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Abstract: The highly urbanized estuary of San Francisco Bay is an excellent example of a location
susceptible to flooding from both coastal and fluvial influences. As part of developing a forecast model
that integrates fluvial and oceanic drivers, a case study of the Napa River and its interactions with
the San Francisco Bay was performed. For this application we utilize Delft3D-FM, a hydrodynamic
model that computes conservation of mass and momentum on a flexible mesh grid, to calculate water
levels that account for tidal forcing, storm surge generated by wind and pressure fields, and river
flows. We simulated storms with realistic atmospheric pressure, river discharge, and tidal forcing
to represent a realistic joint fluvial and coastal storm event. Storm conditions were applied to both
a realistic field-scale Napa river drainage as well as an idealized geometry. With these scenarios,
we determine how the extent, level, and duration of flooding is dependent on these atmospheric and
hydrologic parameters. Unsurprisingly, the model indicates that maximal water levels will occur in
a tidal river when high tides, storm surge, and large fluvial discharge events are coincident. Model
results also show that large tidal amplitudes diminish storm surge propagation upstream and that
phasing between peak fluvial discharges and high tide is important for predicting when and where
the highest water levels will occur. The interactions between tides, river discharge, and storm surge
are not simple, indicating the need for more integrated flood forecasting models in the future.
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1. Introduction

Coastal and inland flooding damage property and endanger lives, with the losses from inland
flooding averaging $7.96 billion in damages and 82 fatalities per year over the 30 years prior to 2014,
in the United States alone [1]. Inland and coastal flooding are expected to worsen in the future. Many
locations (including the US) around the world are experiencing increases in heavy precipitation events,
with this trend expected to accelerate with climate change [2]. Coastal flooding is becoming more
frequent and expensive with sea level rise (SLR). Studies show that in the future there will be increases
in the frequency of nuisance flooding [3], and that flooding frequencies will double in decades in
some locations from both SLR and storm and wave frequency changes [4]. More frequent flooding
will have significant socioeconomic impacts. In coastal regions near rivers, such as San Francisco
Bay, both fluvial-driven flooding and oceanic flooding can cause significant damage. Events like the
winter storms in February 1998 (part of an El Niño weather pattern) caused 9 m waves off the coast of
California and large rainfall in coastal watersheds, both of which caused flooding [5]. This weather
pattern is an example of one storm that can be the cause of both coastal and fluvial flooding, and there
is evidence that this occurs for smaller storm systems as well. The changing nature of these events
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with climate change makes it necessary to have both short-term and long-term predictive models for
these floods.

The economic impacts of coincident flooding can be exacerbated by the fact that historical
settlement patterns have favored settlement along rivers in locations where coastal/tidal dynamics
still play a role. This zone of mixed fluvial and coastal influences was a good place to settle since it
often represents a location with access to fresh water, rich estuarine food resources, and a navigable
channel [6]. However, the benefits of being in a zone of mixed fluvial and coastal influence mean
that it is susceptible to flooding from both coastal and fluvial causes. This paper focuses on the Napa
River watershed which is emblematic of this development pattern as the downtown of the largest
city in the region is located at the head of the tide in the river. Traditionally, there is not a significant
amount of communication between the agencies responsible for flood prediction on the coast and those
that predict flooding in rivers. Most forecast models that are currently in use do not incorporate the
forcings necessary to represent these mixed events. Separation of these communities is evident in that,
there are many papers on coastally driven flooding (e.g., [7,8]) and many papers on fluvial flooding
(e.g., [9]) but relatively few that consider the compound impact of the two. Given the concentration of
people residing in these regions, our aim is to better understand these compound flooding events and
understand the utility of short-term predictive models for these types of events.

While storm events have not been specifically studied, the dynamics of rivers with coastal
influence have been studied, especially, with regard to the interactions of tidal propagation in rivers.
LeBlond [10] found that in the tidally influenced St Lawrence river, the main momentum balance was
between friction and the free surface gradient except during the brief periods of slack tide when velocity
and thus the friction term becomes zero leaving the unsteady inertia term to balance the free surface
gradient. LeBlond [11] also reported that the subtidal wave (i.e., spring-neap variability) is amplified
as it progresses upstream. Work in other large rivers like the Amazon ([12,13], Yangtze [14–16], and
Columbia Rivers [17,18] has made similar findings, indicating that spring-neap variations penetrate
farther upstream in a tidal river than the daily tidal oscillation. These rivers differ from the varied
small tributaries in San Francisco Bay in that they are much larger in width and depth, have larger
flow rates, and the region of tidal influence extends for hundreds of km upstream of the coast instead
of tens of kilometers. In these larger rivers, understanding the physics of variable discharges has
been pursued by frequency-based analysis because the large basins create discharge hydrographs that
occupy distinct frequency space from that of the tidal motions. For example, Sassi and Hoitink [19]
found that the tidal damping that occurs during the rising limb is different from the damping that
occurs during the falling limb of a discharge curve. In smaller rivers with typical hydrograph durations
near the dominant tidal frequency (12.42 h) it is not clear if the duration of the discharge relative to the
tidal phase is long enough to produce similar interactions.

Storm surge has been widely studied but primarily with a focus on coastal areas, not extending
farther up into rivers. A number of factors contribute to storm surge, including atmospheric pressure
gradients, wind speed [20], and storm propagation speed [21]. The local bathymetry and land use
also plays an important role in predicting local water levels. Sabatino et al. [22] found that funneling
can create higher storm surges as one progresses up a narrowing estuary. Land use changes such
as wetland restorations can also have an important impact on total water levels in storm surge
propagation [23,24]. Condon and Sheng [25] found that coastal inundation predicted by sea level
rise creates an overestimate in flooding relative to the same water level increase from storm surge
because land dissipation is neglected. A similar result was found by Wang et al., [26] who showed
that a storm surge of short enough duration can dissipate before reaching the maximum inland water
levels. All of these studies find that once atmospheric forcing sets the storm surge coastal water levels,
the propagation in inland bays and channels is primarily affected by interaction with local bathymetry
and topography. Few studies extend the domain to include the propagation of storm surge up smaller
river channels, likely because it requires a significant change in the model resolution.
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The work that has been done considering the compound effects of tides, storm surge, and fluvial
discharge has found that timing is a complicating factor in understanding the severity of coastal storms
and rainfall-induced flooding. The timing of the arrival of the peak of the storm hydrograph to the
coastal region is influenced by the spatial distribution of the rain in the watershed, and the shape,
size, slope, soil type, and level of urbanization in the watershed [27]. The storm surge is linked via
the fact that it is primarily driven by atmospheric forcing (wind and pressure) which is linked to the
distribution of rainfall. Occurring separately from the storm are the astronomical tides that can also
drive large variations in coastal water levels. Zheng et al. [27] found that the timing of river discharge
phasing relative to tidal forcing is of great importance in predicting total water levels. Moreover,
Zheng et al. [28] found that different locations have different probabilistic interdependences between
rainfall intensity and storm surge. This interaction of storm surge with fluvial discharge is, of course,
more likely to cause flooding in locations where atmospheric forcing and local watershed characteristics
create a strong interdependence between coastal wind and pressure and overland rainfall.

In this work, we investigate the dynamics relevant for predicting water levels in smaller tidal
rivers for relatively short time-scales and explicitly consider the effects of storm surge in addition to
tides. Our primary interest is in how the storm surge changes the flows in the river and resultant
flooding from the interaction of oceanic and fluvial drivers. Not only are we examining the impacts
of storm surge, but additionally we focus on a smaller river size than has been examined in the past
(e.g., Puget Sound WA, US; Chesapeake Bay, MD, US; Severn Estuary, UK; and Moreton Bay, AU).
Our focus area is San Francisco Bay, into which numerous small rivers drain and extensive critical
infrastructure (roads, airports, wastewater treatment systems) and large populations align the coast
and are at risk of mixed oceanic and fluvial flooding. In this paper, we first provide background on the
location and relevant physics, then describe our modeling set up and the scenarios. Lastly, we show
the relative impacts of each of the forcings: fluvial, tidal, and storm surge, and how their interactions
change flooding potentials.

1.1. Study Area: Hydrodynamic Characteristics

San Francisco Bay is an urbanized estuary which opens to the ocean at the narrow mouth of the
Golden Gate (37.8◦ N, 122.5◦ W) and extends inland to connect to the Sacramento and San Joaquin
Delta and rivers. The open coast at the mouth is subject to swell from the entire Pacific Ocean, thus
it can be a fairly energetic environment with the mean annual significant wave height (Hs) of 2.5 m
with the annual maximum Hs typically exceeding 8 m [29]. The water level at the Golden Gate can be
raised significantly by the wave conditions as well as global-scale climate patterns like the El Niño
Southern Oscillation and the Pacific Decadal Oscillation. The tides at the Golden Gate are mixed
semi-diurnal with a diurnal tidal range of 1.78 m (mean lower low water to mean higher high water,
MLLW-MHHW). The Bay is at a maximum depth near the opening of the Golden Gate (113 m) and
shallows as the channel goes inland to San Pablo Bay (with channel depths of 11 to 24 m). The tidally
driven currents range from just above 2 m/s in Central Bay to as high as 1 m/s in the shallower
channel reaches [30] The Napa River drains into a narrow straight, between two sub embayments
where currents regularly reach 1.5 m/s during peak flood and ebb.

1.2. Study Area: Hydrologic Characteristics

There are 483 watersheds draining into the San Francisco Bay landward of the Golden Gate bridge.
Of these, 482 of them are relatively small. The Sacramento and San Joaquin Rivers account for 95% of
the total watershed areas that drain into the Bay, with the remaining 482 watersheds accounting for
only 5% of the total. Although a small percentage of the total watershed, the many small tributaries
are located in the nine urbanized counties and are home to 7.151 million people [31]. The Napa River
watershed is among the larger of the remaining 482 watersheds at 1100 km2 and is a mix of urban (9%),
agricultural (35%), grassland (15%), and forests (40%) with the area adjacent to the Bay being restored
to a wetland habitat. It extends from the Mayacamas Mountains to the north and empties into the Bay
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west of the Carquinez straight [6]. The watershed is bounded by relatively steep terrain surrounding
the long narrow valley that is 43 km long and 8 km wide at its widest point. The city of Calistoga is in
the northern end of the watershed and the city of Napa sits at the southern, tidally influenced end,
with Vallejo, CA located on the eastern side of the river where it meets the Bay, as shown in Figure 1.
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1.3. Study Area: Geology

The Central and San Pablo Bays have been filled since 5 ka with the fringing saltmarshes being
developed ~4.7 ka. Over the last two centuries, human activity has significantly altered the sediment
system. Gold mining activity led to a deposition of ~350 million m3 of sediment between 1856 and
1887. In the 20th century, dams, reservoirs, flood control bypasses, and bank protection systems
have reduced the delivery of sediment to the bay. In the current era, direct sediment removal occurs
regularly via dredging, aggregate mining, and borrow pit mining [30].

Current bed conditions vary spatially throughout the bay. The Golden Gate inlet is comprised of
bedrock. The strait that the Napa River drains just west of is 35 m deep and flanked by rock. San Pablo
Bay has an 11–24 m-deep channel with a mostly sandy bed, whereas 80% of the San Pablo Bay consists
of mud-dominated tidal flats [32]. The river channel itself is made up of coarse to fine sands on the bay
side with gravel deposits and cobble in the most upstream reaches of the study area. Cohesive alluvial
fan sediments, as well as tidally transported cohesive bay muds, flank the river banks. The marsh
plains at the mouth of the river have been shown to accrete between 5 to 50 mm/year while the
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river flood plains accrete 0 to 39 mm/year, with any accretion rates greater than 30 mm/year being
extremely localized [33].

1.4. Study Area: Human and Natural Pressures

Historically, the Napa River and the adjacent bay region have been vulnerable to floods from both
coastal and fluvial influences. Since 1862, there have been at least 27 flood events on the river with
the most recorded damage occurring in February 1986 when 7000 residents were forced to evacuate,
resulting in three deaths and $100 million dollars in damage [34]. The most recent flooding along the
river occurred in 2017, although it was to a much lesser extent than it might have been without the
completion of a major flood project along the river corridor in 2016 at the cost of $565 million dollars.
Among other things, this project widened the floodplain and added a flood bypass channel to the
oxbow portion of the river, significantly increasing the throughput of water in high-flow conditions
and protecting downtown Napa. The flood bypass was designed to maintain the existing energy slope,
thus maintaining the longitudinal sediment equilibrium. This project also increased the tidal prism
downstream of downtown Napa, decreasing the amount of tidal flow penetration upstream [33].

There is significant infrastructure in these regional floodways, including Highway 37. This
highway serves 38,000–40,000 drivers a day [35], crosses the Napa River mouth and follows along
the bay shoreline to the north. The highway’s proximity to bay wetlands makes it susceptible to
nuisance flooding when there are high coastal water levels. The most recent closure due to flooding
was in February 2017 for at least a week [36]. There are also records of at least four other road closures
from flooding since 1999, with the longest duration of closure being for 21 days in January 2005 [37].
By the year 2060, there is a 40–65% likelihood that SLR will reach or exceed 30 cm in the bay [38]
which would only exacerbate this problem. In some regions of the bay, the effective SLR will be higher
due to subsidence and the consolidation of sediments, although this is less of an issue in the Napa
River region.

2. Materials and Methods

We used the hydrodynamic modeling software DFlow FlexibleMesh from Deltares (version 1.4.6,
Delft, The Netherlands) which implements a finite volume method of conservation of mass and
conservation of momentum on a staggered unstructured grid. We ran both a realistic field simulation,
that includes a true to life representation of the geometry of the bay system, and an idealized simulation
that represents the river with simplified geometries. The realistic setup is to ground our modeled
behavior in reality and give us the ability to compare to observations. The idealized setup runs more
quickly and allows us to identify which physics might be more generalizable and not merely a function
of the specific river geometry (e.g., a particular bend or sill).

2.1. Realistic Field-Scale Model

For the realistic field cases, the domain extends 90 km offshore of the Golden Gate and to Point
Arena in the north and Monterey in the south (300 km). There are 202,842 grid cells in the domain with
the size of the grid cells ranging from 4 km at the ocean side to as small as 5 m in the coastal region near
the Napa watershed, see Figures 1 and 2. The bathymetry in the model is determined by averaging the
depth points from a 2-m digital elevation model contained in each grid cell [39–42]. In the horizontal
direction, the grid follows the river channel as closely as possible. The Napa River abruptly shifts from
~250 m wide to only ~100 m wide and stays less than 150 m wide as one progresses upstream with
it, gradually narrowing to a shallow 50 m-wide stream. Along the lower portion of the Napa River,
there are mudflats that are submerged by ~0.3 m of water at MLLW. The model grid captures these
features, creating a very irregular channel both due to the variation in depth, see Figure 2, and the
sinuousness of the natural channel. Fixed weirs are used to represent regional levees [43]. Fixed weirs
are defined at the velocity points and block flow between the two adjacent computational cells when
water levels are below the specified height of the fixed weir without reducing the total wet surface
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and the volume of the model. This allows us to represent levees which have sub-grid dimensions
but are large enough to change flow patterns and flood extents. Flooding extents and depths are
determined by interpolating water levels from each model grid cell onto a 2-m resolution grid and
differencing the Digital Elevation Model (DEM). This very high-resolution DEM does not cover the
northernmost reaches of the channel, so the main channel slope is extrapolated with a constant slope
for the last kilometer of river channel, while the side channels are flat. The bed friction in the model is
based on roughness defined by manning’s n. A background value of 0.023 is used with some locations
having different values that were calibrated to best match the observed water levels. There is no
special treatment for vegetated wetland areas. The water level at the ocean boundary is forced by
astronomic tidal constituents (Topex/Poseidon 7.2 [44]). Major river discharges are, unless noted,
set to typical winter (November through March) values, see Table 1. Water levels are initialized from
a non-storm condition.
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Figure 2. Comparison of the realistic field-scale and idealized models. (A) Birds-eye view of the
idealized model grid colored by depth. (B) Realistic field-scale grid zoomed in on Napa, with the blue
line showing the location of the river channel center. (C) Thalweg elevations of the Napa River channel
(minimum elevations extracted from the digital elevation model and within 100 m of the channel center
(dashed black line), smoothed elevations (blue solid line), and the idealized model grid (red dots)).
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Table 1. Typical winter river discharges applied to river inlets.

Freshwater Source Non-Storm Discharges (m3 s−1)

Sacramento River 500
American River 45
Arcade Creek 0.02
Napa River 5

Petaluma River 5
Corte Madera Creek 2

San Joaquin River 60
San Francisquito Creek 0.5

Matadero Creek 0.05
Coyote Creek 3

Guadalupe River 2

2.2. Idealized Model

The idealized model consists of fewer grid cells (14,718 compared to >200,000 of the more
geometrically accurate field model) and idealized forcing. The idealized model consists of a 10 km ×
14 km bay, similar to the size of San Pablo Bay, with a channel extending northward from the center.
The idealized rectangular channel is 300 m wide with a slope of 0.0005 for the first 18 km and is 100 m
wide and twice as steep for the final 18 km, resulting in a total length of 36 km for the river channel.
This set up roughly mimics the Napa River which gets narrower and steeper approximately 16 km
upstream of the mouth (at Edgerly Island). The idealized rectangular channel more closely resembles
the upper reaches of the river which have much steeper sides, often levees or other structures to protect
the infrastructure adjacent to the river.

2.3. Scenarios

In order to investigate the effect of different drivers on the coastal flooding of the region,
we devised a number of scenarios with a range of oceanic and discharge conditions, see Table 2.
For each scenario, we ran the simulation for at least 6 days, 2 days of spin-up time and 4 days of the
varying storm conditions. Both spring and neap tides were simulated, as were scenarios for which
tides were not included. Napa River discharge conditions were set to equal either a background
flow with a discharge of 5 m3/s or a storm discharge represented with a December 2012 hydrograph,
equivalent to a 5-year return period discharge event, with a peak discharge of 294 m3/s. For this
set of simulations, the peak discharge was translated on the time axis to occur on the 50th hour of
the simulation and be coincident with high tide at the Golden Gate (for scenarios when tides were
simulated). Ocean storm conditions are represented by applying spatially varying barometric pressure
and wind fields from a 7-year return period storm (based on storm surge water levels at the Golden
Gate) that occurred. These smaller magnitude storms were selected to represent events that were more
likely to occur simultaneously and to assess how incorporating the interaction of relatively common
coastal and fluvial events changes the nature of the event. The wind and pressure field time-series
were translated so that the minimum barometric pressure occurred on the third day of the storm
simulation. This means that the peak discharge occurs ~20 h before the peak storm surge at the Golden
Gate. The pressure reaches a minimum on day 3, but the pressure contributes at least 12 cm of storm
surge for the duration of the event and there are some local minima at 15 and 41 h (0.6 and 1.7 days).
Although the winds and pressure are from a real storm event and thus create coherent atmospheric
forcing, they are implemented separately in some scenarios in order to assess the individual impacts
of pressure and winds. Since the addition/removal of wind forcing had little to no impact on the
following results, the winds are neglected for most of the following discussion. The conditions used to
generate these different flooding scenarios are shown in Figure 3. The complex nature of the forcing
from real storms and the relative phasing of various components are part of what led us to create
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an idealized scenario which allowed us to better characterize and investigate individual components
and their phasing.

Table 2. Realistic model scenario titles and forcing included.

Scenario Name Water Level Pressure Discharge

R1 (MSL-Q) MSL (Mean Sea Level) Flat Constant Storm
R2 (MSL-P) MSL Flat Storm Low Normal
R3 (MSL-W) MSL Flat Constant Low Normal

R4 (MSL-P/W/Q) MSL Flat Storm Storm
R5 (ST-Q) Spring Tide Constant Storm
R6 (ST-P) Spring Tide Storm Low Normal
R7 (ST-W) Spring Tide Constant Low Normal

R8 (ST-P//W/Q) Spring Tide Storm Storm
R9 (NT-Q) Neap Tide Constant Storm
R10 (NT-P) Neap Tide Storm Low Normal

R11 (NT, W) Neap Tide Constant Low Normal
R12 (NT-P/W/Q) Neap Tide Storm Storm
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(solid black), and (D) water level variations due to astronomic tides at San Francisco (red dash is spring,
solid black is neap, and small blue dash is water held at Mean Sea Level), see Figure 1 for location.

The forcings utilized for the idealized scenarios, as shown in Table 3, were simplified versions
of the real cases, see Figure 4. The atmospheric conditions were idealized with a low pressure that
lasted for 2 days starting with 1 day of background pressure levels and negligible (less than 20 cm/s)
winds for a smooth transition. Spring and neap tides were simplified to tides with an M2 period of
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2 m and 1 m amplitudes. The discharge curve remained the same for the idealized scenarios as in
the real scenario. We tested the phasing of discharge relative to the tide in different cases [I22–I35].
The different parameters used for the large set of idealized scenarios are listed in Table 3.
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Table 3. Idealized model runs and their forcings.

Scenario Name Water Level Pressure Discharge

I1 (MSL-Q + 0) MSL Flat Constant Storm
I2 (MSL-P0.2) MSL Flat 0.2 m Storm Low Normal

I3 (MSL) MSL Flat Constant Low Normal
I4 (MSL-P0.2/Q + 0) MSL Flat 0.2 m Storm Storm

I5 (T2-Q + 0) 2 m M2 Constant Storm
I6 (T2-P0.2) 2 m M2 0.2 m Storm Low Normal

I7 (T2) 2 m M2 Constant Low Normal
I8 (T2-P0.2/Q + 0) 2 m M2 0.2 m Storm Storm

I9 (T1-Q + 0) 1 m M2 Constant Storm
I10 (T1-P0.2) 1 m M2 0.2 m Storm Low Normal

I11 (T1) 1 m M2 Constant Low Normal
I12 (T1-P0.2/Q + 0) 1 m M2 0.2 m Storm Storm

I13 (T2-P2) 2 m M2 2 m Storm Low Normal
I14 (T2-P1) 2 m M2 1 m Storm Low Normal

I15 (T2-P0.5) 2 m M2 0.5 m Storm Low Normal
I16 (T2-P0.1) 2 m M2 0.1 m Storm Low Normal

I17 (T0.2-P0.2) 0.2 m M2 0.2 m Storm Low Normal
I18 (T1-P0.5) 1 m M2 0.5 m Storm Low Normal
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Table 3. Cont.

Scenario Name Water Level Pressure Discharge

I19 (T0.5-P0.5) 0.5 m M2 0.5 m Storm Low Normal
I20 (T0.2-P0.5) 0.2 m M2 0.5 m Storm Low Normal
I21 (T0.1-P0.5) 0.1 m M2 0.5 m Storm Low Normal
I22 (T2-Q − 7) 2 m M2 Constant Storm − 7 h
I23 (T2-Q − 6) 2 m M2 Constant Storm − 6 h
I24 (T2-Q − 5) 2 m M2 Constant Storm − 5 h
I25 (T2-Q − 4) 2 m M2 Constant Storm − 4 h
I26 (T2-Q − 3) 2 m M2 Constant Storm − 3 h
I27 (T2-Q − 2) 2 m M2 Constant Storm – 2 h
I28 (T2-Q − 1) 2 m M2 Constant Storm − 1 h
I29 (T2-Q + 1) 2 m M2 Constant Storm + 1 h
I30 (T2-Q + 2) 2 m M2 Constant Storm + 2 h
I31 (T2-Q + 3) 2 m M2 Constant Storm + 3 h
I32 (T2-Q + 4) 2 m M2 Constant Storm + 4 h
I33 (T2-Q + 5) 2 m M2 Constant Storm + 5 h
I34 (T2-Q + 6) 2 m M2 Constant Storm + 6 h
I35 (T2-Q + 7) 2 m M2 Constant Storm + 7 h

3. Results

3.1. Model Validation

The skill of the field-scale model was quantified by comparing predicted water levels at 3 NOAA
tide stations, one at the mouth of the San Francisco Bay (NOAA/CO-OPS station 9414290), one just
offshore of the city of Richmond (NOAA/CO-OPS station 9414863) and one east of the Carquinez
straight near port Chicago (NOAA/CO-OPS station 9415144) [45]. The predicted water levels are
compared to the observed water levels during two coastal storm events, one in January 2010 with
a maximum surge of 65 cm, and one in March 2011 with a maximum surge of 45 cm, see Table 4.
The wind and pressure fields are provided by an analysis of the 13-km resolution Rapid Update Cycle
weather model from the National Center of Environmental Prediction. During the March 2011 event,
ref. [46] had instrumentation measuring the water level at Coon Island in a marsh adjacent to the Napa
River, see Figure 1. For each of these locations, model skill is assessed by the mean error, the Wilmott
Skill Score [47], and where tidal predictions are available, a coefficient of efficiency [48] relative to
tidal predictions.

The mean error is:
1
N ∑N

i=1(Mi − Oi) (1)

The Wilmott Skill Score is defined as:

D = 1.0 − ∑N
i=1(Oi − Mi)

2

∑N
i=1

(∣∣Mi − O
∣∣+ ∣∣Oi − O

∣∣)2 (2)

where Oi and Mi refer to the ith of N total observed and modeled values, respectively, and the
overbar indicates an average. This is a standardized measure of the degree of model prediction error.
The values range from zero to 1, with zero meaning complete disagreement and a value of 1 indicating
covariability of O and M about the true mean.

The coefficient of efficiency is defined as:

E = 1.0 − ∑N
i=1(Oi − Mi)

2

∑N
i=1(Oi − Ti)

2 (3)
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where T is the water level predicted by NOAA using the known harmonic tidal constituents for
that location, and the other variables are as defined above. In other locations, this metric compares
the difference between observations and modeled values (numerator) to the difference between
observations and an average observation (denominator) as a way of indicating how much more
information the model is able to provide relative to just predicting the mean value. The metric we use
here is a modified efficiency where instead of using the mean as the comparison we use the known
tidal water level as the baseline for comparison. This is a slightly more rigorous metric where our
model must be more accurate than the known tidal values, i.e., running the model must be more
efficient than simply using the tidal predictions. The values of the coefficient of efficiency can range
from minus infinity to 1. A value of 0.0 indicates that the model performance is the same as the tidal
prediction, E < 0 indicates that the model performs worse than the tidal predictions alone, and E ≈ 1
indicates excellent predictions compared to measurements relative to using tidal predictions alone.

Table 4. Skill statistics comparing modeled and observed water levels.

Station Observed Diurnal
Range (m) Mean Error (m) Wilmott Skill

Score (D)
Coeff. of

Efficiency (E)

January
2010

March
2011

January
2010

March
2011

January
2010

March
2011

San Francisco 1.78 −0.04 −0.01 0.99 0.99 0.74 0.44

Richmond 1.85 −0.01 −0.05 0.99 0.98 0.73 0.43

Port Chicago 1.50 −0.05 −0.11 0.97 0.96 0.51 0.38

Coon Island NA NA −0.15 NA 0.87 NA 0.72

Performance statistics, shown in Table 4, demonstrate good performance within the larger open
regions and decreasing, but still acceptable, behaviors along the upper reaches of San Francisco
Bay. Our model consistently performs better than merely utilizing tidal predictions for a location.
The model performs a little less well after passing through the constriction at Carquinez straight,
as indicated by the inferior skill indices at the Port Chicago station. However, the region of primary
interest in this study is on the west side and should not be significantly affected by the errors east
of the strait. The model assessment is relatively similar between the San Francisco and Richmond
stations. At all the stations, the water level is lower than observed on average (as noted with the mean
error); this is particularly noticeable during periods of low water. However, during the period of
elevated water levels associated with storm surge, we observe that the model does much better than
the tidal predictions.

3.2. Maximum Water Levels

Results indicate that the maximum water level (MXWL) is set by different forcings at different
points along the channel. In Figure 5A, we show the MXWL along the river channel for all of the
realistic scenarios that occur during the simulated 4-day storm. The highest water level occurs when
there is a large discharge, a low atmospheric pressure generating a storm surge, as well as a spring
tide (scenario R8(ST-P/W/Q)). The MXWL on the ocean side of the river (at 0 km in Figure 2C) is set
by the maximum tidal water level plus any impacts from storm surge. The lowest water level on the
ocean side is from scenario R1 (MSL-Q) where the ocean water level is held constant at ~1.0 m (local
MSL referenced to NAVD88) and without atmospheric storm forcing. On the upstream side, MXWLs
are strongly influenced by fluvial discharges. In the runs with a normal discharge, the MXWL is very
closely related to the water level set by the ocean conditions. All runs with the fluvial storm discharge
experienced higher water levels upstream and are nearly identical with the largest upstream value
ranging from 3.70 m to 3.76 m, compared to 1.35–2.12 m for the low discharge scenarios. The upstream
MXWL values from the scenarios with a fluvial storm discharge closely track each other from 36 km to
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30 km upstream where the values then transition to the downstream value set by ocean conditions.
The slope of this transition zone depends upon how different the upstream discharge-dominated
water level is from the water level in the ocean. For most scenarios, this middle area where the fluvial
discharge and coastal conditions meet is the area with the largest changes in MXWL (15–30 km).
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There are very similar MXWL patterns in the idealized scenarios, see Figure 5B. Again, we observe
a discharge-dominated upstream region that relaxes to the MXWL set by the ocean as it approaches
the river mouth. The slopes of the lines are more slowly varying and regular because of the reduced
bathymetric complexity. Most of the differences between the idealized and real model occur because
of the straight rectangular cross-section of the idealized model. This unwavering straight channel
requires an unrealistically high friction coefficient (Manning’s n = 0.1) compared to the field-scale
model (n = 0.023) in order to achieve a similar amount of tidal damping. In the field-scale model,
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the sinuosity of the channel causes significant damping of the tidal signal. In the idealized cases,
the channel geometry is not only straight but also different because the width does not vary with depth
(i.e., there are no flood plains). This means that the water level increases more in the idealized case
because in the realistic scenario a higher discharge can create overbank flow. The combination of the
greater coefficient and the unvarying channel cross-section with height creates a higher free surface
height. For the same discharges, we observed the most-upstream water levels to range from 5.18 to
5.33 m, compared with 3.70–3.76 for the realistic field-scale case. We also see a small shift in the location
where the MXWL is tidally dominated versus discharge dominated. The tidally dominant section
extends farther inland in the field model compared to the idealized scenarios. However, the patterns
seen in the MXWLs are very similar, showing similar transitions between the dominance of tides,
river outflows, and pressure. Therefore, the idealized scenario, given its uncomplicated set up and
quick runtime, created a good way to conduct numerous runs that allow us to more fully explore
the parameter space. The simplified nature of the forcings also makes the interactions between the
forcings simpler to analyze, thus in most of the following analyses, we focus on the results from the
idealized simulations. Although the behavior is similar in the idealized and full field-scale simulations,
the water levels cannot be directly compared to deduce flood- or other hazards.

3.3. Storm Surge Only

Under conditions of no tides and a normal fluvial discharge, as in runs R2 and I2, Figure 5A,B,
the MXWL increases in amplitude as it propagates up the channel, indicating a small funneling effect.
Fitting a piecewise line to the MXWL, we can estimate the rate of funneling or dissipation. This
method indicates that the funneling of the storm surge creates an almost negligible increase in MXWL
with upstream distance, at the rate of 0.018 cm/km in the wide channel and at 0.03 cm/km in the
narrow channel. The tides alone (I7) have a net amplification in the wider portion of the channel of
0.18 cm/km, but the narrower channel is more frictional and has a net MXWL decay of −3.6 cm/km.
When storm surge is added to these 2-m tidal scenarios, the decay rate in the narrow channel decreases
to −3.3 cm/km. Having a larger tidal amplitude creates more dissipation of the storm surge amplitude
since the rate of decay for the 1-m tide with (I10) and without storm surge (I11) was −1.2 cm/km and
−1.0 cm/km, respectively.

Looking at the water levels in frequency space, see Figure 6, we can see that the largest changes in
the water levels from the interaction of storm surge with tides occur in the very long period part of the
spectra that is associated with the storm surge. In Figure 6A, with only tidal forcing, the largest peak in
the spectra is at the M2 tidal frequency and there are some smaller higher frequency peaks associated
with tidal propagation in shallow waters, often called overtides. The spectra of water levels that are
only forced with storm surge, shown in Figure 6B, have no peaks in these higher frequency (shorter
period) regions and there is a broadly distributed energy over the long periods with little variability
along the channel. In the idealized run where these two forcings interact (I6), there is a less than 1%
change in the tidal frequencies for most of the channel, see Figure 6C. Near the river end of the channel,
there are changes in the tidal spectral energy of nearly 5%, but this may be due to a boundary effect.
However, the longer period energy (periods of 48 to 200 h) is reduced from 99% to 33% of the purely
storm-surge case at all locations along the channel, with locations further upstream in the channel
having larger reductions. The biggest reduction occurs farthest upstream from the ocean, indicating
that the interaction between the storm surge and tidal wave progressively removes energy from the
long period portion of the spectra as the storm surge propagates upstream.

It becomes clear upon examination of runs I8, I12, and I13–I21 that one of the relevant physical
parameters is the relative amplitude of the storm surge to the tidal amplitude, as shown in Figure 7.
The highest water levels on the offshore side occur when the sum of the storm surge and tidal
amplitude are highest; it becomes more complicated on the upstream side because of the varying rates
of dissipation, see Figure 7A. When the storm surge is five times bigger (I21) than the tidal amplitude,
the small amplification of the storm surge (funneling) occurs in the wide channel, as in the case with no
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tidal activity. The storm surge very slightly decreases in the narrower channel. The impact of the tide
on such a large storm surge is fairly minimal, allowing the full storm surge to propagate all the way
up the channel. The largest decrease in water level occurs in the case with the largest tidal amplitude
relative to storm surge (I16). In this case, with a tidal amplitude 20 times the storm surge, the total
water level is only 80% of the ocean water level upstream. However, the net decrease in water level
does not only depend on the ratio of storm surge to tidal amplitude and there is a big range in the
rate of decrease for a given ratio. For example, when there is an equal ratio of storm surge to tidal
amplitude (I13, I17, I19) we observe a change in water level that corresponds to upstream levels of
98% to 103% of the ocean water level. Larger tidal amplitudes cause a larger decrease in MXWL for
a given ratio.

The tides also slow down the propagation of the storm surge wave, leading to peak water levels
occurring later during the storm than they would if no tides were present. The interactions between
tides and storm surge result in an MXWL in the channel that is different to the sum of the two
individual high water levels. It is also clear that the strength of the dissipation depends on the width
of the channel, with the narrow channel lowering the water level more per unit length than the wide
channel. For the higher values of storm surge, the amplification continues until the narrowest channel
upstream is reached. The abruptness and magnitude of the transition from a wide to narrow channel
do not directly correspond to the real scenarios but it highlights the importance of accurately knowing
the channel geometry for representing the interaction between storm surge and tides.
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Figure 6. Spectra from Fourier transforms of selected idealized runs. (A) Spectra from I7 with different
color lines for different locations along the channel. Legend indicates km upstream of river mouth.
(B) Same as A but from I2. (C) Same as in A but for run I6. The black dashed line indicates M2

tidal frequency.
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Figure 7. (A) Maximum water levels along the idealized river with varying storm surge (SS) and tidal
amplitude (TA). The value for each simulation is shown in the legend. (B) The water level normalized
by the maximum experienced at the open water boundary condition. The lines are the same as in the
first figure; however, the legend indicates the ratio of SS to TA.

3.4. Discharge Only

In the idealized runs, that include fluvial storm discharge (Figure 5B, I1, I4, I5, I8, I9, and I12), we
observe the discharge wave rapidly attenuating as it travels down the channel. The decrease in MXWL
is at a fairly steady rate, regardless of downstream conditions, (20 to 25 cm/km) until reaching about
25 km. From 25 km to 16 km the rate of change of the MXWL depends largely on the tidal conditions.
Once the channel widens, starting near 16 km, the attenuation of the peak water level occurs at a much
slower rate of 0.5 to 1 cm/km. In both regions, the slower rates of attenuation occur in the runs with
higher peak water levels and stronger tidal activity.

At the upstream end of the river, the bottom stress and velocity are lower with tides (runs I5 and I9)
as compared to without (I1). This is because the water depth is higher with tidal activity, allowing the
same total discharge with a lower depth-averaged velocity. In these first idealized cases (I1, I5, I9),
the rising limb of the discharge is coincident in time with an ebb tidal current in the channel. This
phasing means that the velocity is higher during the rising limb, allowing the discharge to continue
downstream immediately. However, the main difference between with and without tide, is not due to
the phasing of the discharge with the tide but is because the water depth is higher. The greater water
depth allows for the same discharge with a lower velocity, and because the velocity is lower there is
also less bottom stress to resist motion, further reducing the need to have a strong free-surface gradient.

The interaction between tides and discharge can be explored by looking at the same runs in
frequency space, see Figure 8. We observe that there is a rapid attenuation in energy with progression
downstream for the part of the spectrum associated with the discharge. Similar to the storm surge
wave, the discharge wave has more energy at the longer periods than the tides only case. The energy
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of the discharge wave is also evenly distributed, with no peaks, over the longer period region (greater
than 15 h). However, unlike the storm surge case, there is a significant peak near the tidal period
and there is more interaction between tides and discharge in frequency space. In the run with both
discharge and tides, two new peaks occur in the channel at 17.7 and 28 h that did not exist in either the
tide or discharge alone scenarios. Also, in the combined case there is a reduction from the tides-only
case (near 10% for most channel locations) in the peaks at the overtide frequencies (8 h and below).
There is a significant increase in the amount of energy found in the longer periods for the combined
case relative to both the tide and discharge only cases.
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M2 tidal frequency.

We also found that the phasing of the discharge with the tide is important in predicting the
magnitude and location of the MXWL along the channel. Figure 9a shows the maximum water levels
achieved over the course of the storm for the idealized scenario with discharge and a 2-m M2 tide, but
with the discharge timing shifted by up to 7 h forward or back from the original release time (I22–I35).
The water levels converge to the same value in the bay. The values at the head of the river range by
nearly 30 cm (5.16 to 5.44 m). The variability in MXWL of ~0.5 m with different discharge timing
persists through the narrow portion of the channel.

The timing of the MXWL is also most variable in the upstream portion of the channel. MXWL
occurs at the discharge peak on the upstream side. Figure 9B shows that the peak water level occurs
coincident with the peak discharge at the most upstream point, which is why the timing of each peak
is lagged by about an hour. Upstream of 34 km, the peak water level is clearly set by the timing of the
discharge peak. With progression downstream, the timing of the maximum water level begins to be
influenced by the tide and the peak water level travels slower or faster depending on what phase of
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the tide (and depth of water) it encounters. For the early release cases where the peak discharge water
level encounters a flood tide, the peak water level further downstream is associated with the high tide
that occurs before the peak discharge. When the discharge wave encounters an ebb tide and speeds
up the propagation of the discharge wave, the peak water level is then associated with the high tide
that follows the peak discharge. Where the interaction between the discharge wave and the tide has
the most influence on MXWL timing and magnitude, is in the most downstream reach of the narrow
channel ~30 km. The MXWL for a given location can vary by up to a half meter depending on the
phasing of the discharge release. The interaction of the discharge wave with tides also impacts the net
flow rate in the channel. If a flood tide occurs on the rising limb of the discharge wave, this lowers the
discharge rate on the rising limb and compresses more flow into the peak discharge when tides are
included. The peak discharge is then higher at every location in the domain a few cells downstream of
the original downstream boundary condition. The phasing of the discharge release relative to the tide
has a larger impact on the upstream water level than the amplitude of the tide, i.e., the variability in
runs I22 to 135 is larger on the upstream side than between runs I1, I5, and I9.
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3.5. A Complete Storm

When both storm surge and discharge occur at once, the largest MXWL’s occur; however, it is not
as high as one would find from summing together the water level increases associated with each storm
component. In Figure 10A, we can see the water level variation in time and space for the complete
storm. The tidal lows and highs are clearly damped as they progress upstream and there is a slight arc
to their progression as the wave speed decreases upon entering shallower water. The discharge peak
interacts with multiple high tides elevating the tidal water levels in the upper reaches of the stream for
the duration of the discharge and as the falling limb of the discharge occurs.
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Figure 10. The sum of the parts is greater than the parts combined. (A) Water level in time (x-axis) and
space (y-axis) with color indicating value in meters for model run I8, which has the highest water level
of all the idealized scenarios. (B) The same x and y axes as in A. Color indicates the difference between
I8 (the full storm) and the “simple prediction” referenced in the text.

If we estimate the water level in this storm event by adding up the relative water level increase
associated with storm surge (from I2), discharge (from I1), and tides (from I7) we would overestimate
the peak values by about 0.5 m and underestimate water levels downstream of the peak and in
the tail of the discharge by a similar amount, see Figure 10b. This estimate of each component’s
contribution to the water level is found by subtracting the baseline situation (I3) from each of the
identified scenarios that are storm surge only (I2), discharge only (I1) and tides only (I7). In the
following discussion, we will call this sum of the components ((I2 − I3) + (I1 − I3) + (I7 − I3) + I3)
the “simple prediction”. At the beginning of this storm, we observe that the modeled water levels
are lower than the simple prediction in the upstream reaches due to tidal damping of the storm
surge. As the discharge increases (the rising limb), interaction with the tide causes a lowering and
broadening of the peak water level relative to the simple prediction, causing the peaks to lower and
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the troughs to become higher. The increase in background water level from the storm surge wave
causes a smaller water level increase from the peak discharge and also lowers the slope of the falling
limb. The interaction between storm surge and discharge is a much smaller impact relative to the
tidal interactions for these amplitudes (0.2-m storm surge and 2-m tide). One can also observe that
there is a significant discontinuity in the difference between the modeled water levels and the simple
prediction at the locations the channel changes widths. There is almost no difference in the bay part of
the simulation. What is extremely clear from comparing the combined event to the simple prediction is
that the tides greatly slow the release of the discharge. The water levels are higher and tidal oscillations
are muted in the upstream reaches of the channel for days after the storm surge has rescinded and the
peak discharge has passed. The water level does not return to the normal tidally predicted value until
day 14, which is 11 days after the peak discharge and 10 days after the storm surge has become zero.

4. Discussion

These results are consistent with our understanding of dynamics in larger tidal rivers. Although
this system is much smaller than the previously studied systems, we still observe the strong interaction
between discharge and tide. The discharge substantially changes the tidal propagation upstream and
alters the in-channel velocity. This is consistent with our understanding that the nonlinearity in the
friction term of the momentum balance is the primary mechanism for the generation of the shallow
water tidal components. Therefore, the large change in velocity associated with a storm discharge will
also cause substantial changes in the frequency term and interact with the tides to shift the frequency
spectra. Other studies have also found this non-linear combination results in a lowering of peak water
level [49]. However, one new observation is that the tide slows the release of the discharge maintaining
elevated water levels (higher high- and low tides) for a much longer period after the discharge peak
than the storm itself lasts. The length of this period of elevated water levels could be important when
factoring in storms that occur subsequently. The fact that this effect is enhanced in the narrower portion
of the channel means that it may be particularly relevant in smaller tributaries.

Previous studies have not considered the propagation of storm surge this far upstream. However,
longer tidal waves (e.g., 28-day period waves associated with spring-neap variability) have been shown
to propagate further upstream in rivers than the semi-diurnal and diurnal tidal constituents, and in
some cases, have increased in amplitude [14]. Like the spring-neap variability, the storm surge consists
of very long period energy and it is not associated with a substantial change in velocity. The primary
influence of the storm surge is to increase the water level at all locations. Although unsurprising when
comparing to other long period forcing, it is notable that the storm surge water elevation propagates
further upstream than the head of the tide. However, storm surge does not impact velocity and thus
there is no shift of energy between frequencies because it does not change the non-linearities in the
friction term. The primary impact of increasing the water level with the storm surge is to allow for
more discharge for a given free surface gradient, which means that the free-surface gradient does not
have to be as high to permit the same flow rate.

In these simulations, we are currently neglecting the effects of waves, both offshore swell as well
as locally generated wind waves on the water level. Previous studies have shown that offshore swell
can increase storm surge by another 10–20 cm and locally generated winds can further increase the
water level on the order of 20 cm in Northern San Francisco Bay [50]. We anticipate that this would
result in a long wave signal similar to the pressure-created storm surge and could simply be considered
as a case with additional height in the storm surge. Locally generated waves also increase the effective
friction in the system and thus could further impact water levels by enhancing damping of the tide
as it approaches the river mouth. However, most of this study is focused on water levels within the
river channel, where local wave generation will be extremely fetch limited and thus not permit the
significant development of wave activity in the channel. An increase in local wave generation would
therefore not significantly change the results of the fluvial zone or the in-channel interactions but, due
to increased bay water levels, could increase the amounts of flooding in the downstream regions.
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We are also neglecting any changes to the underlying bathymetry. For an individual storm event,
this is a reasonable assumption. The river channel has undergone significant flood control work over
the last 20 years and the work was designed to maintain a sediment equilibrium and ensure that,
exclusive of a 100-year return period fluvial event, deposition and accretion will not exceed 30 mm and
these large changes are expected to be extremely localized [33]. The mechanisms of coastal sediment
resuspension and transport are not significantly changed by the increase in the water level associated
with storm surge. Storm surge is not associated with any increase in velocity at the bed that could
lead to greater resuspension. In other estuaries, it has been found that large wind events, through
the action of the locally generated wind waves, can significantly contribute to the total changes in
bathymetry, although changes were never more than 50 mm during a 3-day storm event and more
typically did not exceed 10 mm [51]. This magnitude of change is probably similar to the error inherent
in the need to fit the bathymetry to the grid on which the hydrodynamic equations are solved. Also,
the computational expense of including morphological dynamics is significant and would make use of
this type of modeling for short-term flood forecasts prohibitively expensive. Although bathymetric
changes will be important to the coastal circulation, given that the timing of the flooding is primarily
driven by the short duration peak discharge, it is likely they would occur too slowly to significantly
change the peak water levels. However, the changes from one event could very likely impact the next
event. To account for these changes, a much more intense monitoring of coastal systems would need
to be implemented.

Ultimately, what is important for predicting the expected hazard, is not just the water level but
the total amount of flooded area and the length of time for which it is flooded. Returning to the
more realistic scenarios, it is apparent that the difference between only accounting for river flows
and including the effect of a coastal storm diminishes with distance from the coast, see Figure 11.
Although the area flooded is very similar in the upstream reaches, there are differences in water
depth. The differences in the maximum water level are negligible in the upstream regions primarily
driven by discharge, becoming as small as 1 cm. In this relatively mild storm scenario (R1), when
not much flooding is to be expected, the inclusion of the coastal storm and tides (R8) results in an
additional flooding of ~6 km2, see Figure 11C. The average depth of the extra flooding is 0.5 m with
a few locations experiencing up to 2 m of water when, without the coastal storm, they would have
remained dry. The duration of flooding is also significantly different between the two scenarios, with
many more locations experiencing flooding for 40–72 h during this 72-h period. This represents an
increase in duration of 10–30 h for many of these locations. We can also classify the change in flooding
by integrating these two values to create a flood-hazard parameter F that we define as the integrated
depth of water (h) over the duration of the simulation. It is calculated numerically as:

F = ∑tn
t=0 hn∆tn (4)

In our case, ∆t was 30 min, as that was the time interval for which water levels were output
in the model. The flood hazard change, F, can be large in situations for which the duration did not
change but there was an increase in depth. It can also be large when there is a small change in depth
but a large change in duration. Of course, changes in depth and duration are often related, although
that relationship will be a complicated function of the local bathymetry. In Figure 12, we can see that
there is a wide variety in response to the addition of the coastal forcing. Although, all the duration
and depth values in Figure 12C are positive indicating that there are no locations that adding coastal
flooding produces a shorter duration or lower elevation flood. Some locations merely show an increase
in water depth, but inundation lasts for the same amount of time, while others show an increase in
both depth and duration with the addition of the coastal storm. Relatively few locations experience
an increase in duration with only a small change in water depth. These locations indicate places that
will be more susceptible to “nuisance” flooding [3] which is a low water level that can persist for days.
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Figure 11. Comparison of modeled flood patterns accounting for river flows only and in combination
with storm surge and tides. (A) Maximum water depth with a 5-year return period fluvial discharge
and no tides (scenario R1). (B) Maximum water depth with a 5-year return fluvial discharge, 7-year
return period coastally driven storm surge, and spring tides (scenario R8). (C) Increase in flood extent
and water depth for scenario R8 relative to R1.

Under the modeled conditions, wetland regions experienced the biggest difference in flooded area,
which is not associated with any danger to human life or property. However, ecosystem managers care
about the relative frequency of these events and will need to incorporate both river discharge and storm
surge to accurately understand the frequency, duration, and depth of flooding in the protected wetland
areas. With sea level rise, it is anticipated that the region of coastal influence will progress inland by
~2 km [6] and this could mean that more urban areas begin to be impacted by the convergence of the
two storm types (pluvial and oceanic). However, these results show that running a full hydrodynamic
model would be the only way to predict flooding in the transition zone with this level of detail.
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Figure 12. Changes in depth, duration, and hazard factor, F. Each point on the plot represents one
2-m grid cell in the Digital Elevation Model (DEM) and is positioned by the maximum water level
(MXWL) experienced during the storm (x-axis) and the duration for which the cell was wet (y-axis).
The plot is colored by the flood hazard factor (F). (A) Results shown for the modeled scenario account,
R1 (5-year return period fluvial discharge). (B) Results shown for scenario R8 (same fluvial discharge
in combination with a 7-year storm surge and spring tide). (C) The difference between scenarios R8
and R1.

These results indicate that the simplest estimate one can make by summing up the total impact
from each of the contributing factors will likely overestimate the peak water level. However, this
method can both over- and underestimate the total water levels for a given point in time and will be
inaccurate in predicting the time evolution of water levels. For an area that does not have the resources
to develop a fully coupled fluvial discharge and hydrodynamic model, this simple prediction could
be a reasonable way to adjust peak water levels from a fluvial discharge model to account for coastal
forcing and for management of regulated releases. However, to obtain accurate timing of the maximum
water levels, a fully coupled model would be necessary. For example, the fact that the water levels
remain elevated for so long after the peak discharge has occurred can have important implications
for the duration of the flooding and the possibility of flooding occurring due to a secondary event
that encounters these already elevated water levels. Also, this work highlights the importance of
accurately knowing the timing of the peak discharge. Shifts of a few hours in peak discharge of
the same magnitude can result in significant spatial and magnitude differences in peak water levels.
Fluvial discharge forecasts are often not sufficiently accurate to predict the timing of the peak discharge
on the hour accuracy [52], thus this indicates the need for improved peak discharge timing to accurately
predict flooding levels near the coast where the discharge and tidal water level is also important.

The conditions modeled here focus on a system where the tidal range is substantially larger than
the coastal storm surge, generally typical of San Francisco Bay. In other locations where storm surge
can be larger and the tidal range is smaller, these results indicate that the impacts of storm surge
will be felt much further upstream. For example, along the Gulf Coast of the United States, which
is considered microtidal (tidal range <1 m) [53], hurricanes and tropical storms can create surges of
5 m or more (Hurricane Katrina had surges of 7–10 m [54]). In locations like this, we would anticipate
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coastally driven water levels to propagate further up a tidal river, making the need for integrated
modeling even more important than that of the San Francisco region. Indeed, some of the initial work
on this topic has been done in regions susceptible to hurricanes, and they have found similar results in
that there is a finite inland region where including both coastal and hydrological forcing is important
for predicting total flooding [49,55]. Bilskie and Hagen [49] found the region in which it was necessary
to account for coastal forcing ranged from 6 km up to almost 30 km from the coast, depending greatly
on the underlying bathymetry/topography.

5. Conclusions

San Francisco Bay is an urbanized estuary with multiple flood drivers and therefore serves as
an ideal location for developing a modeling approach to determine the risk of compound flooding
along the bay-river interface. Due to the inherent non-linearities of these events, it was essential to
apply a sophisticated numerical model to deterministically calculate water levels and flood extents
that account for tidal forcing, storm surge generated by wind and pressure fields, and river flows.
We utilized Delft3D-FM to efficiently capture these interactions along a sinuous estuarine shoreline,
where rectilinear approaches would limit the resolution and accuracy of shallow water and nearshore
interactions. We have shown that it is important to integrate both coastal and fluvial forcings during
a storm event to accurately capture the time and duration of peak water levels. Maximal water levels
will occur in a tidal river when high tides, storm surge, and large fluvial discharge events are coincident.
However, the interaction between the coastal and fluvial forcings are complex and non-linear, making
a simple linear superposition of forcing inadequate. For example, larger tidal amplitudes diminish
the storm surge amplitude with propagation upstream. Also, the phasing between the peak fluvial
discharges and the high tide is important in predicting when and where the highest water levels will
occur. Finally, we found that relatively small coastal storms can create an extremely long duration
of elevated upstream water levels. These findings demonstrate the need to utilize integrated flood
forecasting models in the future to adequately capture the hazard of compound flooding in urbanized
settings where community vulnerability is high.
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