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Abstract. This study applied the two-dimensional AdH

(adaptive hydraulics) hydrodynamic model to a river reach to

analyze flood hydraulics on complex floodplains. Using the

AdH model combined with bathymetry and topographic data

from the United States Geological Survey (USGS) seam-

less server and the United States Army Corps of Engineers

(USACE), we intended to examine the interactions between

the channel and floodplain of a 10 km stretch at McCar-

ran Ranch, which is located at the lower Truckee River in

Nevada. After calibrating the model, we tested the depen-

dence of the modeling results on mesh density, input param-

eters, and time steps and compared the modeling results to

the existing gauged data (both the discharge and water stage

heights). Results show that the accuracy of prediction from

the AdH model may decline slightly at higher discharges and

water levels. The modeling results are more sensitive to the

roughness coefficient of the main channel, which suggests

that the model calibration should give priority to the main

channel roughness. A detailed analysis of the floodwater dy-

namics was then conducted using the modeling approach

to examine the hydraulic linkage between the main chan-

nel and floodplains. We found that large flood events could

lead to a significantly higher proportion of total flow being

routed through the floodplains. During peak discharges, a

river channel diverted as much as 65 % of the total discharge

into the floodplain. During the periods of overbank flow, the

transboundary flux ratio was approximately 5 to 45 % of the

total river discharge, which indicates substantial exchange

between the main channel and floodplains. The results also

showed that both the relations of the inundation area and vol-

ume versus the discharge exhibit an apparent looped curve

form, which suggests that flood routing has an areal hystere-

sis effect on floodplains.

1 Introduction

The hydrodynamic characteristics of floods are important to

hydraulics, fluvial geomorphology, and aquatic ecosystems

because they affect water resources issues such as flood con-

trol, river-bank erosion, sedimentation, and freshwater habi-

tat restoration. In streams with large floodplains, floods might

exhibit more complex flow patterns because the overbank

flow could be very different from the channel flow and the

hydraulic interaction between the floodplains and the main

channel could be complicated. The dynamic linkage between

the channel and the floodplain during floods can greatly af-

fect floodwaters, sediment transport, erosion, and deposi-

tion on floodplains with unsteady, nonuniform flow features

(Amoros and Bornette, 2002; Antheunisse and Verhoeven,

2008; Bridge, 2003; Thoms, 2003; Sheldon et al., 2002; Stan-

ford and Ward, 1993). This linkage might affect not only the

flood conveyance and flood risks, but also influence water

quality and ecological processes in the river system.

The pattern of flood inundation is critical to vegetation

distribution in the floodplains (Galat, 1990; McKenna et

al., 1992). Temporal and spatial changes in flood inunda-
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tion extent and water level play a crucial role in maintaining

sustainable organic material/nutrient exchanges between the

main channel and floodplains, and they are critical for un-

derstanding hydrological and biogeochemical processes in

aquatic ecosystems (Bayley, 1995; Antheunisse and Verho-

even, 2008; Pettit et al., 2011). The ability to model poten-

tial flood inundation and map the actual extent of inundation,

timing, and intensity under different flood levels is central to

understanding the dynamics of ecological interactions in the

main channel and floodplain system.

Numerical models of the channel and floodplain flows are

important for understanding and predicting the effects of hy-

drodynamics on the channel and floodplain systems. Because

more accurate and reliable flow and inundation predictions

will allow for better decisions to be made regarding land use

and water management, the development and improvement

of methods for high-resolution hydrologic modeling has in-

creased (Neal et al., 2012;). Significant advances in flood

modeling have been achieved in the last decade through the

use of a new generation of two-dimensional (2-D) hydraulic

numerical models (Leopardi et al., 2002; Hunter et al., 2007;

Neal et al., 2011). These models have the potential to pre-

dict the local pattern and timing of flood depth and velocity,

which allows for more informed flood risk zoning and im-

proved emergency planning.

Suitable models for floodplain analysis must be capable

of describing the interaction between floodplain topography

and unsteady, nonuniform water flow and sediment transport.

In particular, numerical models should be able to describe

the effect of channel curvature on floodplain flow structure

and how they change over time (Bridge, 2003). Therefore,

the representation of flow field in the model should be 2-

D or 3-D. The U.S. Army Corps of Engineers (USACE)

AdH (adaptive hydraulics) model software is a 2-D, shallow-

water modeling tool that is used for floodplain modeling

studies (Gambucci, 2009). This tool was developed at the

Coastal and Hydraulics Laboratory (CHL) and has been used

to model hydrodynamics and sediment transport in sections

of the Mississippi River, tidal conditions in southern Califor-

nia, and vessel traffic in the Houston Ship Channel. There-

fore, it is suitable for analyzing the hydrodynamic interac-

tions of channels and floodplains.

The main objective of this study was to investigate the

hydrologic connectivity between floodplains and the main

channel of a reach in the lower Truckee River during floods.

The 2-D, AdH hydrodynamics model used in this study al-

lowed for the detailed analysis of flood flow characteristics in

the channel and floodplain system. By examining several hy-

drodynamic aspects of the linkage between the river and the

floodplain – including the flow rate partitioning of the chan-

nel and floodplain, the transboundary flux, and the floodplain

inundation dynamics – the interaction between the two main

geomorphic components of rivers was assessed. The results

of this study may help advance nutrient exchange and partic-

ulate matter research in dynamic river and floodplain systems

and their potential impacts on aquatic ecosystems.

2 Methodology

2.1 Study site

We selected the McCarran Ranch reach of the Truckee River

in Nevada as our study site to investigate the hydrodynam-

ics of main channel and floodplain systems. The Truckee

River flows through California and Nevada. It is the sec-

ond largest river in Nevada and the only outflow from Lake

Tahoe. Roughly every 10 years, the Truckee River gener-

ates a damaging flood. The 1997 inundation was a major

event that put downtown Reno under several feet of water

and turned much of the Sparks industrial area into an in-

land sea. Although flooding is inevitable, progress is being

made to control flooding and make the area less prone to

such risks (http://www.truckeeflood.us/). Using satellite ob-

servations to evaluate the inundation extent and water level

has been considered (Townsend and Walsh, 1998; Overton,

2005), but the satellite information that is currently avail-

able does not provide a solution because it is usually made

using profiling altimeters with wide spacing between tracks

(Birkett et al., 2002; Coe and Birkett, 2004), passive mi-

crowave instruments with good temporal but limited spatial

resolution (Hamilton et al., 2002, 2004), or synthetic aper-

ture radars with good spatial resolution but limited tempo-

ral coverage (Hess et al., 2003; Frappart et al., 2005). Al-

though the regional significance of the hydrology and bio-

geochemistry processes in the Truckee River floodplains is

undisputed, flood-risk analyses need higher accuracy at much

finer spatial and temporal resolutions.

2.2 Governing equations and model settings

The 2-D, AdH shallow water model solves the 2-D nonlin-

ear shallow water equations. These equations have proven

successful in describing water surface and velocity fields in

surface-water modeling and seem to be accepted by many au-

thors because most studies use 2-D models (Abderrezzak et

al., 2009; Mignot et al., 2006; Bates et al., 2010; deAlmeida

et al., 2012). The equations are derived with the assumption

that the vertical velocity component is negligible. Neglect-

ing shear stress and fluid pressure at the free surface, the 2-D

shallow water equations implemented within AdH are writ-

ten as

∂Q

∂t
+
∂Fx

∂x
+
∂Fy

∂y
+H = 0, (1)

where

Q=


h

uh

vh

 (2)
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2
gh2
−hσxx
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σyx
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vh

uvh−h
σyx
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2
gh2
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 (4)

H =


0

gh
∂zb

∂x
+ n2g

u
√
u2+v2

h1/3

gh
∂zb

∂y
+ n2g

v
√
u2+v2

h1/3

 . (5)

The Reynolds stresses are determined using the Boussinesq

approach to the gradient in the mean currents:

σxx = 2ρνt

∂u

∂x
(6)

σyy = 2ρνt

∂v

∂y
(7)

σxy = σyx = 2ρνt

(
∂u

∂y
+
∂v

∂x

)
, (8)

where h is flow depth; u and v are velocities in x and y di-

rections; g is gravitational acceleration; ρ is flow density;

σxx , σyy , σxy , and σyx are shear stresses in which the first

subscript indicates the direction and the second indicates the

face on which the stress acts because of turbulence; zb is

the river bed elevation; n is Manning’s friction coefficient;

and νt is the kinematic eddy viscosity, which varies spatially

where turbulence closure is achieved through the algebraic

eddy viscosity formulation described by Rodi (1993).

The critical input data are from the digital elevation model

(DEM) of sufficient resolution and vertical accuracy to cap-

ture floodplain topographic features that are relevant to flow

development at the scale of interest and channel bathymet-

ric information detailing the longitudinal slope. The channel

bathymetry was obtained from the USACE. The floodplain

topology data were created from the 30 m× 30 m, USGS dig-

ital elevation model (DEM) obtained from the USGS seam-

less server (http://seamless.usgs.gov/), which was integrated

into the bathymetry data. These data are necessary for delin-

eating the study area and assigning elevation for individual

grid cells (Bates and De Roo, 2000). The modeling area is

depicted in Fig. 1. The AdH model was developed for a river

reach of approximately 10 km in length.

The other group of input parameters was the surface

roughness. These parameters are generally associated with

the land-use information. The land-use data were obtained

from the WebGIS website (http://www.webgis.com), which

were used to determine the surface roughness with reference

data obtained from the tabular values in Chow et al. (1988).

Fine-tuning the roughness value was carried out in model cal-

ibration. The land-use pattern within the AdH model bound-

ary is shown in Fig. 2a. The estimated eddy viscosity func-

tion with a coefficient value of 0.5 was also used for this

Figure 1. Study location and the elevation of focused area.

study. Because the element wetting and drying limits could

cause model instabilities that require an elaborate adjustment

(Gambucci, 2009; Karadogan and Willson, 2010), we set the

values at 0.15 m for both limits. The results of testing the

models showed that changes in these values have very little

impact on the hydrodynamic results.

There is only one gauging station (USGS 10350340) in

the study reach. This gauge is located at the lower part of

the study area (Fig. 1) and it has been operating since June

1997. Data from this station were used for model valida-

tion. The nearest gauging station (USGS 10350000) is up-

stream to the study reach and it has been collecting data

since January 1995. Data from this station were used as in-

puts in a HEC-RAS simulation and the output hydrograph

was used as an upstream boundary condition of the study

reach. For flood events that happened before June 1997, the

outputs of HEC-RAS on the USGS gauging profile were

used for validation. The river stage values also obtained

from the HEC-RAS simulation results were used as a down-

stream boundary condition. The HEC-RAS model used in

this study was obtained from the U.S. Army Corps of Engi-

neers Sacramento District. It has been well calibrated and is

able to give proper boundary conditions for running AdH.

The observed river flow was obtained from USGS NWIS

(http://waterdata.usgs.gov/nwis/sw). It was used to compare

the modeled flow with the observed flow.

2.3 Model

2.3.1 Model calibration

The model is designed to work in conjunction with the

Surface-Water Modeling System (SMS), which can be used

to create the mesh files directly for AdH setup. We used SMS

to establish a finite element model for the chosen study area.

Figure 2b represents the unstructured mesh domain. For a

higher accuracy, the mesh adaptive technology was used for

mesh refinement to get better results. Generally, the number
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 Figure 2. The land-use information (a) and finite element mesh

(b) of the study area.

of finite element mesh (FEM) nodes during the interaction

ranged from 6307 to 7911. The devastating flood in early

1997 was chosen as a typical flood for model calibrations and

validations. Because of the large inundation area during this

flood event, it is more appropriate to analyze the impacts of

floodplain roughness on the flood propagation. The rough-

ness coefficients of the main channel and floodplains were

set separately for model calibration. To examine the model

response to the roughness coefficient, we ran a matrix of 25

simulations with values of nc (roughness coefficient for the

main channel) that varied from 0.036 to 0.041 in 0.001 incre-

ments and nf (roughness coefficient for the floodplains) that

varied from 0.044 to 0.05 in 0.002 increments.

The outputs of the model were compared with the ob-

served values available at the gauging station near the out-

let of the river reach. We calculated the time series discharge

across the gauging profile based on the velocity magnitude

and water depth value along the profile line (showing in

Fig. 1). The accuracy of all of the simulations was then cal-

culated using the Nash–Sutcliffe efficiency criteria (Nash and

Sutcliffe, 1970), Ef:

Ef = 1−

∑n
(
Ŷi −Yi

)2

∑n
(
Yi −Y

)2 , (9)

in which Ŷiand Yi are predicted and measured values of the

criterion-dependent variable Y , respectively; Ȳ is the mean of

the measured values of Y ; n is the sample size; and Ef ranges

between −∞ (where the observed mean is a better predictor

than the model) and 1 (where observed and predicted val-

ues are identical). The Nash–Sutcliffe coefficient is consid-

ered to be a goodness-of-fit index to systemically assess the

effectiveness of hydrological models (Krause et al., 2005;
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Figure 3. Results of mesh dependence testing.

McCuen et al., 2006). By calculating the Ef value for the

25 scenarios, it was found that the index value ranged from

0.770, with the lowest main channel roughness (nc = 0.036),

to 0.937 with the roughness of main channel equal to 0.039.

The change of roughness of floodplains makes less difference

in the Nash–Sutcliffe index (for example, theEf value ranges

from 0.924 to 0.937 with the nf gradually varying from 0.044

to 0.05, while nc is kept at a constant value of 0.039), which

suggests that the modeled flood discharge is much more sen-

sitive to the main channel friction than the floodplain fric-

tion. Based on this understanding of the effects of rough-

ness, the calibrated roughness coefficient of the main chan-

nel was set to 0.039 and the roughness coefficients for other

land-use types were set to 0.048 (grassland), 0.05 (cropland),

0.011 (highway), and 0.05 (strip mines). The model was val-

idated using the adjusted roughness coefficients for the flood

that occurred in early January 1997. The corresponding Ef is

equal to 0.933, which is a satisfactory goodness of fit.

2.3.2 Mesh dependence analysis

The adaptive numerical mesh within the AdH model can

improve model accuracy without sacrificing efficiency. Be-

fore applying the adaptive mesh approach, a base-level mesh

Nat. Hazards Earth Syst. Sci., 15, 2161–2172, 2015 www.nat-hazards-earth-syst-sci.net/15/2161/2015/
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Table 1. Scenarios of mesh dependence testing.

Mesh testing No. of elements

M1 4911

M2 6307

M3 10306

needs to be generated. The mesh was created using the SMS

software, which can be used as a pre- and post-processing

graphic user interface for AdH. After generating the mesh,

the bathymetric data of the stream were interpolated onto the

mesh nodes. Triangular elements were used to discretize the

domain, which is shown in Fig. 2b. Special care was taken

to generate a fine mesh in the vicinity of the main channel.

Because the simulation results depend on the mesh resolu-

tion and quality, several mesh resolutions were adopted for

the mesh dependence study (Table 1). The simulated veloc-

ity and water depth were extracted on the profile where the

USGS gauging station was located so that they could be com-

pared with the observations. Figure 3a and b show the veloc-

ity and water depth that correspond to the different elements

of the peak flow stage for a high discharge flood that hap-

pened in early January 1997. The time step (1t) was set to

1 s. The results show that the mesh sizes M2 and above were

observed to be mesh-independent.

2.3.3 Sensitivity to time steps

The AdH is an implicit code, and therefore the model sta-

bility is not limited to time-step size for linear problems,

but nonlinear instability will occur if the time step is too

large (Tate et al., 2009). Choosing a proper initial time step

could reduce the turnaround time for time-critical simula-

tions. Three different initial time-step sizes were chosen for

investigating the initial time-step dependence (see Table 2).

As with the mesh dependence analysis, the depth and veloc-

ity values along the gauging profile at the peak flow stage

in early January 1997 were used for comparison. Figure 4

shows both the velocity and depth along the gauging profile,

plotted for particular time levels. From Fig. 4, it can be noted

that the initial time-step sizes of 30 s are good enough to cap-

ture the physical properties of flood modeling results.

3 Results and discussion

3.1 Model application

The calibrated model is then used to simulate different flood

events to examine the applicability and accuracy of the de-

tails of the simulations. We chose six other flood events as

testing cases in addition to the flood event in early 1997

(Fig. 5). These cases were sorted by index numbers accord-

ing to the magnitude of peak flow. Comparisons of the gaug-
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Figure 4. Results of time sensitivity study.

ing station data (both the discharge and water level) for the

seven test cases are shown in Figs. 6 and 7. The scatter plot

comparison of all the data is shown in the lower right corner

in each figure. The root-mean-square error (RMSE), which

is a commonly used accuracy measure, is calculated for each

test case and shown in Figs. 6 and 7. The overall RMSE for

all of the test cases to the discharge throughout the simula-

tion was 5.83 m3 s−1. This was reduced to 3.06 m3 s−1 for

discharge less than 100 m3 s−1 and increased to 6.94 m3 s−1

for discharge higher than 100 m3 s−1. The model predicted

low flow much better (RMSE ranges 0.90 to 1.70 m3 s−1 for

test cases 1–3) and the model performance decreased for high

flow (RMSE ranges 3.13 to 14.65 m3 s−1 for test cases 4–7).

The overall RMSE of water depth for all test cases through-

out the simulation was 0.12 m, which is similar to what is

shown in Fig. 6. The accuracy of the model predictions was

higher for lower water levels (RMSE was 0.07 m for water

depth less than 3 m and increased to 0.13 m for water depth

higher than 3 m).

For the relatively low flow cases (testing cases 1–3), the

RMSE ranged from 0.009 to 0.015 m, which shows good ac-

curacy for predictions at low water levels. The RMSE for the

relevant higher flow (testing cases 4–7) ranged from 0.05 to

0.22 m, which shows less prediction accuracy at high water

www.nat-hazards-earth-syst-sci.net/15/2161/2015/ Nat. Hazards Earth Syst. Sci., 15, 2161–2172, 2015
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Figure 5. Scenarios of flood events. Cases 6 and 7 represent the 10 and 50 year flood events, respectively.
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Table 2. Scenarios of time sensitivity study.

Time sensitivity Time step(s)

testing

1t1 1

1t2 10

1t3 30

levels. One main cause of the error for water level is likely

because of the resolution of the topographic data. The verti-

cal elevations of finite element mesh nodes were interpolated

from the coarse DEM (30 m) on floodplains. Therefore, er-

rors might exist for floodplain delineation. Another source of

the error might come from the vertical accuracy of the eleva-

tion/bathymetry data. Also, the zoning and spatial properties

for each element of the whole modeling domain were pri-

marily based on the land-use data, which generated tempo-

rally constant parameters that might not reflect the real con-

ditions. These properties might also affect flow roughness.

Although the roughness coefficients had been calibrated for

the modeling period, they probably cannot accurately repre-

sent the real friction factor of each land-use type at all times

(e.g., vegetation properties would change seasonally). Addi-

tionally, treating the roughness coefficients as constant values

that are independent of flow depth in AdH modeling would

result in errors. In reality, flow roughness can change depend-

ing on the water levels over the floodplain (Domeneghetti et

al., 2012). Moramarco and Singh (2010) evaluated the trend

of Manning’s coefficient for two river sites along the Tiber

River and they found that the n value decreases with increas-

ing flow depth (and therefore increasing discharge), which

shows that there is an asymptotic behavior for high water

levels. Furthermore, neglecting both evaporation and infiltra-

tion would result in another error. Despite the errors that oc-

cur when modeling high flows, the model provides a more

detailed view of floodplain hydraulics that can enhance our

understanding of water interactions between the main chan-

nel and floodplains.
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Figure 8. (a) The proportion of total flow that routed through the

floodplains (αfp) versus inflow discharge. The function of the fitted

line is y = 5.0e− 5x1.5 (R2
= 0.984). (b) The mean value of αfp

for McCarran Ranch from year 1995 to 2000 based on applying the

former function in (a).

3.2 Characterization of exchanges between main

channel and floodplains

We assessed the hydrological connectivity between the main

channel and its floodplains using two approaches. First, we

examined the spatial variation in the flux distribution at 12

different locations (marked in Fig. 1) along the focused river

reach and calculated the averaged longitudinal flux pass-

ing through the floodplains (Qfp). The proportion of total

flow that routed through the floodplains (αfp) was then ob-

tained by dividing Qfp with total discharge. Second, we ex-

amined the transboundary flux of both river banks along the

focused reach, which is defined as the flow flux penetrating

the boundary between the main channel and the floodplains

along a selected reach. The transboundary flux ratio (βex)

was then calculated by dividing the total transboundary flux

with inflow discharge.

Quantifying the flux distribution is generally considered

a good way to identify the exchange flux and connectivity

of the river and the floodplain (Thomaz et al., 2007; Heiler

et al., 1995). Previous studies have shown that the lateral

exchange can be considerably complicated and strongly de-

pends on channel morphology, and that the magnitudes and

direction of lateral flux are spatially related variables. Such

exchange cannot be simply described by a single flow quan-

tity, and therefore needs to be examined differently. The pro-

portion of total flow routing through the floodplains (αfp) is

considered a useful indicator for flux distribution. Its magni-

tude and spatiotemporal change can disclose some details of

the hydraulic role of the floodplains and the interaction be-

tween the main channel and the floodplains. For McCarran

Ranch, this ratio is calculated at each flux sampling location

for seven different discharges, carrying out 84 calculations in

total.

The results of the analyses are plotted in Fig. 8a. As

shown, the error bars represent the spatial heterogeneity of

the flux distribution in the river and floodplain system and

the mean values represent the averaged flux proportion that

routes through the overall floodplains of the studied reach.

The distribution of flux could have been caused by the flow
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Figure 9. The transboundary flux ratio (or the absolute transbound-

ary flux) versus river discharge of the (a) 50 year flood (case no. 7)

and (b) 10 year flood (case no. 6).

pattern of the meandering channel. For example, because

transects 6 and 11 (Fig. 1) have stronger meandering features

compared with the other transects (e.g., transect 2 is located

at a much straighter reach), the flux on the adjacent flood-

plains can be 3.2–5.3 times that of a straight reach, whereas

the peak discharge with the rising flux rate is 248.4 m3 s−1,

which means that the effect of the meandering course is wan-

ing. The factor reduces to 2.3–4.1 when the discharge is as

high as 521.3 m3 s−1. Also, the lateral slope in the terrain

could also cause to the flux distribution that is observed in

the main channel and floodplain system. Because of the rela-

tively higher slope of hill slopes at transect 1, the αfp always

has the lowest value compared with the other transects.

The ratio αfp increases with rising flow discharge. Fig-

ure 8a shows the relationship between the mean proportion

and discharge can be fitted with a power-law function (a

straight line in logarithmic scales with a slope of 1.5) with

a high goodness-of-fit (R2
= 0.984). Although this power-

law relationship for the floodwater exchange ratio was ob-

tained from a specified study reach of Truckee River and

might not necessarily be applicable to other sites, it shows

that the floods have a significant impact on the flux exchange

in a river and floodplain system that would consequently af-

fect the transport of nutrients and organic matter.

The mean value of αfp for McCarran Ranch from 1995 to

2000 is calculated by applying the power-law function shown

in Fig. 8b. Similar to the discharge trend, αfp fluctuated sea-

Figure 10. Inundation maps of the 50 year flood event under dif-

ferent flood stages; (a) and (b) are located on the flood rising stage,

(c) corresponds to peak discharge, and (d) is located on the flood

recession stage.

sonally according to the floods. Generally, the proportion of

flux routing through floodplains at McCarran Ranch is less

than 5 % during base flow and it can reach approximately

15 to 30 % during small flood events. This ratio can be as

high as 65 % during extremely high floods, which represents

a much higher proportion of total flow that is routed through

the floodplains. Our results are compatible with other results

reported in literature. Similar research results have been re-

ported in other river system studies. Richey et al. (1989) used

Muskingum routing of main channel flow and simple flood-

plain representations to estimate the flow volume exchanges

in river and floodplain systems at Itapeua of the Amazon

River. Their research results showed that the ratio of ex-

change flux was approximately 30 %. Wilson et al. (2007)

updated this result based on 2-D modeling and found the ratio

to be at least 40 % between Itapeua and Manaus on the Ama-

zon River. Zurbrügg et al. (2012) estimated that the river and

floodplain exchange in the Kafue Flats using high-resolution

measurements of discharge and tracers. They found the ex-

change ratio to be as much as 80 % during peak discharge.

This river and floodplain exchange results in seasonally re-

curring sharp changes in dissolved oxygen levels that could

greatly impact river quality (Zurbrügg et al., 2012, 2013).

A more direct look of the river and floodplain exchange

is the transboundary flux, which is defined as the flow dis-

charge that penetrates the boundary between the main chan-

nel and floodplains. The transboundary flux versus river dis-

charge of two particular flood events was plotted in Fig. 9.

The fluxes were used to determine the quantity of floodwa-

ter from the main channel to the floodplains. Figure 9 shows

the maximum transboundary flux that occurred before the

peak flow for each flood event. Generally, the transboundary

flux ratio is approximately 0.05 to 0.45 and the corresponded
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flux is 8 to 70 m3 s−1. The variation of transboundary flux is

mainly controlled by the magnitude of flood discharge (e.g.,

when the discharge increases from 270 to 550 m3 s−1, the

total transboundary flux increases from 30 to 65 m3 s−1 ac-

cordingly). The opposite flow across the river boundary at

the rising and receding stages leads to the loop curve relation

between transboundary flux and discharge.

3.3 Flood inundation analysis

The prediction of flood inundation is crucial for risk con-

trol and water resources management. Both the inundation

area and volume were numerically calculated from the AdH

modeling results. A MATLAB® code was developed for the

inundation area and the volume calculation was based on the

water depth values on the mesh nodes (outputs of AdH) and

the finite element mesh information (inputs of AdH). The ex-

treme flood event that occurred in early January 1997 was set

as an example for inundation analysis. The inundation area

and volume were calculated at different discharges that were

chosen from the flood rising stage, peak flow stage, and re-

cession stage. Snapshots of the flood inundation maps are

illustrated in Fig. 10. Figure 11 shows the scatter plots of

the inundation area and inundated volume. The maximum

inundation area and volume can be as high as 1.3 km2 and

3.95× 106 m3, respectively.

More interestingly, we found that both the inundation

area–discharge relation and inundated volume–discharge re-

lation show a looped curve pattern. These looped curves indi-

cate that the same flow discharge at different stages of a flood

produced different inundation areas or volumes. This is simi-

lar to the looped rating curve for the stage–discharge relation

during flood events. Based on the literature survey, the looped

curve pattern of the inundation area or volume–discharge re-

lation had not been reported in the previous studies. This re-

sult is useful for flood risk mitigation, as well as improving

flood disaster assessments and risk estimations. Furthermore,

the inundation area–discharge relation describes an areal re-

sult rather than a result at a station (i.e., it is an upscaled result

of the point-scale stage-discharge relation). It shows that this

hysteresis can appear not only at local scales, but also at large

spatial scales, which can help us further understand the flood

regime and its related biogeochemical processes.

4 Implications on riverine ecosystems and flood

management

This study reveals the hydrological connectivity of the main

channel and floodplain system of Truckee River during flood

events. As discussed in the previous section, the channel

divides a considerable portion of its inflow into the flood-

plains. The lateral water exchanges between the main chan-

nel and floodplain are closely related to the discharge fluctu-

ations, which show an intensive heterogeneity under differ-
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Figure 11. The scatter plots of inundation area versus discharge

(a) and inundated volume versus discharge (b) of a sample flood

event.

ent spatio-temporal scales. This high level of spatio-temporal

heterogeneity makes riverine floodplains one of the most

species-rich environments (Ward et al., 1999). We have

analyzed the hydraulic roles of floodplains quantitatively

through a set of characterizing parameters (αfp and βex) be-

cause the hydrodynamics of flooding play a dominant role in

maintaining a diversity of lentic, lotic, and semiaquatic habi-

tat types (Ward et al., 1999; Amoros and Bornette, 2002).

During flood events, floodwater sweeps onto the river

bank, carrying with it large amounts of upstream sediment

(organic or inorganic substances). When the hydraulic condi-

tion meets the appropriate water and sediment dynamic con-

ditions, sediments are deposited on the floodplains. This pro-

cess provides conditions for floodplain wetlands material re-

cycling. Additionally, aquatic organisms (fish, invertebrates,

plankton, etc.) would be entrained into the low-lying zones

and eventually participate in the local food chain activities

(Stanford and Ward, 1993; Tockner et al., 1999). Biochemi-

cal processes, such as metabolism activities, that happen on

patches of floodplain would not change much until the next

flood pulse (Thoms, 2003).

www.nat-hazards-earth-syst-sci.net/15/2161/2015/ Nat. Hazards Earth Syst. Sci., 15, 2161–2172, 2015



2170 X. Chen et al.: Hydrodynamic interactions between the main channel and the floodplain

The ecological health of the river corridor relies not only

on the surface water hydrological connection, but also on

the surface–subsurface water interactions (i.e., hyporheic ex-

changes). Although we have only discussed the flood hydro-

dynamic process on the Truckee River, we can still speculate

that the intense flood inundations and transient fluctuations

will certainly affect subsurface flow within the riparian zone.

For instance, the lateral hyporheic flow patterns. Recent stud-

ies have shown that hyporheic exchanges within the river and

floodplain system play a key role in maintaining the health

of fluvial systems because of its control of biogeochemical

and ecological processes (Boulton and Hancock, 2006; Boul-

ton et al., 1998; Brunke and Gonser, 1997; Findlay, 1995).

The flood will cause a much higher inundation area. This

implies that the hyporheic exchanged zone will extend to a

larger configuration according to the inundation. Therefore,

it will affect the biogeochemical processes in the riverbed

and floodplain. For example, the nitrification processes in the

downwelling area and the denitrification processes in the up-

welling zone (Findlay, 1995).

Our results also indicated an interesting hysteresis pat-

tern to flood inundation behavior. The largest inundation

area/volume occurred behind the peak discharge. Because

of the unsteady fluctuation rate, backwaters in bend area,

heterogeneity of lateral exchanges, and other factors, the

flood propagation generally shows strong nonlinear dynam-

ics. Therefore, the maximum loss caused by a certain flood

event will lag behind the peak discharge. This implies that

when we are evaluating a disastrous flood, it is more appro-

priate to incorporate the hysteresis pattern.

5 Conclusions

The AdH model is an effective method for delineating flood

inundation in areas of subtle topographic relief. This model

was used to simulate flooding at McCarran Ranch on the

Truckee River with a much finer mesh grids. The model

was calibrated with gauge data and the validated model per-

formed well in representing the flood hydrographs of various

magnitudes. Although the accuracy of prediction declined

slightly at higher discharge and water stages, the raw output

of depth and velocity magnitudes from 2-D, AdH modeling

appears adequate to produce reasonable results.

Results show that the proportion of flow that routed

through the floodplains is much higher during extreme flood

events. Because the river and floodplain exchange plays a

crucial role in maintaining ecosystem, estimating the ex-

change ratio through a modeling approach could be useful

for river restoration and river landscape design, or even as a

global index for river ecological assessment. However, field

measurements are still recommended for further verification

of AdH modeling results.

The inundation area (or volume)–discharge relation at Mc-

Carran Ranch on Truckee River was found to be a loop curve

pattern, which showed that hysteresis of flood inundation ex-

ists on large spatial scales. Although this result was obtained

from a specific river reach, it will be potentially useful for

flood risk assessment and water resources management of

other river and floodplain systems, especially for rivers with

considerably more floodplain areas.
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