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Abstract In California, one of the greatest concerns of global climate change is sea

level rise (SLR) associated with extreme storm events. Several studies were

conducted to statically map SLR and storm inundation, while its dynamic was
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less studied. This study argues it is important to conduct dynamic simulation with

high resolution data, and employs a 3Di hydrodynamic model to simulate the

inundation of Sherman Island, California. The big data, high resolution digital

surface model (DSM) from Light Detection and Ranging (LiDAR), was used to

model the ground surface. The results include a series of simulated inundation,

which show that when the sea level rises more than 1 m, there are major impacts on

Sherman Island. In all, this study serves as a fine database for better planning,

management, and governance to understand future scenarios.

Keywords Sea level rise • Mapping • 3Di hydrodynamic model • LiDAR •

Sherman island

1 Introduction

In California’s coastal areas, one of the great concerns of global climate change is

sea level rise (SLR) associated with extreme high tides (Heberger et al. 2009). By

2100, mean sea level (MSL) will rise between 1.2 and 1.6 m (Bromirski et al. 2012),

and this will cause a series of impacts along coastal areas, such as inundation and

flooding of coastal land, salt water intrusion, increased erosion, and the decline of

coastal wetlands, etc. (Nicholls and Cazenave 2010; Titus et al. 1991). Among all

the impacts, flood risk is likely the most immediate concern for coastal regions.

This threat can be more severe in the Sacramento-San Joaquin Delta (the Delta),

as many of its islands are 3–8 m below sea level (Ingebritsen et al. 2000). These

islands are protected by more than 1700 km of levees (Mount and Twiss 2005), with

standard cross sections at a height of 0.3 m above the estimated 100-year flood

elevation (Ingebritsen et al. 2000). However, with a projected SLR between 1.2 and

1.6 m, these current levees can be easily overtopped, and the islands can be flooded.

Several efforts were made in the adjacent San Francisco Bay area (the Bay Area)

to measure and understand the impact of SLR and storm inundation (Biging

et al. 2012; Heberger et al. 2009; Knowles 2009, 2010). By using computer models,

these studies intersected a water surface with a ground surface to identify inundated

areas. The water surface could be interpolated from measured water level data at

existing gauges (Biging et al. 2012), while the ground surface was usually obtained

from LiDAR that provided fine resolution from 1 to 5 m. It should be noted that the

interpolated water surface is static since it only describes the water surface condition

at a particular water level, such as MSL or mean higher high water (MHHW) level.

However, real tides and storm events are dynamic processes. The Bay Area and the

Delta are characterized by semi-diurnal tides each day, meaning there are two uneven

heights of high tide and low tide, and should be modeled dynamically to simulate all

stages in the tidal cycle and the movements of tides during a storm event.

Therefore, a 3Di hydrodynamic model (Stelling 2012), was used in this study to

better simulate the dynamics of tidal interaction during an extreme storm event. In

addition, a 1 m resolution digital surface model (DSM) was generated from LiDAR

in order to accurately describe the ground surface and to indicate the water flow
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pathway for 3Di simulations. A near 100-year storm with various scenarios of SLR

was simulated in the Delta’s Sherman Island, where significant critical infrastruc-

ture existed. Inundation extent, frequency, and average depth were mapped and

analyzed based on the model outputs. Finally, a spatial resolution sensitivity

analysis of DSM was conducted. Through this entire exercise, this study hopes to

build a fine database for better planning, management, and governance to under-

stand future scenarios.

2 Study Area

The study area, Sherman Island and its adjacent regions, is located at the confluence

of Sacramento River and San Joaquin River (Fig. 1). Sherman Island is one of the

major islands in the Delta, and is located at the transition from an estuarine system

Fig. 1 Map of study area, Sherman Island
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to a freshwater system. This island has significant infrastructure, including High-

way 160, electric high-power transmission lines and natural gas pipelines. It is also

the place where the infrastructure passes the Delta from north to south. According

to NOAA, MSL (1983–2001 epoch) measured at a nearby NOAA Port Chicago

Gauge is 1.116 m, and MHHW (1983–2001 epoch) is 1.833 m (NOAA Tide and

Currents 2010), based on North American Vertical Datum of 1988 (NAVD 88), a

commonly used datum in North America for vertical survey. The average elevation

of Sherman Island is below MSL. Therefore the island is surrounded by extensive

levees to protect it from inundation. Even with this levee system, the island still

suffered from flooding due to levee failures. For example, the most recent levee

failure and flooding in 1969 costed the Army Corps of Engineers approximately

$600,000 for repairing, resloping, and regrading the levee break area (Hanson

2009). Even without a levee failure, the island is still at risk in the face of SLR.

The lowest point of the levees in the study area is 2.11 m above NAVD 88. If the

SLR by year 2100 is 1.4 m, then the MSL will rise to 2.25 m and the levees in the

study area will be easily overtopped and the entire Sherman Island will be flooded.

Considering the importance of Sherman Island’s infrastructure and its potential

exposure to SLR, it is a critical region and needs to be studied.

3 Data and Methods

3.1 Overview

To understand the impact of SLR inundation, a water surface and a ground surface

are required to identify the spatial extent of inundated areas. A hydrodynamic

model, 3Di (Stelling 2012), was employed in this study to simulate the water

surface from a 72-h, near 100-year storm associated with 0, 0.5, 1.0, 1.41 m SLR

scenarios. The ground surface, or a DSM, was generated from airborne LiDAR to

capture the terrain and important ground objects, e.g. levees. The model output is a

time-series of inundations, providing spatial extent, inundation depth, and water

level. The workflow is shown in Fig. 2. All elevation data use NAVD 88.

Fig. 2 Work flow of this study
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3.2 3Di Hydrodynamic Model

The 3Di hydrodynamic model (Stelling 2012), developed by TU-Delft, Nether-

lands, dynamically simulates the movement of water through a digital ground

surface. It employs an advanced approach for flooding simulation, allowing higher

resolution and faster speed compared to existing hydrodynamic models (Van

Leeuwen and Schuurmans 2012). The model is unique as it combines four specific

methods: a sub-grid method where fine grids are clustered into coarser grids to

calculate water levels and velocities (Dahm et al. 2014), a quadtree method which

hierarchically decomposes the ground surface into a coarse grid and reduces the

number of grid cells (Dahm et al. 2014), a bottom friction technique which accounts

for the spatial variation of the roughness in the fine grid when calculating by coarse

grid (Dahm et al. 2014; Stelling 2012), and a ‘finite-volume staggered grid method

for shallow water equations with rapidly varying flows, including semi-implicit

time integration’ (Stelling 2012).

The inputs of the model include time-series water level data and ground surface

data. The output of the model is a time-series of simulated inundation that provides

extent, depth, and water level. The time interval of the output is defined by the user.

By further processing, the user can generate inundation frequency and average

inundation depth by combining results from each time step. With an additional

dimension of time, this model simulates the dynamics of flood and identifies the

most exposed locations from SLR and storm inundation. In addition, with the time-

series output, an inundation animation can be created to provide visual communi-

cation for the general public, making it a great educational tool.

3.3 Water Level Data

The first input of the 3Di model is water level data. To estimate the impact of a

worst case scenario, a near 100-year storm event was used as the baseline, and SLR

increments were added to the baseline. Being a dynamic model, 3Di requires time-

series water level data for the entire storm event as input. However, existing

100-year storm calculation methods and studies (Zervas 2013) only provide esti-

mates of water levels for a single stage such as MSL, MHHW, and mean lower low

water (MLLW) level. Therefore, a historic storm whose peak water level was close

to the 100-year storm was used as the water level input. Shown in Table 1, two

storms that occurred in 1983 exceed the estimated 100-year storm at San Francisco

NOAA tide station (NOAA ID: 9414290), and a third highest storm occurred on

Feb. 6, 1998 that had a peak water level close to the estimated 100-year storm

(Zervas 2013). All of these three extreme storms occurred during El Ni~no years.

Considering the storm’s peak water level and availability of data, the Feb.

6, 1998 storm was selected as the storm to be simulated. More specifically, this

study simulated this storm event over 72-h, from Feb 5 to Feb 7, 1998, to allow the
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model simulation to capture the complete storm movements through the study area.

The water level data used for the 3Di simulation was retrieved from the nearby

NOAA Port Chicago gauge (NOAA ID: 9415144), which provided measured water

levels with 6-min intervals during the storm event.

As for the SLR scenarios, Cayan et al. (2009) and Cloern et al. (2011) studied the

projected water level at Golden Gate in the Bay Area, and found that the time that

sea levels exceed the 99.99th historical percentile of water elevation would increase

to 15,000 h per decade by year 2100. And the 99.99th historical percentile is

1.41 m above year 2000’s sea level. This study assumed that 1.41 m would be

the maximum SLR by year 2100. This study also analyzed scenarios of 0, 0.5, and

1.0 m SLR to show how the impact changed with rising sea level. SLR was added

on top of the baseline water level to simulate each scenario.

3.4 Ground Surface Data

The second input for the 3Di model is a fine spatial resolution DSM. The DSM was

constructed based on LiDAR data, which used active remote sensing technology to

measure the distance to target by illuminating the target with light pulses from a

laser (Wehr and Lohr 1999). The density of the LiDAR data used in this study is

1 point per 0.7 m2, and there are approximately 140 million points covering the

study area. The DSM obtained from LiDAR in this study was originally 1 m

resolution, and was resampled to 4 m resolution by the maximum aggregation

method (ESRI 2015) to meet the computing limitations. In this method, a coarse

grid cell obtains the maximum value of the fine grid cells in the coarse grid cell’s

spatial extent. Even though the DSM was aggregated to 4 m, this spatial resolution

still accurately described the actual ground surface by precisely delineating objects

such as levees, ditches, buildings, and the pathways that water moved through.

As aforementioned, the 3Di model has a limitation in the total number of grid

cells that it can process, and it uses the quad-tree approach to reduce the total

number of grid cells for model computation. The quad-tree is a data structure that is

based on the regular decomposition of a square region into quadrants and

sub-quadrants (Mark et al. 1989). 3Di draws finer quadrants/grid cells when

elevation changes greatly within a short x, y distance, which then preserves detailed

information while reducing the amount of data. Considering Sherman Island is

Table 1 Estimated and historic extreme storms at San Francisco and Port Chicago NOAA gauge

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

Port Chicago 02/06/1998 Not available 2.729
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relatively flat and the only abrupt change in topography is due to the levees, only

levee data were used in the model to create finer grid cells, and coarser grid cells

were generated for the rest of the study area that was more homogenous. The DSM

and the quad-tree grid for Sherman Island are shown in Fig. 3.

4 Results

The 3Di simulation output is a time-series of inundated areas with an output

time interval that is defined by the user. Each output provides the spatial extent

and depth of inundation. In this study, the time interval was set as 1 h, and a

total of 72 outputs were generated from the model. With the time-series outputs,

this study analyzed inundation frequency and average inundation depth.

Figure 4 shows the inundation extent and depth in hour 1, 24, 48, 72 for the

simulated near 100-year storm associated with 0, 0.5, 1.0, and 1.41 m SLR.

Fig. 3 DSM and guad-tree grid, which show 3Di draws finer grid cells along the levees and

coarser grid cells for the other areas
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4.1 Inundation Extent

The results show that during a 100-year storm, a total of 14.68 km2 of land is

inundated in the study area. With 0.5 m SLR, a total 20.67 km2 of land is inundated,

with 1.0 m SLR, a total of 57.87 km2 of land is inundated, and with 1.41 m SLR, a

total of 72.43 km2 of land is inundated (Table 2). The inundation extent for different

SLR scenarios is mapped in Fig. 5. The western end of Sherman Island is constantly

underwater in all the modeled SLR scenarios as it is not protected by levees. In the

0.5 m SLR scenario, only minor inundation occurred in the rest of the island. In the

1.0 m SLR scenario, over half of the remaining Sherman Island is inundated and in

the 1.41 m SLR scenario, the entire Sherman Island is inundated. This progress

shows that when the sea level rises above 1.0 m, it will cause major flood impacts on

Sherman Island.

Fig. 4 Examples of simulated inundation from the 72-h, 100-year storm associated with 0 m (a),
0.5 m (b), 1.0 m (c), and 1.41 m (d) SLR, showing inudation extent and depth in hour 1, 24, 48, 72,
respectively
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4.2 Inundation Frequency

Storm is a dynamic process, and impacted areas are not permanently under water

during the entire storm event. Thus, this study analyzed inundation frequency by

using (1) and (2):

Ix,y, i ¼ 1, inundated
0, not inundated

�
ð1Þ

Fx,y ¼
Xn

i¼1
Ix,y, i

n
ð2Þ

where Ix,y,i is whether grid cell in column x, row y gets inundated at hour i, Fx,y is

inundation frequency for grid cell in column x, row y, and n is total number of

outputs, which equals 72 in this study since a 72-h event was simulated.

The inundation frequency calculated here is the proportion of hours each

piece of land (i.e. a 4m� 4m grid cell) gets inundated in the entire 72-h storm

event. This study then classified the inundation frequency in the 1.41 m SLR

scenario using a natural breaks method, which minimizes the variance within

classes and maximizes the variance between classes (ESRI 2015). From this

classification, low frequency is 0.00–0.21, medium frequency is 0.22–0.64, and

high frequency is 0.65–1.00. The results from other scenarios were classified

using the 1.41 m SLR scenario’s classification in order to compare between the

scenarios. The inundation frequency is shown in Fig. 6 for the four scenarios, and

a statistical summary is shown in Table 2. From the results, it is observed that

when the sea level rises, low frequency areas decrease while high frequency

areas increase, therefore showing that more land will be permanently inundated

in the future with such rises.

Fig. 5 Inundated area by a

near 100-year storm

associated with 0, 0.5, 1.0,

1.41 m SLR
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4.3 Average Inundation Depth

This study also analyzed average inundation depth, as the inundation depth on top

of each piece of land varied in a storm event. Average inundation depth was

calculated by (3):

Dx,y ¼
X n

i¼1
dx,y, i

n
ð3Þ

where Dx,y is average inundation depth (m) at grid cell in column x, row y, dx,y, i is
inundation depth at grid cell in column x, row y, at hour i, and n is total number of

outputs, which equals 72 in this study.

Similarly, this study classified average inundation depth in the 1.41 m SLR

scenario by the natural breaks method. From this classification, low depth is

0–1.98 m, medium depth is 1.99–4.01 m, and high depth is 4.02–13.22 m. The

Fig. 6 Inundation frequency during the 3-day 100-year storm associated with 0 m (a), 0.5 m (b),
1.0 m (c), and 1.41 m (d) SLR
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results from other scenarios were classified using the 1.41 m SLR scenario classi-

fication, in order to compare between the scenarios. The average inundation depth is

shown in Fig. 7, and a statistical summary is shown in Table 2. The results show that

in the 0.5 and 1.0 m SLR scenarios, the majority of inundated areas are under low

inundation depth, and when it comes to the 1.41 m SLR, more areas are under

medium and even high inundation depth.

4.4 DSM’s Spatial Resolution Sensitivity Analysis

While 4 m resolution was used in the simulation as it was the finest resolution

possible, it is important to test spatial resolution sensitivity of DSM and the effect

on extent, frequency, and average depth. Surfaces with other resolution (5, 6,

10, 20, and 30 m) were used for the sensitivity analysis, while other model

parameters remained the same. The same maximum aggregation method was

Fig. 7 Average inundation depth during the 3-day 100-year storm associated with 0 m (a), 0.5 m
(b), 1.0 m (c), and 1.41 m (d) SLR
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used here for generating those surfaces from the original, 1 m resolution surface,

and the results from the 4 m simulation were used as the baseline for comparison.

To quantify the sensitivity, percentage difference in area (4) was calculated for

extent, and Root Mean Square Difference (RMSD) and Coefficient of Variation

(CV) were calculated for depth and frequency (5) and (6). When calculating

RMSD, coarse resolution’s results were first resampled to 4 m resolution by the

nearest neighbor method (ESRI 2015), and RMSD was calculated using the 4 m

resolution grid cells.

Diff ¼ Ai � A4

A4

� 100% ð4Þ

where Ai is the inundated area with other resolution i (5, 6, 10, 20, and 30 m), A4 is

the inundated area with 4 m resolution.

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

t¼1
yi � y4ð Þ2
n

s
ð5Þ

where yi is a grid cell’s value simulated with other resolution i, y4 is the grid cell’s

value simulated with 4 m resolution, n is the total number of grid cells compared.

CV ¼ RMSD

y4
ð6Þ

where y4 is the mean value of grid cells simulated with 4 m resolution.

The analysis shows the model is sensitive to resolution (Tables 3, 4, and 5),

emphasizing the importance for simulating with fine resolution data. Coarser

spatial resolution data leads to greater differences compared to the baseline, as

more low elevation areas are diminished by the maximum aggregation method,

resulting in an more elevated ground surface, less inundated area, smaller inunda-

tion depth, and less frequent inundation. Furthermore, differences are generally

greater in lower SLR scenarios (e.g. 0 and 0.5 m) than those in higher SLR

scenarios (e.g. 1.0 and 1.41 m). This is because when sea level rises, those elevated

areas due to aggregation start to be inundated, and their effect on the results starts

to decrease.

Table 3 Percentage difference in inundated area under other resolutions

SLR (m)

Resolution (m)

5 6 10 20 30

0 2.51% 5.25% 11.46% 23.19% 31.24%

0.5 2.15% 3.67% 9.43% 21.60% 30.10%

1.0 0.36% �0.86% 2.42% 10.20% 14.00%

1.41 0.54% 0.69% 1.47% 3.52% 5.55%
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5 Discussion and Conclusions

5.1 Implication for Planning

This study creates a SLR and storm inundation dataset for Sherman Island and its

adjacent areas. This is an important and initial step for policy makers, planners, and

the public to understand the magnitude and spatial distribution of SLR and storm

inundation. The big data, high resolution DSM, was used to accurately model the

ground surface. The results show that with more than 0.5 m SLR, the levees

protecting Sherman Island start to be overtopped. With 1.0 m SLR, nearly half of

Sherman Island is inundated, and with 1.41 m SLR, the entire island is inundated.

Based on this study, SLR impacts are significant, especially when SLR is greater

than 1.0 m. Local governments can use the inundation water level to improve the

levee system and construct new levees to protect areas with high inundation

frequency. This dataset can also be employed in a suitability analysis for Sherman

Island to identify areas with higher inundation risks, and to improve infrastructure

planning and/or adopt different planning strategies for the rising sea level. Finally,

the DSM’s spatial resolution sensitivity analysis shows the importance of fine

resolution data. Local governments should collect the best quality data possible to

inform more accurate decision making.

Table 4 RMSD and CV of average inundation depth under other resolutions

SLR (m)

Resolution (m) Mean depth (m)

in 4 m simulation5 6 10 20 30

RMSD 0 0.08 0.11 0.12 0.19 0.23 0.37

0.5 0.11 0.12 0.16 0.25 0.30 0.50

1 0.17 0.17 0.31 0.43 0.54 1.08

1.41 0.22 0.26 0.32 0.48 0.80 2.80

CV 0 22.10% 28.89% 34.01% 51.01% 63.11%

0.5 21.28% 23.21% 32.39% 49.42% 60.36%

1 15.44% 16.16% 29.06% 40.18% 50.08%

1.41 8.01% 9.44% 11.36% 17.06% 28.42%

Table 5 RMSD and CV of inundation frequency under other resolutions

SLR

(m)

Resolution (m) Mean frequency

in 4 m simulation5 6 10 20 30

RMSD 0 0.12 0.13 0.20 0.28 0.32 0.05

0.5 0.20 0.12 0.18 0.27 0.33 0.09

1 0.07 0.08 0.12 0.19 0.23 0.24

1.41 0.06 0.07 0.09 0.14 0.18 0.38

CV 0 238.33% 264.60% 395.08% 560.44% 654.42%

0.5 222.09% 133.04% 203.42% 303.57% 363.82%

1 30.29% 33.10% 49.24% 76.42% 92.92%

1.41 15.21% 17.31% 23.81% 36.10% 46.19%
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Our future work further studies the SLR impacts on infrastructures, such as

pipelines and roads. These infrastructures are designed to allow certain level of

inundation, but this tolerance is limited. To better understand SLR and storm

inundation impacts on these critical infrastructures, it is beneficial to know the

duration and the depth of water sitting on top of any infrastructure. Static models

have limitations as they only depict one stage of inundation, where the information

on duration and flood dynamic is lost. The dynamic model implemented here

provides the additional dimension of time. Subsequent studies can intersect the

inundation dataset with infrastructure datasets to calculate the duration of impact,

as well as the amount of water sitting on top of impacted infrastructure. To

conclude, future researchers should identify when the infrastructure gets impacted,

estimate the cost, and provide more detailed planning suggestions.

5.2 Limitations

This study has several limitations. First, the Sacramento-San Joaquin Delta region

has a complex hydrologic system which is influenced by both the ocean and the

rivers, making it difficult to conduct hydrologic modeling. Considering that Sher-

man Island is close to the mouth of the Delta, this study simplified the actual process

and assumed that the island is only affected by tidal surges from the ocean. With the

discharge from the Sacramento and San Joaquin River, the simulated process could

be different. Second, the model did not incorporate other factors, such as subsi-

dence, sediment deposition, wind, and rainfall. Being an “artificial” system, the

Sacramento-San Joaquin Delta region has limited sedimentation and significant

subsidence issues that would further exacerbate the impact of SLR inundation. As a

result, the 3Di model might underestimate the SLR impacts on Sherman Island.

Third, the water level data used in this study could be inaccurate, as there is no

gauge currently available in the immediate region of the study area. Finally, the 3Di

model has computing limitations that limit the number of grid cells processed to

approximately 125,000 for each simulation. Our study lowered the DSM resolution,

from the original 1 m resolution to 4 m, to accommodate the computing limitations.

As a result, some topographic information, such as smaller ditches and roads, might

not be reflected in the model.

5.3 Conclusions

No GIS model perfectly represents reality (Fazal 2008), and inundation models are

usually a simple but effective method that identifies inundated areas (Tian

et al. 2010). They provide the possibility to incorporate different datasets and

generate models for planners, policy makers and the public to clearly see potential

impacts. Compared to previous studies, our study provides a more detailed level of
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information, and serves as a basis for future analysis in Sherman Island. We

continues to generate similar datasets for the entire Bay and Delta, and intersect

the datasets with objects of interest. With such efforts, we hope to get a better

understanding about SLR, its impacts and possible countermeasures.
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