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Abstract The interactions of physical processes between estuaries and upstream river
floodplains are of great importance to the fish habitats and ecosystems in coastal regions.
Traditionally, a hydraulic analysis of floodplains has used one- or two-dimensional models.
While this approach may be sufficient for planning the engineering design for flood protection,
it is inadequate when floodwaters inundate the floodplain in a complex manner. Similarly,
typical estuarine and coastal modeling studies do not consider the effect of upstream river
floodplains because of the technical challenge of modeling wetting and drying processes in
floodplains and higher bottom elevations in the upstream river domain. While various multi-
scale model frameworks have been proposed for modeling the coastal oceans, estuaries, and
rivers with a combination of different models, this paper presents a modeling approach for
simulating the hydrodynamics in the estuary and river floodplains, which provides a smooth
transition between the two regimes using an unstructured-grid, coastal ocean model. This
approach was applied to the Skagit River estuary and its upstream river floodplain of Puget
Sound along the northwest coast of North America. The model was calibrated with observed
data for water levels and velocities under low-flow and high-flood conditions. This study
successfully demonstrated that a three-dimensional estuarine and coastal ocean model with
an unstructured-grid framework and wetting-drying capability can be extended much further
upstream to simulate the inundation processes and the dynamic interactions between the
estuarine and river floodplain regimes.

Keywords Integrated modeling · Coastal floodplain · Estuary · Tide · Flood ·
Hydrodynamics

1 Introduction

Economic development, agricultural land use, and human activities in the coastal regions have
altered the infrastructures and ecosystems from nearshore zones to upstream river floodplains.
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The marine nearshore environment is the aquatic interface between freshwater, air, land, and
marine waters, which provides a rich and important habitat for numerous aquatic organisms.
The nearshore zone commonly includes areas from estuaries seaward that are influenced by
marine waters and extends upstream in estuaries to the head of tidal influence. The marine
nearshore habitat, which provides important buffer zones and links between terrestrial and
marine ecosystems, is among the most productive ecosystems where biological processes,
such as sunlight-driven photosynthesis, primary productivity, and carbon cycling occur [1–3].

The upstream river floodplain region is beyond the point of tidal influence and below the
upland river reaches. Upstream river floodplains provide a significant off-channel habitat for
a variety of salmon species during spawning, larva drift, and downstream migration periods in
the Pacific Northwest [4,5]. Upstream off-channel habitat generally includes overflow chan-
nels, sloughs, wetlands, and small streams within the floodplains [6]. The periodic inundation
of floodplain habitat enhances the lateral exchange of nutrients and water quality, which are
important to juvenile fish survival. Floodplain habitat also provides shelter for juvenile fish
from high velocities and predators. Flow regulations by hydropower dams and flood events
during the high run-off season alter the natural connection of a river system to its floodplains.
Hydro-modifications, such as constructing levees and armoring riverbanks as well as divert-
ing water for agriculture along the river systems, also limit the usage of floodplain habitat by
juvenile fish. Reconnection to the floodplain habitat is an important step in establishing and
maintaining Pacific Northwest salmon populations [7–11].

Numerical models have been used to simulate the hydrodynamics and evaluate the restora-
tion alternatives for improving habitats and connectivity in the nearshore and river floodplain
regions as well as river stream and upstream floodplains [12–22]. A conventional hydro-
dynamic analysis for upstream floodplain is often conducted using one-dimensional (1D)
models with the assumption that the lateral or vertical variations are small. The approach of
1D modeling in river floodplains may be sufficient for planning the engineering design of
levees along the river channel for flood protection. However, it is inadequate when flood-
waters flow across the floodplain in a complex manner, and lateral distributions of velocity
magnitude, water depth, and inundation time and area become important for assessing flood-
plain habitat and managing fish migration and recovery. On the other hand, most of the
hydrodynamic models developed for coastal and estuarine regions are in a three-dimensional
(3D) domain because of high lateral variations and vertical stratifications. However, typical
estuarine and coastal circulation modeling studies do not consider the effect of floodplains at
the upstream river boundary because of either the challenge of model stability in simulating
sloping river channels and the high computational demand or the assumption of negligible
interactions between coastal zones and upstream floodplains.

Various multi-scale modeling frameworks have been developed by linking longitudinal
1D or laterally averaged two-dimensional (2D) river models with depth-averaged 2D or fully
3D estuarine coastal models [23–26]. However, this is insufficient to accurately character-
ize the physical processes, such as velocity magnitudes, water depths, and inundation time,
in upstream floodplains using 1D or laterally averaged 2D models. Therefore, to properly
model the interactions between river floodplains and estuarine zones and provide vital phys-
ical habitat information that is crucial to the nearshore and riparian ecosystems [1], it is
important to simulate the hydrodynamics in estuarine regions and upstream floodplains in a
single modeling domain using the same 3D model.

This paper presents a modeling approach to simulate the hydrodynamics in estuarine
regions and upstream river floodplains using a 3D, unstructured-grid, coastal ocean model.
This approach provides a smooth transition for model solutions between estuaries and river
floodplains without the concern of numerical errors that might be introduced by linking
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different models with different dimensions. The modeling approach was applied to simu-
late the hydrodynamics in the Skagit River estuary of Puget Sound and its upstream flood-
plain using the unstructured-grid Finite Volume Coastal Ocean Model (FVCOM) [27,28].
The model was validated with observed data for water levels and velocities under low-
flow and high-flood conditions. This study demonstrated that an estuarine and coastal ocean
model could be extended much further upstream to the river floodplain to simulate the inun-
dation process and the dynamic interaction between the estuary and upstream floodplain
regions. The structure of the paper is as follows. Section 2 provides a detailed description
of the study domain. The methodology and model setup is given in Sect. 3, followed by
model calibration results and discussion in Sect. 4. A summary of this study is given in
Sect. 5.

2 Study domain—Skagit River estuary and middle Skagit River

The Skagit River originates in southwestern British Columbia in Canada and northwestern
Washington in the United States. The river receives a number of tributaries over a length
approximately 240 km, and the Skagit watershed drains an area of 8000 km2 of the Cas-
cade Range along the northern end of Puget Sound (Fig. 1). The largest tributary, the Sauk
River, enters the Skagit River at 108 km (River Mile 67) from the Skagit River mouth. The
Skagit River receives its second largest tributary, the Baker River, at 17 km downstream
of the Sauk River. The Middle Skagit River, which is defined as the river reach between
Sedro Woolley and the confluence of Sauk River and Upper Skagit River (Fig. 1), consists
of a large area of floodplain that supports important and valuable fish habitats. The bottom
elevation of the river channel at the upstream boundary is about 60 m higher than the mean
water level in Skagit Bay. The Skagit River enters Skagit Bay through the North Fork and
the South Fork branches, which were diked extensively for flood protection for agricultural
land use.

The Skagit River is the largest river discharge to Puget Sound, responsible for about
34–50% of the total freshwater flow into Puget Sound. The river flow generally shows a two-
peak distribution pattern in late spring or early summer because of snowmelt and in winter
because of high precipitation. The river flow often drops to the minimum in September. A
significant portion of Skagit Bay is covered by a shallow-water tide flat that becomes dry
during low tides. Skagit Bay connects to Puget Sound and the Strait of Juan de Fuca (SJDF)
through three pathways and is subjected to strong tidal forcings. The main pathway for water
exchange with Puget Sound is the Saratoga Passage of Whidbey Basin from the south, which
connects to the Main Basin of Puget Sound. Deception Pass connects Skagit Bay from the
east to SJDF, and the Swinomish Channel connects Skagit Bay from the north to Padilla Bay,
which in turn connects to SJDF.

The Skagit River estuary and its upstream river floodplain provide vital marine brackish
water and freshwater habitats for Puget Sound Chinook, bull trout, and steelhead, which
are all listed under the Endangered Species Act. To better protect these valuable species
and fish habitats, it is important to understand the physical processes of the river sys-
tem in both the estuarine environment and the upstream river floodplain. Previous research
efforts studied salinity stratification and estuarine circulation in Skagit River estuary [29], the
dynamics of tidal channel and delta in Skagit Bay [30], and thermal diffusivities in tide flat
sediment [31].
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Fig. 1 Study domain—Skagit River Estuary and Middle Skagit Floodplain (upper panel) and observed veloc-
ity transects in the Middle Skagit River (lower panel)

3 Methodology

3.1 Data

Data used in this study can be divided into two groups: (1) data required for the model setup
and (2) data used for the model calibration. Data required for the model setup consist of
geometry and bathymetry data for the study domain and the boundary forcing data to drive
the model. Model calibration data include observed values of physical properties to calibrate
the model parameters and assess the model performance in simulating the hydrodynamics in
the estuarine and upstream river floodplain regions.
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Bathymetric data used to define the bottom elevation of the model grid were from sev-
eral sources. Bathymetry data from the digital elevation model (DEM) of Puget Sound used
to define the Skagit River estuary and bay areas in the model domain were at a horizontal
resolution of 9 m by 9 m [32]. River cross-section survey data are generally limited. In this
study, the river bathymetry data were obtained from river cross-sections of the U.S. Army
Corps of Engineers’ 1D HEC-RAS hydraulic model for the Skagit River [33]. The HEC-RAS
river cross-sections were projected onto the Skagit River channel alignment and interpolated
as the FVCOM model bathymetry in the Middle Skagit River channel. Another important
portion of the bathymetry data required in this study is ground elevations in tide flats and
the Middle Skagit River floodplain. The Light Detection And Ranging (LiDAR) bare-earth
elevation data from the Puget Sound LiDAR Consortium (PSLC) were used to define the
model bathymetry in the tide flats of Skagit Bay and near the mouth of the Skagit River
estuary. The floodplain area in the model domain is defined based on the flood area identified
in the Flood Warning Map issued by Skagit County [34]. LiDAR data collected by Skagit
County were used to define elevations in the Middle Skagit River floodplain. All bathymetry
data used in the model development were relative to the North American Vertical Datum of
1988 (NAVD88).

Model calibration data include water levels and velocities. Water level data at the U.S.
Geological Survey (USGS) stream gages at Concrete and Sedro Woolley stations in the
Middle Skagit River were obtained for model calibration during high-flood conditions from
10/05/2003 to 11/05/2003. Tidal elevation data in the Skagit Bay were used for model calibra-
tion under low-flow conditions from 11/17/2008 to 12/04/2008, with an average river inflow
of 283 m3/s, which was close to the long-term, monthly, mean low-flow rate of 266 m3/s.
Velocity data along 24 transect locations in the Middle Skagit River were collected by Puget
Sound Energy during the periods of August 2002 and March 2003 with the Acoustic Doppler
Current Profiler and the Price AA current meter (Fig. 1). Stage-discharge rating curves were
developed for the transect locations on the Middle Skagit River using the measured data and
velocity profiles that were estimated for three flow conditions: (1) low flow of 127.43 m3/s,
(2) medium flow of 311.5 m3/s, and (3) high flow of 651.31 m3/s.

3.2 Coastal ocean hydrodynamic model—FVCOM

There are many well developed and widely used 3D coastal ocean models available for
simulating the hydrodynamics in estuarine and coastal environments and in fresh waters.
Two important components in terms of model requirements in this study are the unstruc-
tured-grid model framework and the capability to simulate wetting and drying processes
in both intertidal zones and upstream sloping floodplains. FVCOM is a 3D, unstruc-
tured-grid, coastal ocean model with the robust capability of simulating wetting and dry-
ing processes in the tide flat and floodplain [27]. A finite-volume approach is used in
FVCOM that combines the advantages of finite-element methods for geometric flexibil-
ity and finite-difference methods for simple discrete structures and computational effi-
ciency. Unstructured triangular cells are used in the horizontal plane and a sigma-stretched
coordinate system is employed in the vertical direction to better represent the bottom
topography.

FVCOM solves the 3D momentum, continuity, temperature, salinity, and density equa-
tions in an integral form for water surface elevation and flow fields. Companion modules
for sediment transport, water quality kinetics, and biological models are also integrated into
FVCOM. The model employs the Smagorinsky scheme for horizontal mixing [35] and the
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Mellor Yamada, level 2.5, turbulent closure scheme for vertical mixing [36]. FVCOM has
been widely used to simulate circulations in coastal and estuarine environments [29,37–42],
storm surge predictions [43–45], and nearshore restorations [15,16].

The wetting and drying process in FVCOM is simulated using the point treatment tech-
nique based on following criterion [42], for any given node

{
wet, if D = h + η > Dmin

dry, if D = h + η ≤ Dmin

and for any given triangular cell

{
wet, if D = min(hN1, hN2, hN3) + max(ηN1, ηN2, ηN3) > Dmin

dry, if D = min(hN1, hN2, hN3) + max(ηN1, ηN2, ηN3) ≤ Dmin

where h and η are the bathymetric height and water surface elevation related to the referenced
datum (NAVD88) in the model, respectively; N1, N2, N3 are the three node numbers of a
triangular cell; Dmin is the minimum depth criterion for wetting and drying simulation. When
a triangular cell is treated as dry, the cell velocity and fluxes across the three sides of the cell
are set to zero.

3.3 Model setup for Skagit Bay and middle Skagit Floodplain

An unstructured-grid for Skagit Bay and the Middle Skagit River floodplain was developed
using the Puget Sound digital elevation model, the HEC-RAS model river cross-sections of
the Skagit River, and LiDAR data as described in Sect. 3.1. The model grid consists of roughly
45,000 triangular cells and 25,000 nodes in the horizontal plane. Ten uniform vertical sigma
layers were specified in the water column. The resolution of the model grid ranges from 10
to 50 m in the river floodplain and around 20–100 m in Skagit Bay. The model grid was set
up in Universal Transverse Mercator North American Datum 83 (UTM Zone 10, NAD83) in
the horizontal plane, with reference to NAVD 88 in the vertical direction. Examples of model
grids and bathymetries in Skagit Bay and a section of the Middle Skagit River floodplain are
shown in Fig. 2.

Tidal elevations were specified using XTide predictions along three open boundaries in
Saratoga Passage, Deception Pass, and the Swinomish Channel. Salinity open boundary con-
ditions were approximated with constant values through the water column based on obser-
vations. Model upstream inflow boundary conditions were specified using stream-flow data
from the USGS stream gages at the Concrete and Baker River stations at hourly intervals.
Because the Concrete station includes all the flows from impounded reaches of the Upper
Skagit and Baker Rivers as well as from the Sauk River, the river inflow at the upstream
model boundary was calculated by subtracting the Baker River flow rate from the Concrete
station flow. The Baker River was considered as a tributary discharge to the Skagit River in
the model. River inflows for the high flow conditions in 2003 and the low-flow conditions in
2008 are shown in Fig. 3.
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Fig. 2 Model grids and water depths in Skagit Bay (upper panel) and upstream reach of Middle Skagit River
(lower panel)

The focus of this study is to demonstrate a coastal modeling capability to simulate the
hydrodynamics in both estuarine and river floodplain regimes in an integrated modeling
framework. Therefore, meteorological forcings (wind, heat flux, precipitation, and evapora-
tion) and temperature simulations were not considered in this study.
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Fig. 3 Inflows of Skagit River and Baker River for the periods of 10/10/2003–10/25/2003 during flood events
(upper panel) and 11/18/2008–12/4/2008 under low-flow conditions (lower panel)

4 Model calibration and result discussion

4.1 Model calibration for water levels and velocities

In this study, model calibration of the Skagit Bay and Middle Skagit River floodplain system
was conducted with the focus on the Middle Skagit River floodplain using water-level data
under flooding conditions and velocity data corresponding to three different flow regimes. A
model external time step of 0.5 s was used, and an internal mode and external mode ratio of 5
was applied to maintain model stability under high-flood condition and complex inundation
processes in the floodplain. A one-month long (31 days) model run took about 12 h to com-
plete in parallel mode with 72 processors. A quadratic form of bottom friction is employed in
the model. A spatially uniform bottom friction coefficient of 0.005 and a bottom roughness of
0.002 m were specified in the model. The linear Smagorinsky multiplicative coefficient was
set to 0.2, and a background value of vertical eddy viscosity of 10−6 m2/s was used. A mini-
mum depth of Dmin = 0.05m was specified as the criterion for the wetting-drying simulation
in the model. A typical model calibration with a 1D or 2D simulation of river hydraulics
is conducted by adjusting the Manning’ bed roughness coefficient, which is similar to the
bottom roughness coefficient in the 3D coastal ocean model. However, the main challenge
of model calibration in an estuary and river floodplain system under flooding conditions is to
properly include the off-channel water storage in the floodplain. Therefore, an accurate rep-
resentation of floodplain elevations and side channels becomes the most important factor in
model calibration for water levels in this study. Initial model results indicated that the model
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Fig. 4 Comparisons of modeled and observed water-surface elevations at Concrete and Sedro Woolley gauges
under high-flood conditions

over-predicted water levels in the river without proper inclusion of off-channel floodplain
under flood conditions. Compared with ground-truth spot measurements of ground eleva-
tions in the Middle Skagit River floodplain, it was found that LiDAR data were higher than
the surveyed elevations in densely vegetated locations in the floodplain. Similarly, LiDAR
data also showed higher bottom elevations in some shallow tidal channels and ponding water
areas in the Skagit Bay front. Thus, model bathymetry in the floodplain was adjusted in those
areas where LiDAR data were affected by dense vegetation and ponding water areas based
on available ground survey data.

Comparisons of simulated and observed water levels at Concrete and Sedro Woolley
stations are shown in Fig. 4. Model predictions matched the general distribution patterns of
water levels at both stations and reproduced the two peaks in water level that correspond to
the two high-flood events. Water levels increased about 9 and 5 m, respectively, at Concrete
and Sedro Woolley during the 10/21/2003 high-flood event. The model prediction at Sedro
Woolley station shows better agreement with data than that at the Concrete station. At the
Concrete station, the model tended to slightly underpredict the water level during low-flow
conditions when no overtopping occurred along the riverbanks and over-predicted the water
level during the high-flood event. This discrepancy could be caused by the fact that the Con-
crete station is too close to the upstream river boundary where inflow boundary conditions
were employed.

A detailed study of hydrodynamics and model calibration for the Skagit River estuary was
conducted previously by Yang and Khangaonkar [29]. To validate the model performance of
tidal simulation with the extension to the Middle Skagit River floodplain, a model simulation
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Fig. 5 Comparison of modeled and observed water surface elevations at Skagit Bay under low-flow conditions

was conducted and compared to observed tidal elevation data for the period of 11/17/2008–
12/4/2008 under low-river-flow conditions. Figure 5 indicated that predicted tidal elevations
matched the observed data well in Skagit Bay. Tides in Skagit Bay are mixed, semi-diurnal
dominant tides and show large inequalities in tidal ranges and the strong spring-neap tidal
cycle.

Predicted velocities in the Middle Skagit River reach were also compared to observed
velocity data for three controlled river flow conditions. To simplify velocity calibration,
cross-sectional average velocities were calculated along all transects and used for model
calibration. Model simulations were conducted by specifying constant flows at the upstream
river boundary that corresponded to the three controlled river flows during velocity observa-
tions (127.4, 311.5, and 651.3 m3/s). Similar to the model calibration of water levels in the
Middle Skagit River, velocity calibration was conducted primarily through grid refinement
to better represent river channels with reference to LiDAR images and high-resolution aerial
images. Comparisons of predicted and observed cross-sectional velocities along 24 transects
in the Middle Skagit River are shown in Fig. 6. Overall, model predictions matched the
observations well throughout the entire Middle Skagit River reach. Both model results and
observed data showed consistent distribution patterns of cross-sectional average velocities
for all three flow conditions. Figure 6 also indicated that at most of the transects, velocities
increased linearly as the river flow increased because water was confined within the river
channel under all three flow conditions.

4.2 Model skill assessment

To quantitatively measure the accuracy of model calibration, a model skill assessment for
the model calibration was conducted based on the following error statistics:

• Mean error: ME = 1
N

∑N
i=1

(
ηm

i − ηo
i

)
, where N is the total data points of field obser-

vations, ηm
i is model prediction, and ηo

i is observation.

• Mean absolute error: MAE = 1
N

∑N
i=1

∣∣ηm
i − ηo

i

∣∣
• Root mean square error: RMSE =

√
1
N

∑N
i=1

(
ηm

i − ηo
i

)2

• Relative error: RE = 100% ×
∑N

i=1 (ηm
i −ηo

i )
2∑N

i=1 |ηo
i |
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(a)

(b)

(c)

Fig. 6 Comparisons of modeled and observed cross-sectional average velocities in upstream Skagit floodplain
during a low-flow, b medium-flow, and c high-flow conditions

Error statistics for model calibration of water levels and cross-sectional velocities are
provided in Tables 1 and 2, respectively. Table 1 shows that relative errors for water-level
calibration for all three stations were below 5%. The model shows the most accurate results
in terms of simulating tidal elevations at the Skagit Bay station with 0.12 m root mean square
error (RMSE) and 0.6% relative error (RE). Although the RMSE for the water-level calibra-
tion at the Concrete station is 0.76 m, the RE is still small (1.8%) due to a large variation of
water levels during the high-flood event. To analyze the overall accuracy of velocity calibra-
tion, average error statistics for all the velocity transects were calcualted. Table 2 shows that
the velocity prediction errors for three flow conditions were similar. All RMSEs were within
the reasonable range of 0.2 m/s, and REs were under 20%.

4.3 Model results discussion

Figure 7 shows the snapshots of water depth and velocity distributions in the Middle
Skagit River floodplain under low-flow, medium, and high-flood conditions. During low-flow
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Table 1 Error statistics for
water-surface-elevation
calibration

Station ME (m) MAE (m) RMSE (m) RE (%)

Concrete Gauge 0.28 0.66 0.76 1.4
Sedro Woolley Gauge 0.09 0.26 0.34 2.5
Skagit Bay −0.03 0.10 0.12 0.6

Table 2 Error statistics for
velocity calibration

Station ME (m/s) MAE (m/s) RMSE (m/s) RE (%)

Low flow 0.09 0.16 0.20 18.7
Medium flow −0.03 0.16 0.18 12.6
High flow 0.10 0.15 0.18 9.0

conditions (on 11/29/2008 when river inflow was below 300 m3/s), water flowed within the
river channel, and no overtopping of river banks occurred (Fig. 7a). During medium-flood
conditions (on 10/17/2003 when river inflow was about 2000 m3/s), water started to overtop
the river bank and inundate the floodplain through side channels (Fig. 7b). During high-flood
conditions (on 10/21/2003 when river inflow peaked at nearly 4000 m3/s), almost the entire
floodplain was inundated (Fig. 7c), though the strongest velocities remained in the main river
channel.

Velocity and salinity distributions during low-flow and high-flood conditions were also
examined in the lower Skagit River delta and Skagit Bay. Figure 8 shows the surface velocity
and salinity distributions during flood and ebb tides under low-flow and high-flood condi-
tions. Under low-flow conditions (11/29/2008), a strong salinity intrusion occurred in the
tide flat region of Skagit Bay during flood tide (Fig. 8a) while the tide flat region started to
dry during ebb tide. Most of Skagit Bay was occupied by brackish water (Fig. 8b). The lower
Skagit River floodplain and delta remained dry under low river flow conditions. A siginificant
portion of the lower river floodplain and delta was inundated under high-flood conditions
(10/21/2003) (Fig. 8c, d). In particular, a greater area was inundated during flood tide (Fig. 8c)
than ebb tide (Fig. 8d), and salinity in the bay front and tide flat region dropped significantly
down to a single digit throughout the entire tidal cycle under high-flood conditions.

Figure 9 shows a vertical transect (see Fig. 1) of daily average salinity and velocity distri-
butions from Saratoga Passage to Skagit Bay and further up to the upstream river boundary
under low-flow and high-flood conditions. Clearly, the water level at the upstream river flood-
plain was significantly higher (about 55 m) than the water level in the Skagit Bay (Fig. 9a,
c). Salinity stratification in Skagit Bay was present even during low-flow conditions because
the Skagit River is the largest river discharging into Puget Sound (Fig. 9a). During high-flood
conditions, the water level was elevated in the Middle Skagit River reach (Fig. 9c) compared
to low-flow conditions (Fig. 9a). Salinity stratification was significantly enhanced with a sur-
face salinty less than 10 ppt in Skagit Bay, and the salt intrusion point was pushed more than
2.0 km downstream under high-flood conditions (Fig. 9c). Mean velocities of longitudinal
daily averages are shown in Fig. 9 (b, d). In both low-flow and high-flood conditions, mean
currents in the North Fork branch of the Skagit River were always towards the downstream
direction (negative values). Vertical two-layer estuarine circulations were clearly seen in both
low-flow and high-flood conditions, but were much enhanced during the high-flood event.
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Fig. 7 Water-depth and surface-velocity distributions in the Middle Skagit Reach under a low-flow
(11/29/2008), b medium-flood (10/17/2003), and c high-flood (10/21/2003) conditions. The white-color region
inside the model domain indicates dry areas
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Fig. 8 Surface salinity and velocity distributions in Skagit Bay under low-flow conditions (11/29/2008)
during flood tide (a) and ebb tide (b) and under high-flood conditions (10/21/2003) during flood tide (c) and
ebb tide (d). The white-color region inside the model domain indicates dry areas

5 Summary

In this study, a modeling approach to integrate the simulations of hydrodynamics in an estu-
ary and upstream river floodplain system using a 3D, unstructured-grid, coastal ocean model
is presented. Unlike other modeling approaches, which often externally link the 3D estuarine
and coastal models to 1D or 2D river models, this modeling approach provides continu-
ous simulations of physical processes in estuarine and coastal waters and elevated upstream
floodplains as well as the interactions between these two regimes. A model application to
the Skagit Bay and Middle Skagit River floodplain system demonstrated that an unstruc-
tured-grid, coastal ocean model with a wetting and drying capability can be used to simulate
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Fig. 9 Vertical profiles of daily average salinity and current distributions from Skagit Bay to upstream bound-
ary under low-flow (a, b) and high-flood conditions (c, d). Negative current values indicate outgoing flow
direction

the 3D hydrodynamics in the nearshore and floodplain regimes and provide crucial habitat
parameters, such as inundation frequency and duration, flooding areas, velocity, water depth,
and salinity distributions.

Applying the model to the Skagit Bay and Middle Skagit River floodplain system indicated
that three key elements are essential for successfully modeling an estuary and upstream flood-
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plain system. First is the unstructured-grid modeling framework that provides the flexibility
of simulating complex features, such as tide flats and floodplain geometry, multiple tidal
channels and off-main-stem side channels, as well as infrastructures (e.g., levees). The sec-
ond key element is a robust model scheme to stably simulate the wetting and drying processes,
not only in the tide flat region, but also in the high-elevated, upstream floodplains. Finally,
to simulate the water-storage in the floodplain properly, high-resolution LiDAR elevation
data combined with ground-truth measurements are necessary to better define the model
bathymetry in the tide flat and upstream river floodplain regions.

While this paper presents promising results for integrating the modeling of hydrodynam-
ics in an estuarine and floodplain system, many challenging issues remain for future study.
For example, model validation was not conducted in the floodplains because of no mea-
sured data. To ensure accurate simulation of inundation process in the floodplains, model
validation in the floodplains should be considered in future study with various data sources
and methods [46,47]. Wind effects on circulation and wind-induced storm surges were not
considered in this study. The interactions of wind-induced storm surges with river flood and
extreme tides could result in significant increases of water levels. Properly estimating the
net heat flux exchange and accurately simulating temperature dissipation in tide flats and
upstream floodplains is still a challenging research topic. Furthermore, the bottom roughness
plays an important role in wetting and drying processes in tide flats and upstream floodplains.
The employment of spatially varying bottom roughness based on vegetation and sediment
information may be necessary to improve model prediction of water inundation in tide flats
and upstream floodplains.
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