
Table 4 provides estimates of the thickness of the freshwater layer floating on the underlying 
saline groundwater. For K = 1 and 10 (the most likely range), fresh groundwater adds very little 
to total groundwater heads; the increase is effectively zero for K = 10 and is only 2-18 cm (1 – 
7”) for K = 1. Fresh groundwater plays a much more significant role in the K = 0.1 case, 
increasing heads by 0.36 – 1.95 m (14 – 77”), but this K is likely to be much too low for 
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Manhattan Beach’s sandy substrate. Thus, most of the groundwater hazard at Manhattan outfalls 
likely will be due to SLR impacts on saline groundwater.  
 

   Estimated (head - MHHW) freshwater thickness (m) 

   K 0.1  K 1.0  K 10 

Label Name  

SLR 
0 

SLR 
1 

SLR 
2 

SLR 
3  

SLR 
0 

SLR 
1 

SLR 
2 

SLR 
3  SLR 0 SLR 1 SLR 2 SLR 3 

1 44th St 
 1.323 1.155 0.912 0.551  0.117 0.100 0.077 0.039  -0.006 -0.008 -0.010 -0.014 

2 43rd St 
 1.255 1.089 0.837 0.451  0.110 0.093 0.070 0.029  -0.007 -0.008 -0.011 -0.015 

3 41st St 
 1.380 1.215 0.994 0.630  0.123 0.106 0.085 0.047  -0.005 -0.007 -0.009 -0.013 

4 39th St 
 1.476 1.311 1.092 0.723  0.133 0.116 0.095 0.057  -0.004 -0.006 -0.008 -0.012 

5 Rosecrans 
 1.439 1.283 1.069 0.636  0.129 0.113 0.093 0.048  -0.005 -0.006 -0.008 -0.013 

  32nd St 
                           

6 32nd St 
 1.486 1.333 1.102 0.677  0.134 0.117 0.098 0.052  -0.005 -0.006 -0.008 -0.013 

7 28th St 
 0.362 0.197 NaN NaN  0.020 0.002 NaN NaN  -0.016 -0.018 NaN NaN 

8 27th St 
 1.362 1.209 0.951 0.508  0.121 0.104 0.083 0.036  -0.006 -0.008 -0.010 -0.015 

9 24th St 
 1.544 1.389 1.181 0.800  0.139 0.123 0.103 0.064  -0.004 -0.006 -0.008 -0.012 

11 21st St 
 1.494 1.338 1.142 0.733  0.134 0.118 0.099 0.058  -0.005 -0.007 -0.008 -0.013 

10 Marine Pl 
 1.580 1.421 1.231 0.750  0.143 0.126 0.107 0.061  -0.004 -0.006 -0.008 -0.012 

12 18th North 
 1.580 1.417 1.238 0.733  0.142 0.126 0.108 0.059  -0.004 -0.006 -0.008 -0.013 

13 18th South 
 1.600 1.437 1.257 0.726  0.144 0.128 0.110 0.059  -0.004 -0.006 -0.007 -0.013 

14 14th St 
 1.608 1.451 1.251 0.768  0.146 0.129 0.111 0.062  -0.004 -0.006 -0.008 -0.012 

16 Pier South 
 1.705 1.538 1.168 0.232  0.155 0.138 0.116 0.012  -0.003 -0.005 -0.007 -0.018 

15 Pier North 
 1.634 1.469 1.098 0.217  0.148 0.131 0.108 0.011  -0.004 -0.006 -0.008 -0.018 

17 9th St 
 1.874 1.700 1.485 0.904  0.173 0.156 0.137 0.077  -0.001 -0.003 -0.005 -0.011 

18 8th St 
 1.845 1.669 1.467 0.923  0.171 0.154 0.136 0.079  -0.002 -0.004 -0.005 -0.011 

19 7th St 
 1.923 1.741 1.539 1.006  0.179 0.162 0.144 0.089  -0.001 -0.003 -0.005 -0.010 

20 6th St 
 1.950 1.767 1.566 1.048  0.183 0.165 0.147 0.094  -0.001 -0.002 -0.004 -0.010 

21 2nd St 
 1.942 1.753 1.527 0.986  0.183 0.166 0.147 0.089  -0.001 -0.003 -0.004 -0.010 

22 
1st St 

 0.559 0.410 0.007 NaN  0.040 0.026 
-

0.002 NaN  -0.015 -0.017 -0.019 NaN 

 
Table 4.  Estimated freshwater thickness for the MHHW boundary condition (worst/highest case), all K’s and sea 

level rise rates of 0, 1, 2 and 3m.   
 
Wastewater System 
Assuming that the maximum depth of a sewer pipe is 2m below the ground surface, a 
conservative depth-to-groundwater for the bottom of sewer pipes was determined by subtracting 
2m from depths to groundwater determined for pipe endpoints (Table 5). For this case, points 18 
and 20 may be ~0.5m underwater for K 0.1 and SLR 3m, but for a more reasonable K of 1 or 10, 
the sewer system will likely not be impacted by the shallowing of groundwater tables. 
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   Depth to groundwater assuming sewer is 2m below ground surface (m) 

   K 0.1  K 1.0  K 10 

Lbl ID  SLR 0 SLR 1 SLR 2 SLR 3  SLR 0 SLR 1 SLR 2 
SLR 
3  SLR 0 SLR 1 SLR 2 

SLR 
3 

1    6.514 5.691 4.939 4.311  8.238 7.257 6.280 5.320  8.415 7.417 6.419 5.423 

2    2.288 1.456 0.702 0.074  3.647 2.665 1.688 0.727  3.786 2.788 1.790 0.794 

3 P2997  2.583 1.752 0.993 0.363  3.976 2.994 2.016 1.055  4.118 3.120 2.122 1.126 

4 P2997  2.468 1.636 0.860 0.231  3.904 2.922 1.943 0.982  4.051 3.053 2.055 1.059 

5 P3018  2.801 1.969 1.190 0.563  4.289 3.306 2.327 1.366  4.441 3.443 2.445 1.449 

6 P3017  4.218 3.377 2.591 2.013  5.730 4.747 3.767 2.811  5.884 4.886 3.888 2.892 

7 P3016  3.508 2.667 1.878 1.287  5.012 4.028 3.048 2.091  5.165 4.167 3.169 2.173 

8 P3015  2.345 1.500 0.702 0.100  3.703 2.719 1.738 0.780  3.842 2.843 1.845 0.849 

9 P3014  2.737 1.892 1.107 0.531  4.110 3.127 2.146 1.191  4.251 3.252 2.254 1.259 

10 P3013  3.304 2.458 1.684 1.126  4.737 3.753 2.773 1.820  4.883 3.885 2.887 1.892 

11 P3012  2.546 1.700 0.925 0.343  3.905 2.921 1.941 0.986  4.044 3.046 2.048 1.052 

12 P3012  3.888 3.048 2.297 1.741  5.312 4.329 3.351 2.399  5.458 4.460 3.462 2.467 

13 P3021  4.042 3.199 2.449 1.935  5.552 4.569 3.590 2.641  5.706 4.708 3.710 2.715 

14 P3022  4.042 3.199 2.449 1.935  5.552 4.569 3.590 2.641  5.706 4.708 3.710 2.715 

15 P3022  2.986 2.138 1.360 0.771  4.349 3.365 2.386 1.428  4.489 3.490 2.492 1.496 

16 P3023  2.641 1.797 1.005 0.386  4.047 3.063 2.083 1.122  4.190 3.192 2.194 1.198 

17 P1586  2.543 1.700 0.897 0.304  3.945 2.961 1.980 1.021  4.088 3.089 2.091 1.095 

18 P1586  1.602 0.758 -0.049 -0.589  2.952 1.968 0.987 0.032  3.089 2.091 1.093 0.097 

19 P3025  2.163 1.321 0.506 -0.055  3.543 2.560 1.578 0.621  3.684 2.685 1.687 0.692 

20 P3026  1.595 0.756 -0.065 -0.549  2.988 2.005 1.023 0.073  3.131 2.132 1.134 0.139 

21 P3027  2.867 2.030 1.211 0.709  4.383 3.400 2.417 1.466  4.538 3.539 2.541 1.546 

22 P3028  2.599 1.757 0.947 0.420  4.067 3.084 2.102 1.150  4.218 3.219 2.221 1.226 

23 P3029  2.921 2.081 1.303 0.815  4.485 3.502 2.521 1.574  4.645 3.647 2.649 1.654 

24 P3030  2.160 1.326 0.645 0.338  3.779 2.796 1.818 0.894  3.945 2.946 1.949 0.956 

25 P1834  1.993 1.160 0.521 0.445  3.586 2.604 1.626 0.728  3.749 2.751 1.753 0.764 

26 P1834  -1.047 -1.884 -2.496 -502  0.284 -0.699 -1.676 -502  0.420 -0.578 -1.576 -502 

27 P2621  -1.105 -1.956 -502 -502  -0.581 -1.566 -502 -502  -0.528 -1.527 -502 -502 

28 P2620  -502 -502 -502 -502  -502 -502 -502 -502  -502 -502 -502 -502 

29 P2620  -502 -502 -502 -502  -502 -502 -502 -502  -502 -502 -502 -502 

 
Table 5. Depth to groundwater for the MHHW boundary condition (worst/highest case), all K’s and sea level rise 

rates of 0, 1, 2 and 3m.   
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Conclusions 
The groundwater table in Manhattan Beach is between 5-20 feet below the beach, except at the 
edge of the water, where the groundwater table is closer to the surface. Based on the modeling 
used for this study (CoSMoS-GW), with 3.3 feet (1 meter) of sea-level rise, the model projects 
groundwater levels under the beach would increase 3.2 feet. With 6.6 feet (2 meters) of sea-level 
rise, the groundwater would increase 6.4 feet and with 9.8 feet (3 meters) of sea-level rise, it 
would increase 9.6 feet. Despite these significant increases in water table depth (which brings 
them closer to the land surface), because the land slopes up quickly from the beach, the 
groundwater under most of the city remains deep, yielding limited risk to inland flooding. As 
such, modeling results indicate that there is no expected emergence of groundwater leading to 
backshore ponding in Manhattan Beach.   
 
The next potential impact to consider is if rising groundwater tables might rise enough to 
adversely impact underground infrastructure, such as stormwater and wastewater systems. 
Stormwater outfalls are the lowest points in the stormwater system and the closest to the ocean, 
and typically are located at or above ground level. As discussed above, several are close to the 
MHW line already and thus vulnerable to flooding from wave run-up today. These pipes were 
identified in the overland flooding analysis as ones that would require the most immediate 
attention by the City. Groundwater rising above the bottom of the outfall discharge opening 
would progressively reduce the efficiency of stormwater discharge, potentially increasing inland 
flooding. This study did not find that rising groundwater tables would cause impacts to the 
system above and beyond what would be expected from sea level rise-driven overland flooding.  
However, the combined impacts of changes in precipitation (to a flashier, more deluge-style rain 
events) in combination with sea level rise, may impact the City’s stormwater system. For more 
detailed analysis, please see the accompanying study by Amir AghaKouchak and colleagues 
(Multi-Hazard Confluence Modeling of Manhattan Beach’s Stormwater Infrastructure 2021). 
 
Assuming sewer lines are buried no deeper than 2 m, this study showed limited potential impact 
to the City’s wastewater system buried under the beach.  With increasing sea level rise – 2m – 
3m, there is potential for groundwater to rise to the depth where sewer lines are located. If the 
existing sewer lines have cracks or other permeable sections along the pipe, this rising 
groundwater could potentially permeate into the sewer line increasing the amount of water in the 
line. This potential impact could not be ascertained from this first study. To better understand the 
impact to the wastewater system, the City should verify actual depths of the sewer lines and to 
determine if the existing pipes are in a state of good repair. If the pipes are buried deeper than 2 
m (the assumption in this study), and if they need repair, it is possible that there could be impacts 
to the pipe system with rising groundwater tables. Measures to address impacts could include 
slip-lining the pipe or utilizing a vacuum based sewer system. 
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