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1 ABSTRACT  
 In the San Francisco Bay Area (the Bay Area), one of the greatest concerns of global climate change 
is inundation from sea level rise (SLR) associated with extreme storms. The projected 1.41 m SLR will 
inundate many of Bay Area’s low-lying coastal areas, including populated development and ecologically 
important tidal marshes. Therefore, it’s critical to map the inundation and then develop subsequent 
strategies to adapt to and mitigate the impact. Differing from previous static models, we used the 3Di 
hydrodynamic model to simulate a near 100-year storm associated with different levels of SLR at a 50-meter 
spatial resolution, in order to capture the dynamics of semi-diurnal tides in the Bay. The model produces a 
time-series with a 1-hour interval simulated inundation with both extent and depth outputs. Based on the 
outputs, we find there is a significant increase in inundated areas with rising sea level, especially for 
development and wetlands. Immediate planning and design actions are required in those areas to avoid 
potential long term consequences. We also recommend using the time-series result to visualize the 
inundation process and the integration of our research framework into GeoDesign to give planers the ability 
to test different adaptation proposals. 
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2  INTRODUCTION 
    Global climate change induced Sea Level Rise (SLR) has already affected coastal areas around 
the world by inundating coastal land, salt water intrusion, increased erosion, the decline of coastal wetlands, 
etc. (Nicholls & Cazenave, 2010; Titus et al., 1991). In the San Francisco Bay Area (the Bay Area), the 
mean sea level is projected to rise 1.41 m by the year 2100 (Cayan et al., 2009; Cloern et al., 2011), which 
may cause major impacts on the Bay Area’s population, economy, environment, and development. 
Heberger et al. estimated that a 100-year flood event, coupled with 1.4 m SLR increment, could put 270,000 
people at risk (given 2012’s population), and cause $62 billion (in year 2000 dollars) to replace the properties 
at risk (Heberger, Cooley, Moore, & Herrera, 2012). Biging et al (Biging, Radke, & Lee, 2012) predicted that 
SLR would cause much of the Bay Area’s transportation infrastructure to fail and impact regional 
accessibility as well as population mobility patterns. 

In order to develop adaptation strategies for SLR in planning and design, it is critical to explicitly 
predict the spatial extents of the future inundation in coastal areas. Many researchers have added 
inundation to the existing research framework. For example, in land use planning, Berry and BenDor (2015) 
added a simulated SLR inundation layer to development suitability analysis of New York City. In 
transportation planning, Demirel, Kompil, and Nemry (2015) combined SLR and storm surge inundation with 
Europe road network to identify the road network vulnerability. In habitat conservation, Zhu et al. (2015) 
used a Sea Level Affecting Marsh Model (SLAMM), species habitat models, and conservation prioritization 
(Zonation) to prioritize conservation based on ecological services and land cost. In public participation, 
Wadey et al. (2015) conducted a participatory visualization exercise in Yarmouth, UK, to simulate the SLR 
scenarios of interest, and to engage multiple stakeholders. Wadey et al. also recommended that such 
approach should be widely adopted in communities and act as an important part of coastal flood 
management. To promote environmental justice in climate change adaptation, researchers also used 
simulated inundation and populations’ socioeconomic characteristics to identify the most vulnerable 
populations (Nutters, 2012; Martinich, Neumann, Ludwig, & Jantarasami, 2013; Bickers, 2014). 

Equilibrium models and dynamic models are the two main categories of models to simulate and 
map SLR inundation and storm surge (Gallien, Schubert, & Sanders, 2011). Equilibrium models are static 
and model one stage of inundation, such as inundation by Mean Higher High Water (MHHW), while dynamic 
models are able to simulate entire inundation processes over a specified period of time. Equilibrium models 
can process higher spatial resolution (<20 m) data (Poulter & Halpin, 2008; Gesch, 2009; Marcy et al., 2011; 
Biging et al., 2012), but they fail to show temporal details. In contrast, dynamic models simulate with time-
series data, but at a cost of lowering spatial resolution (>50 m) (Knowles, 2010; Dahm, Hsu, Lien, Chang, 
& Prinsen, 2014; Wang, Loftis, Liu, Forrest, & Zhang, 2014). A comparison between equilibrium and 
dynamic inundation models can be found in Table 1. 
 
Table 1. Comparison between equilibrium models and dynamic models. 
 

Category Input advantage disadvantage 
equilibrium models water level data; 

digital ground 
surface data 

higher spatial resolution  lower temporal resolution 
dynamic models higher temporal 

resolution 
lower spatial resolution 

 
 In the Bay Area, several equilibrium models have been applied to simulate potential inundated area 
due to SLR and storm surge. Even though equilibrium models are able to model at a high spatial resolution, 
they fail to represent the dynamics of real tides and storm events, especially in the Bay Area that is 
characterized by daily semi-diurnal tides, where there are two uneven heights of high tide and low tide. 
Dynamic models are particularly appropriate for the Bay Area as they simulate all stages in the tidal cycle 
and the movement of tides in a storm event. Knowles ( 2010) conducted a recent dynamic modeling in the 
Bay Area, which combined a dynamic model and an equilibrium model. Knowles first used a TRIM-2D 
dynamic model to create a water surface with 200 m horizontal elevation, and then used an equilibrium 
approach where he compared the water surface elevation and ground surface model from a Lidar generated 
Digital Elevation Model (DEM) to identify the inundated area (Knowles, 2010). However, the water surface 
might be inaccurate as it was simulated at 200 m resolution and some smaller water pathways (<200 m) 
might be diminished and the results were thus inaccurate. To better understand the dynamics of inundation 
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and to more accurately simulate its impact, a more advanced dynamic model modeling at a higher resolution 
should be implemented.  
 With such concerns, we applied a new hydrodynamic model, 3Di (Stelling, 2012), to better model 
SLR, storm surge and inundation at a 50 m resolution for the Bay Area. We seek to answer the following 
questions: (1) Where will the spatial extents of future inundation lie in the Bay Area? (2) How will specific 
land cover types be impacted (e.g. development and wetlands)? In addition to answering these questions, 
our study also produced time-series visualization for simulated inundation to assist planners and designers, 
and to contribute to public awareness about SLR and storm surge. 
 
3 DATA AND METHODS 
 
3.1 Method Overview 

We used the 3Di model (Stelling, 2012) to simulate a near 100-year storm associated with different 
SLR scenarios to map the inundated area in the Bay Area. The input includes a 50-m resolution digital 
surface model and time-series water level data. The output is a time-series, 1-hour interval simulated 
inundation, providing extent and water depth. Based on the time-series output of the model, we then 
calculated the average inundation depth for each grid cell, reclassified the average inundation depth into 5 
classes to identify the inundation severity, and compared how the inundated area changed with rising sea 
levels. Finally, we overlaid the inundation layer with the land cover layer from Nation Land Cover Dataset 
2011 (NLCD 2011) and identified the inundation for each land cover. In this process, we only considered 
storm surge and SLR, and we didn’t incorporate other factors such as shoreline erosion, subsidence, and 
sedimentation, which might further exacerbate the impact. 
 
3.2 3Di Model 

The 3Di hydrodynamic model (Stelling, 2012) dynamically simulates the movement of tides through 
a digital ground surface. We consider two benefits of this model: (1) compared to equilibrium models, this 
model provides an additional dimension of time and illustrates the inundation process; (2) the model uses a 
spatial quadtree approach to hierarchically decomposing the study area (Cormode, Procopiuc, Srivastava, 
Shen, & Yu, 2012), draws smaller grid cells for areas requiring more detail, and draws larger grid cells for 
areas where surface homogeneity dominates (Dahm et al., 2014). With this approach, 3Di is able to process 
larger and higher resolution datasets and at a faster computational speed compared to models using even 
grid cells. In this study, the quadtree approach decomposes the study area into 120,810 grid cells, with the 
minimum grid cell size of 50 by 50 meters. 
 To initialize the model: (1) we input the digital surface model to 3Di and as Figure 1 illustrates, the 
model conducted a quadtree spatial decomposition for the surface model; (2) we defined the initial boundary 
for simulated waves. As seen in Figure 2, an initial boundary was set west of the Golden Gate Bridge and 
the water level data from Point Reyes tidal gauge station was used to populate the water level for this 
boundary. The water level input is a 6-min interval, time-series water level record from Feb 5 to Feb 7, 1998. 
The model simulated virtual tides from the initial boundary throughout the entire study area based on this 
input. We assumed the simulated 3-day period should allow the peak tide go through the entire study area. 
A longer time period wasn’t simulated as it required excessive computing time. In addition, we assigned 
observation stations at existing San Francisco, Alameda, and Port Chicago NOAA tidal gauge station 
locations, to record the simulated water levels. These help us calibrate and validate the accuracy of the 
simulation by comparing measured and simulated water levels. We set the model to create inundation extent 
and depth every hour and record simulated water levels every 15 minutes. 
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Figure 1. Quadtree decomposition of the study area, where the 3Di model draw finer grids for area with 
more elevation changes and coarser grids for area with less elevation changes or above certain elevation. 

 

 
 

Figure 2. Initial boundary and tidal guages used for model initialization and validation. 
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3.3 Digital Surface Model 

Our digital surface model was obtained from Radke et al. (2014), which included both the digital 
elevation model and bathymetry model for the entire Bay Area. The spatial resolution of that dataset was 
originally 1 meter. However, considering computational constraints of the 3Di hydrodynamic model, we 
resampled the dataset to 50-meter resolution. Although we understand lowering the resolution may increase 
the inaccuracy of the results, 50-meter was assumed as the finest resolution to simulate. The potential issue 
with a coarse resolution such as 50-meter is inaccuracy of the results. When aggregating the model from 
finer resolution to coarser resolution, a coarser (i.e. 50 meters) grid cell takes either the mean, median, 
maximum, or minimum value of all the finer (i.e. 1 meter) grid cells within the coarser grid cell as its 
aggregated elevation value. The coarser surface thus might elevate or lower the actual elevation, resulting 
in water pathways diminishing or emerging and underestimation or overestimation of the results. 
Alternatives to using a coarse resolution are included in the discussion section. 
 
3.4 Water Level Data 
    To estimate the worst-case scenario, we simulated a near 100-year storm associated with different 
levels of SLR. Being a dynamic model, 3Di requires a time-series water level input. We selected a historic 
storm event with peak water level close to a predicted 100-year storm as the input. As shown in Table 2, at 
San Francisco NOAA tidal gauge, the peak water level of a 100-year storm is estimated as 2.64 meters 
(Zervas, 2013). Recent historic data reveals, two storms in 1983 exceeded this estimation and a third 
highest storm in 1998 produced a measurable peak water level of 2.587 meters. We used this latter 1998 
storm event in this study, as it has a more complete gauge station data log.  
 
Table 2 Peak water level of estimated and historic extreme storms at San Francisco NOAA tidal gauge 
(Zervas, 2013). 
 
Station Name Date Estimated 100-year storm 

(m) 
Peak Water Level (m) 

San Francisco  01/27/1983 2.64 2.707 
12/03/1983 2.674 
02/06/1998 2.587 

 
 For SLR scenarios, there have been several projections about the global mean sea level rise, that 
range from 0.30 m to 1.80 m by the year 2100 (Bindoff et al., 2007; Nicholls & Cazenave, 2010; Bromirski, 
Cayan, Graham, Tyree, & Flick, 2012; Church et al., 2013). In addition, SLR is not uniform around the world 
due to non-uniform ocean warming and salinity variations (Nicholls & Cazenave, 2010). For the Bay Area, 
Cayan et al. and Colern et al. estimated that SLR would be about 1.41 m by the year 2100 (Cayan et al., 
2009; Cloern et al., 2011). We used 1.41 m as the SLR projection by year 2100 for this study. We also 
estimated intermediate 0.5 m and 1.0 m SLR scenarios to show the impact over time. In addition, 0 m SLR 
scenario was modeled to understand the baseline condition. For an X meter SLR scenario, we simply added 
the X meter SLR to the 1998 storm water level to represent the 100-year storm in that SLR scenario. 

4     RESULTS  

4.1   Comparison between Measured and Simulated Water Level 
  Before we output the results of a simulation, we first compared the measured and simulated water 
levels at San Francisco, Alameda, and Port Chicago tidal gauge stations, to insure the model was providing 
an accurate simulation. We used the coefficient of determination (R2) between the measured and simulated 
water level as an accuracy indicator. A higher R2 indicates the simulated water level is closer to the 
measured water level, and the model as configured is providing a better simulation.  
 As shown in Figure 3, the model provides a fairly accurate simulation for the tides in the Bay Area, 
with the lowest R2 of 0.7803 at Port Chicago. There is a distance decay of simulation accuracy from San 
Francisco (R2: 0.9515) – Alameda (R2: 0.8822) – Port Chicago (R2: 0.7803), which is likely the result of 
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only using tidal data from the Golden Gate and ignoring discharge from the Sacramento-San Joaquin Delta. 
Delta discharge is likely to elevate the water level, especially during low tides, which explains why the 
simulated low tides are lower than the measured low tides at Port Chicago. 
 
 

  
San Francisco 

 

 
Alameda 

 

  
Port Chicago 

 
Figure 3. Measured and simulated water level comparison, with time series (left) and statistical measures 
(right).  
 
4.2    Overview of Inundated Areas 

 Sea level rise and extreme storm surge will cause major impacts in the Bay Area. Figure 4 
illustrates that without SLR, 365.41 km2 of the study area is inundated by a near 100 year storm surge. With 
a 0.5 m SLR, the inundated area increases to 547.74 km2 and with a 1.0 m SLR, the inundated area 
increases to 674.24 km2. Finally, with 1.41 m SLR, the inundated area increases to 756.19 km2, which is 
about twice that with no SLR. Most inundation happens in San Pablo Bay and Suisun Bay, which are mostly 
tidal marsh. Other heavily impacted areas include Foster City and Redwood City in San Mateo County, 
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Treasure Island, the City of Alameda, San Francisco International Airport and the Oakland Airport. (Figure 
4).  

The impacts of rising sea levels not only include larger inundation extents, but also include greater 
inundation depth. We calculate and report the average inundation depth for each grid cell and identify the 
inundation severity by classifying the average inundation depth (Table 3). When sea level rises, there is a 
significant increase for area receiving deep inundation. Areas with an average depth greater than 2.0 meters 
increase from 2.48 km2 in 0 m SLR scenario, to 155.71 km2 in 1.41 m SLR scenario, predicting an increase 
of 6278.63%. 
 
Table 3. Summary table of inundated area (km2) in different SLR scenarios. 
 
 0 m SLR 0.5 m SLR 1.0 m SLR 1.41 m SLR 
0-0.5 m 219.94 254.90 214.08 188.62 
0.5-1.0 m 111.43 100.13 175.68 187.83 
1.0-1.5 m 24.39 127.07 89.95 117.74 
1.5-2.0 m 7.16 47.83 104.64 106.29 
>2.0 m 2.48 17.81 89.90 155.71 
Sum 365.41 547.74 674.24 756.19 

  

4.3    Inundation in Development and Wetlands 
   For planning and design, we particularly focus on developed regions and wetlands, as they are the 
two most impacted land cover in the Bay Area. By overlaying simulated inundation with land cover from 
NLCD 2011, we produce a summary in Table 4 for different SLR scenarios. 
 
Table 4. Summary table of inundated area (km2) in development and wetlands in different SLR scenarios. 
 

  0 m SLR 0.5 m SLR 1.0 m SLR 1.41 m SLR 
Developed, Open Space 10.24 19.13 25.76 31.67 
Developed, Low Intensity 16.08 29.29 43.25 53.74 
Developed, Medium Intensity  21.97  40.01  63.75  87.92  
Developed, High Intensity 5.98  14.69  26.23  45.14  
Wetlands 229.54  314.63  361.05  370.29  

 
 From Table 4 wetlands are the most seriously impacted land cover. Most of these impacted wetlands 
are tidal marshes that are frequently exposed to water but not permanently inundated (Philip Williams & 
Associates, Ltd. & Faber, 2004). Tidal marshes are identified by certain tidal datum and Parker et al. (1989) 
assume they extend from mean low water (MLW) to mean high water spring (MHWS). The datum will rise 
with SLR, leading to permanent submergence (Craft et al., 2009) and original tidal marshes will become 
open water. These tidal marshes will migrate to the adjacent higher-elevation regions and it is necessary to 
map and prevent future development in those regions. Heberger et al. (2012) estimates it requires 
approximately 93 square miles to accommodate tidal marshes to survive 1.4 m SLR, and 38% of these 
potential accommodation areas are not currently suitable as they are already developed with buildings, 
roads, and pavement. 
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Figure 4. Inundated area due to the near 100-year storm associated with 0, 0.5, 1.0, 1.41 m SLR and its 
intersections with different types of land cover and land use. 
 
 From Table 4 wetlands are the most seriously impacted land cover. Most of these impacted wetlands 
are tidal marshes that are frequently exposed to water but not permanently inundated (Philip Williams & 
Associates, Ltd. & Faber, 2004). Tidal marshes are identified by certain tidal datum and Parker et al. (1989) 
assume they extend from mean low water (MLW) to mean high water spring (MHWS). The datum will rise 
with SLR, leading to permanent submergence (Craft et al., 2009) and original tidal marshes will become 
open water. These tidal marshes will migrate to the adjacent higher-elevation regions and it is necessary to 
map and prevent future development in those regions. Heberger et al. (2012) estimates it requires 
approximately 93 square miles to accommodate tidal marshes to survive 1.4 m SLR, and 38% of these 
potential accommodation areas are not currently suitable as they are already developed with buildings, 
roads, and pavement. Since Bay Area being a rapidly growing part of the country, creating and preserving 
accommodation areas can be very difficult. We recommend four approaches to preserve and restore tidal 
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marsh: (1) of the occupied 38% of these areas, planning and design should focus on a long-term strategy 
to create more open space for migrated tidal marsh; (2) for the remaining 62% of these areas, mitigation 
efforts should be implemented to promote suitable development that can coexist with tidal marsh; (3) for 
existing tidal marshes, they can be elevated by using material from dredged channels to sustain themselves 
with SLR (Titus & Anderson, 2009); (4) living shorelines should replace armored shorelines. Living 
shorelines are consisted of tidal marsh, which can absorb floods, slow erosion and provide ecosystem 
services (Tam, 2009) . Those living shorelines can also compensate for the lost tidal marsh. 
 
4.4    Inundation by Time Sequence 

 It is important to show the dynamics of inundation to help planners, designers and decision makers 
to understand when and how frequently a piece of land will be inundated so that they might better develop 
subsequent mitigation strategies. These dynamic representations will also aid the public discourse to initiate 
public awareness of the impacts of SLR and storm surge. We used the heavily inundated Foster City and 
Redwood City as an example to show the inundation extent and depth every 2 hours for the 1.41 SLR 
scenario. 5 shows a large portion of Foster City will be inundated in the first 8 hours. After Hour 8, there will 
be an accumulation of water over the inundated areas, leading to deeper inundation and further damage. 
 

 

 

 
 

Figure 5 Time-series inundation of the 100-year storm associated with 1.41 m SLR in Foster City and 
Redwood City. 

5      DISCUSSION 

5.1    Applications in Planning and Designing 
  This study provides a dynamic inundation dataset to understand the impact of SLR and storm surge. 
As we suggest in Section 3.4 planners and designers can use the results of our model to: (1) overlay the 
simulated inundation to understand how SLR and storm surge affects various land use, facilities, vegetation, 
and habitat; (2) use the time-series outputs to map the dynamics of inundation, adding an additional 
dimension of time to the analysis; (3) use the time-series outputs to raise public awareness about SLR and 
global climate change by dynamically illustrating the process rather than displaying a static map of the 
impact of their own households and neighborhoods. With higher resolution simulation for an area of interest, 
a 3D visualization can also be created to further enhance the visual communications; (4) incorporate this 
study’s framework with GeoDesign. GeoDesign is “a design and planning method which tightly couples the 
creation of a design proposal with impact simulations informed by geographic context” (Flaxman, 2010, 
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p29). In a GeoDesign approach, the 3Di model can simulate inundation when different adaptation planning 
and design proposals are adopted. For example, planners and designers can simulate inundation after a 
levee is constructed, and conduct an evaluation based on the results to determine the optimal solution. 

5.2   Limitations 
There are several limitations to this study: (1) although the modeling spatial resolution is 4 times 

greater than previous dynamic models, it is still relatively low and with a 50-meter resolution we miss many 
landscape details, such as narrow water pathways (<50 meters) and buildings. These objects will influence 
the water flow to a certain degree and result in different inundation results. The spatial modeling resolution 
remains an issue in 3Di as we can only process approximately 125,000 grid cells at one time; (2) we consider 
only SLR and storm surge in this study and do not consider other important variables such as shoreline 
erosion, sedimentation and rainfall that could also influence the inundation process; (3) we simplify the 
hydrology in the Bay Area, as we only consider waves coming from the Golden Gate and disregard 
discharge from Sacramento and San Joaquin Rivers that likely elevates the water level in the North Bay. 
These limitations mainly result from the state of current hydrodynamic models and will likely be eliminated 
as more robust models are developed. 

5.3   Recommendations 
 The limitations discussed in Section 4.2 are unlikely to be solved at the present time. However, two 
recommendations can be made for future research: (1) the simulations can be run at different spatial 
resolutions to determine the sensitivity of resolution on results and specify an optimal resolution for 
simulation; (2) large regional studies such as this can be modeled at high resolution by tiling the analysis 
on a watershed-by-watershed basis. 

6      CONCLUSIONS 
 In this study, we use the 3Di hydrodynamic model to simulate SLR and storm surge inundation for 
the Bay Area in order to examine how the inundation is spatially distributed and how developed and wetlands 
regions are affected. Our results show that most inundation occurs in the tidal marshes of San Pablo Bay 
and Suisun Bay. Several developed coastal regions are also heavily impacted, including Foster City, 
Redwood City, and Treasure Island. For impacted developed areas we suggest that immediate action be 
taken to mitigate against significant inundation due to rising sea levels. For wetlands, we recommend 
planners, designers and policy makers focus on the adjacent higher-elevation areas in order to allow space 
for the migration of future wetlands, as well as transforming armored shorelines into living shorelines. We 
also recommend integrating this research framework with GeoDesign to test and visualize adaptation 
proposals, and using the time-series result to enhance the public discussion. Although the modeling 
approach introduced here has limitations, it is an effective approach to understanding the impact of Sea 
Level Rise and storm inundation. 
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