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A B S T R A C T   

Study region: North-eastern Tasmania, Australia. 
Study focus: Two quantitative methods for determining the bankfull stage of alluvial rivers from 
plotted channel cross-sections were assessed. Bankfull stage estimates determined using the 
minimum width-to-depth ratio and the first maximum of the bench-index were compared, and 
then evaluated against qualitative estimates of bankfull stage, using data from 89 cross-sectional 
surveys along nine alluvial river reaches in north-eastern Tasmania. 
New hydrological insights for the region: The minimum width-to-depth ratio was found to provide 
lower estimates of bankfull stage than the bench-index, with an overall mean ratio between the 
two methods of 0.84. Qualitative estimates of bankfull stage generally fell between those pro-
vided by the two models, with the minimum width-to-depth ratio performing better when 
assessed against qualitative estimates. These results show that while neither method provides a 
suitable stand-alone means for estimating bankfull stage, in combination they provide an effective 
means to approximate the range of bankfull stage. The high variability in bankfull stage found 
along a reach in this study indicates that where possible bankfull stage is best determined at the 
reach rather than single cross-sectional scale. Bankfull stage should be presented as a range of 
values with associated confidence intervals rather than as a finite result, with definition of 
bankfull stage estimates and sample number also reported.   

1. Introduction 

Bankfull is a fundamental concept in fluvial geomorphology, with significant applications in relation to hydrological and ecological 
processes (Knighton, 1998; Wohl, 2010; Navratil et al., 2010; Lindroth et al., 2020). It is also an important parameter in river reha-
bilitation, habitat creation and river management projects (He and Wilkerson, 2011; Tedford and Ellison, 2018). The elevation or 
depth at which bankfull occurs, known as the bankfull stage, is a widely used measure of river flow, and it is commonly applied in three 
ways. Firstly, bankfull stage marks the point above which the river channel becomes connected with the floodplain. When discharge 
exceeds bankfull stage, biotic and abiotic elements including aquatic organisms, vegetation, sediment and nutrients are transferred and 
redistributed (Bouwman et al., 2013). Consequently, the frequency and extent with which flow exceeds the channel has important 
ecological and geomorphological consequences, and is also of importance to infrastructure design, flood mapping and insurance risk 
(Dutta et al., 2003; Richards, 2004). 

Secondly, the discharge which occurs at bankfull stage is linked to channel formation. In a highly influential work, Wolman and 
Miller (1960) showed that while discharge events of varying magnitude, frequency and temporal structure influence channel form, the 
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channel morphology of alluvial rivers appears to be associated with flows at or near the bankfull stage. The relationship between 
channel shape and bankfull discharge has since been widely debated, particularly in Australia (Pickup and Warner, 1976). Australian 
rivers have important differences to those in other continents, having more variable flow regimes (Finlayson and McMahon, 1988). 
Additionally, they have sediment loads dominated by fine suspended particles and with reduced coarse sediment load relative to other 
continents, because of tectonic stability and the almost complete absence of Quaternary glaciations (Tooth and Nanson, 1995). 
However, concepts of a channel forming discharge to which the channel geometry becomes adjusted continue to be central to fluvial 
geomorphology studies (Doyle et al., 2007; Monegaglia and Tubino, 2019). 

The third common bankfull stage application is its use as a reference level which can reasonably be defined amongst the complexity 
of river morphology (Knighton, 1998). In this role, bankfull is widely used to compare spatial and temporal variations in river metrics 
(Powell et al., 2006; Buraas et al., 2014; Lindroth et al., 2020). Bankfull parameters such as bankfull stage, bankfull width and bankfull 
discharge are extensively used in hydrological and geomorphic studies, as well as in river channel classification (Rosgen, 1994; 
Kasprak et al., 2016), river health assessment systems (AUSRIVAS, 2020), and applications in remote sensing of river discharge 
(Bjerklie, 2007; Bjerklie et al., 2018). 

1.1. Definitions of bankfull stage 

The variety of bankfull stage applications have led to several definitions (Williams, 1978; Radecki-Pawlik, 2002), which can give 
conflicting results (He, 2019). In some studies, bankfull stage has been defined in a theoretical sense, attained when water reaches a 
point not necessarily associated with the physical top of the banks (Stream Systems Technology Center, 1993). These theoretical 
definitions commonly equate bankfull stage with an abstract discharge such as “bankfull stage corresponds to the discharge at which 
channel maintenance is the most effective” (Dunne and Leopold, 1978) or relate it to the recurrence frequency of a flood event, such as 
“the stage occupied by the 1.58 year flood on the annual series” (Dury et al., 1963; Pickup, 1976). 

In contrast to the theoretical definitions, a range of physical definitions of bankfull stage have been made, based on recognition of 
sedimentary surfaces, observation or measurement of boundary features or geometrical properties (Williams, 1978; Malik and Pal, 
2020). Among many of these physical definitions, differences exist on the particular stage at which bankfull occurs. Definitions range 
from the stage at which discharge just fills the river channel without overflowing onto the floodplain (Williams, 1978; Gordon et al., 
2004; Gomez et al., 2007), the stage at which discharge just overflows the banks of the channel onto the floodplain (Page, 1988), or the 
elevation of the active floodplain (Wolman and Leopold, 1957; Wolman and Miller, 1960) (Fig. 1). 

Although the differences in elevation between these various definitions may be small, at the point of bankfull minor increases in 
depth are often accompanied by large increases in width, and a slight difference in interpreting bankfull stage elevation can lead to 
significantly different values in other bankfull parameters (Leopold et al., 1964; Wilkerson, 2008). A comparison of bankfull methods 
on 16 river reaches across France found morphological definitions more relevant, and a combination of methods best used (Navratil 
et al., 2006). 

1.2. Determination of bankfull stage using qualitative methods 

The most frequently used method to determine bankfull stage is based on qualitative field observations of evidence such as scour 
lines, vegetation limits, changes between bed and banks material, abrupt changes in slope or most commonly, the active floodplain. 
However, floodplains are not always present, they may be difficult to identify, and they may not relate to the current river form. For 
example, in eastern Australia many rivers show a channel geometry and planform fundamentally altered from natural conditions, with 
many apparent floodplains flooded relatively infrequently and not in adjustment with the present river regime (IEA, 1987; Brierley 
et al., 1999: Fryirs et al., 2018). Incised rivers in both Queensland (Dury et al., 1963) and New South Wales (Woodyer, 1968) show an 
active floodplain which is rather a bench contained within the channel, while the apparent floodplain is in fact a terrace. Additionally, 
within a river several benches may be present (Woodyer, 1968), and bankfull stage may not always be associated with the same bench 
along a river reach (Radecki-Pawlik, 2002). Bankfull stage can be particularly difficult to identify in unstable rivers (Simon et al., 
2004), where there has been channel disconnection from the floodplain (Brierley et al., 1999; Fryirs et al., 2018), or where the river is 

Fig. 1. Major bankfull morphological features of an idealized river channel cross-section.  
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adjusting to a new equilibrium. 
Despite many detailed definitions of bankfull stage being developed in recognition of the difficulty in identifying the active 

floodplain (Gippel, 1985; Page, 1988; De Rose et al., 2008; Harman et al., 2008), identifying bankfull stage in the field continues to rely 
on subjective judgment, and may result in inconsistent estimates if observers do not have sufficient training or experience (Rosgen, 
2009). 

1.3. Determination of bankfull stage using quantitative methods 

Methods to develop more objective and repeatable methods for determining bankfull stage arose as fluvial geomorphology moved 
from qualitative to more quantitative techniques. Quantitative methods for determining bankfull stage offer considerable benefits over 
qualitative methods: they do not rely on the presence of an active floodplain or other often subjective field evidence, and they enable 
bankfull stage to be determined without field observations or expert assessment. This allows the use of remotely sensed data or other 
data collected for purposes other than identifying bankfull stage. In addition, quantitative techniques generally use fewer resources 
than field-based methods and are more objective (Williams, 1978). However some studies have found that quantitative methods 
inadequately define bankfull stage (Riley, 1972; Gregory, 1976), they do not provide significantly greater accuracy then visual field 
inspection (Williams, 1978), or they are less relevant than morphological definitions (Navratil et al., 2006). The two most commonly 
used quantitative methods are the minimum width-to-depth ratio and the first maximum of the bench-index (Radecki-Pawlik, 2002; 
Finnegan et al., 2005; Simon and Darby, 1997; Navratil et al., 2006; Yanites et al., 2010; He, 2019; Conesa-García et al., 2020). Few 
studies have previously directly compared the methods using a large regional dataset. 

1.3.1. Width-to-depth ratio 
The ratio of the channel width (W) to mean channel depth (D) (Fig. 2) has been extensively used as a measure of channel shape (Fig. 

1) and is determined according to Eq. (1): 

RWD =
W
D

(1) 

The use of the width-to-depth ratio to determine bankfull stage is attributed to Wolman (1955), defining ‘bankfull’ as that stage at a 
given cross-section at which, in a plot of the width-to-depth ratio against stage, the curve breaks sharply and the width becomes 
exceedingly large (Fig. 2). However, rather than associate this stage with the physical top of the channel banks, Wolman found that 
above this point the channel begins to flare out and depart from the more rectangular shape prevailing below this stage (Wolman, 
1955). This point may correspond with the Bank Inflection point (Fig. 1), which corresponds to the main change in bank slope, or the 
end of the abrupt part of the bank (Navratil et al., 2006). 

Several subsequent works have departed from Wolman’s methods and associated a ‘top-of-bank’ bankfull with the stage at which 
the width-to-depth ratio is at a minimum (Harvey, 1969; Riley, 1972; Pickup and Warner, 1976; Pickup, 1976; Johnson and Heil, 1996; 
Copeland et al., 2000; Gordon et al., 2004; Gomez et al., 2007). Despite several studies showing that the minimum width-to-depth ratio 
generally underestimates bankfull stage (Riley, 1972; Williams, 1978; Navratil et al., 2004, 2006), this method continues to be used for 
determining bankfull stage from channel geometries (Conesa-García et al., 2020; Lindroth et al., 2020). 

1.3.2. Bench Index 
To develop a method for identifying bankfull stage that was less dependent on subjective judgment and more ‘amenable to 

computer operations’, Riley (1972) defined a bench-index (BI) as: 

BI =
[Wi − Wi+1]

[Di − Di+1]
(2) 

Fig. 2. Determination of Bench Index and width to depth ratio using an idealized river channel cross-section (W = width, D = depth, i = the channel 
at a particular stage and i + 1 = the channel at a lower increment of stage). 
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where i = 1, 2, 3,....x, and x is the number of unique width and depth measurements available ranked in ascending value (i.e. the 
greater the value of i the closer to the channel bed) (Fig. 2). The bench-index measures the relative slope of a segment of channel 
profile, with high values indicating relatively horizontal channel segments and low values defining relatively vertical segments (Riley, 
1972) (Fig. 2). Based on the results from 20 river sites in north-western New South Wales with a wide range of cross-sectional areas and 
profile shapes, Riley found that when plotted against depth, the bench-index showed a marked peaked value near the bankfull stage 
indicating that bankfull stage was equivalent to the first maximum of the bench-index when measured in descending elevations 
(decreasing depth). However, several subsequent studies have found that the first maximum of the BI significantly overestimated 
bankfull stage on some reaches (Williams, 1978; Radecki-Pawlik, 2002; Navratil et al., 2004, 2006). From 7 cross-sections across two 
Polish rivers, Radecki-Pawlik (2002) rather found Riley’s Bench Index the more useful of several bankful parameters, which is best 
defined as a discharge which appears within a certain range of discharges. 

1.4. Aims 

This study uses data from 89 cross-sectional surveys undertaken at nine river reaches in different catchments in north-eastern 
Tasmanian Rivers, a part of the world that is lesser known to the fluvial research community, to compare the minimum width-to- 
depth ratio and the first maximum of the bench-index against qualitative estimates of bankfull stage. 

The study aims are to:  

1. Evaluate two quantitative methods for determining bankfull stage from plotted cross-sections.  
2. Provide guidance on the determination and reporting of bankfull stage. 

2. Methodology 

2.1. Environmental context 

The fluvial geomorphology of the rivers of Tasmania, a continental island located 41–43oS, has significant differences from those of 

Fig. 3. North-eastern Tasmania, showing the location of major rivers and the study sites detailed in Table 1.  
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Table 1 
Attributes of sites used in this study including elevation (Above Sea Level [ASL]), upstream catchment area, number of cross-sectional surveys, and 
the river type based on valley setting. Images from Google Earth.  

Site Name Cross 
sections 

Elevation (m 
ASL) 

Upstream catchment 
area (km2) 

River type Aerial image  

1 Third River at the Paling Track  5  187  4.42 Partially 
confined 

2 Great Forester River at Prosperity 
Road  

11  126  64.62 Partially 
confined 

3 Dans Rivulet upstream of 
Mathinna Plains Road  

6  315  72.60 Unconfined 

4 Macquarie River at Honeysuckle 
Road  

10  296  169.31 Partially 
confined 

5 Nile River at Nile  12  181  253.44 Unconfined 

6 Isis River at Isis  9  159  311.35 Unconfined 

(continued on next page) 
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mainland Australia to the north. The highly variable Tasmanian landscape includes areas which have experienced relatively recent 
tectonic activity and glaciation (Sharples, 1996) which, combined with the large variations in hydrology and lithology, has resulted in 
a wide variety of channel and floodplain forms across Tasmanian catchments (Jerie et al., 2003). 

North-eastern Tasmania is a region geologically and geomorphologically distinct (Sharples, 1996). Its marine turbidite rocks were 
initially deposited at some distance from the rest of Tasmania, then tectonically transported to their present position. Much of the 
region was subsequently uplifted, with thin sequences of Permian sedimentary rock then being deposited in the present highland areas 
before being intruded by extensive sheets of dolerite magma during the mid-Jurassic. A temperate marine climate drives the dominant 
fluvial processes, with occasional intense and sustained rainfall events which can cause major flooding in the north-east (Keast and 
Ellison, 2013). Despite some anthropogenic impacts including alluvial mining, forestry, agriculture and irrigation (Ellison et al., 2019), 
and in contrast to much of south-eastern Australia, the majority of rivers in north-eastern Tasmania remain largely unmodified and 
unregulated. 

The nine study reaches were located on eight rivers across six catchments in north-eastern Tasmania (Fig. 3; Table 1), ranging in 
size from Third River at Paling Track, a first order river with an upstream catchment area of just 4.4 km2, to the South Esk River at 
Ormley, a sixth order river with a catchment area of over 1360 km2. Sites were either in unconfined or partially confined valley 
settings. All sites were set in unconsolidated sediments with a river channel largely free to adjust to discharge. This can be evidenced in 
the meandering planform of rivers (Fig. 3; Table 1). 

2.2. Data 

Channel cross-sectional survey data for eight of the nine river reaches (Table 1) were obtained from the Tasmanian Department of 
Primary Industries, Parks, Water and Environment (DPIPWE). These survey data were collected for a variety of purposes including the 
establishment of environmental flow levels. For each reach 5–12 cross-sections were surveyed spaced 15–40 m apart. Surveys were 
undertaken using Leica levels, which provide depth accuracy estimated to be within ± 0.01 m and horizontal accuracy to be within 
± 0.1 m. The number of cross-sections and their separation was generally based on the complexity of the physical form of the river 
channel, as recommended by Edwards et al. (2019). More cross-sections were undertaken on more variable channels to minimize error 
in bankfull stage parameter estimation (Harman et al., 2008). Rather than using prescriptive measures to identify site location and the 
number and location of cross-sectional surveys, place-based understanding (Brierley et al., 2013) was adopted, where contextual 
considerations are used to detect important local differences, allowing transferability of insights between locations and representative 
sample sites (Brierley et al., 2013). Third River at Paling Track (Table 1) for example, was a relatively small upper catchment river with 
a simple channel that displayed little variability in channel morphology along the reach. Based on the relatively homogenous channel 
morphology, 5 cross sectional surveys were considered sufficient to capture reach morphological variability. 

Additional cross-sectional survey data collected from some sites were later excluded from the study due to the presence of bedrock 

Table 1 (continued ) 

Site Name Cross 
sections 

Elevation (m 
ASL) 

Upstream catchment 
area (km2) 

River type Aerial image  

7 Ringarooma River at wetlands  12  6  878.08 Unconfined 

8 South Esk River at Malahide  12  225  1023.34 Partially 
confined 

9 South Esk River at Ormley  12  202  1360.45 Partially 
confined 
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outcrops or an anabranching channel making bankfull channel impossible to identify. Cross-sections targeted a range of channel forms 
(pool, riffle, run) where they existed, and included a range of channel types from simple channels to complex channels with features 
including in-channel benches, overbank terraces and flood-chutes. Cross-sectional surveys extended from above obvious bankfull flow 
levels on one bank to a similar elevation on the opposite river bank but focused on the proportion of the channel at and below the 
bankfull flow thresholds; therefore, at most sites, surveying of the extended floodplain (if present) was not undertaken (DPIPWE, 
2010). All sites were surveyed at low-flow conditions. 

The software package Win XSPRO (Grant et al., 1992) was used to plot each cross-section and to model cross-sectional channel 
parameters at 0.01 m increments in stage from the deepest point of the channel to well above the maximum elevation of the lowest 
channel bank of the survey. Plots were modified in some instances by removing features such as flood-chutes to ensure that only a 
single channel was considered at each increment. All statistical analyses were undertaken using the software package R. 

2.3. Minimum width-to-depth ratio (WD) 

The ratio of channel width-to-depth was calculated at 0.01 m stage increments for each cross-section by dividing the channel width 
(W) by the mean depth (D) (Eq. 1). Following common practice, this study defined mean depth as cross-sectional area (A) divided by 
width (W). Bankfull using the WD method was defined as the stage at which the minimum of the width-to-depth ratio occurred. A lower 
limit of 50% of the maximum elevation of the lowest channel bank was set to eliminate low width-to-depth values which occurred at 
very low stages due to irregularities on the channel bed. 

2.4. First maximum of the bench-index (BI) 

Bankfull stage using the bench-index was determined largely according to the methods of Riley (1972). However, as channel 
parameters were modelled at equal increments (0.01 m), Di – Di + 1 remains constant and may be removed from Eq. (2) to produce: 

Bench Index(BI) = Wi − Wi+1 (3)  

where i = 1, 2, 3,....x, and x is the number of unique width and depth measurements available ranked in ascending value (i.e. the 
greater the value of i the closer to the channel bed). Following Riley (1972), the stage that corresponded with the first maximum of the 
bench-index from upper (the maximum elevation of the lowest channel bank) to lower elevation was bankfull stage. Neither Riley nor 
subsequent studies explained the method used to identify the maximum, and in this study maxima were identified using a simple 
algorithm: 

If BIi + 1 > BIi, let BIi = BIi+1; 
If BIi + 1 = BIi, go to BIi+2 continue to repeat through to i + 5. 
If BIi + 5 = BIi, then BIi is equivalent to bankfull stage. 
If BIi + 1 < BIi, then BIi is equivalent to bankfull stage. 

Where consecutive increments had equivalent values, the upper increment was determined to be equivalent to bankfull stage, as 
this was thought to be more in line with the methods of Riley (1972). 

2.5. Qualitative estimates of bankfull stage 

This study adopted the physical definition of bankfull used by Riley (1972) as the stage above which flow would exceed the active 
channel banks. This was chosen as it provided the most objective and consistent definition for quantitative comparisons. Definitions 
based on floodplain elevation were rejected as being often subjective and because floodplains were not always present. Ideally bankfull 
stage models should be compared with the ‘true’ bankfull stage, however the chances of being present to measure bankfull parameters 
just at bankfull are extremely small (Williams, 1978), and consequently bankfull stage values can only ever be an estimate. In this study 
bankfull stage was estimated at each cross-section by interpretation of plotted channel profiles, with particular attention paid to 
channel morphological features which could be observed across several cross-sections along a reach. Field observations and notes were 
used to assist this process where available. A 3D multiple-cross-section plot was also created in some instances to ensure that the 
estimated bankfull elevation at each cross-section was consistent along a reach. 

2.6. Model evaluation 

This study uses a mix of quantitative and qualitative methods to assess the performance of the two quantitative bankfull stage 
models. It first compares the ratio between bankfull stage estimates derived using the minimum width-to-depth ratio (WD) and those 
determined using the first maxima of the bench-index (BI) and conducts paired t-tests to consider the differences between the two 
methods in comparison to the overall and within-a-reach variability. 

This study also evaluates estimates of bankfull stage from the two quantitative bankfull stage models against qualitative estimates 
of bankfull stage using the Nash-Sutcliffe efficiency (NSE), percent bias (PBIAS), and the ratio of the root mean square error to the 
standard deviation of measured data (RSR). The combination of these three measures provides a comprehensive and relevant model 
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assessment method (Moriasi et al., 2007). 
The Nash-Sutcliffe efficiency (NSE) is a dimensionless statistic that determines the relative magnitude of the residual variance in 

comparison to the measured data variance (Moriasi et al., 2007). NSE is calculated using Eq. (4): 

NSE = 1 − [

∑n

i=1
(Yobs

i − Ysim
i )

2

∑n

i=1
(Yobs

i − Ymean
i )

2
] (4)  

where Yi
obs is the ith observation for the constituent being evaluated, Yi

sim is the ith simulated value for the constituent being evaluated, 
Ymean is the mean of observed data for the constituent being evaluated, and n is the total number of observations (Moriasi et al., 2007). 
NSE values range between − ∞ and 1.0, with NSE = 1 being the optimal value and values between 0.0 and 1.0 generally viewed as 
acceptable levels of performance. Values < 0.0 indicate that the residual variance is larger than the data variance, which indicates 
unacceptable performance (Moriasi et al., 2007). To assist in identifying true outliers and assessing the relevance of calculated NSE 
values, Z-scores, which are commonly used to provide a standardized measure of the distance of an observation from the mean, were 
also determined for each qualitative estimate of bankfull stage (BF) using sample mean and standard deviation. 

Percent bias (PBIAS) measures the average tendency of the simulated data to be larger or smaller than the observed data and can 
indicate poor model performance (Gupta et al., 1999). PBIAS is determined using Eq. (5): 

PBIAS = [

∑n

i=1
(Yobs

i − Ysim
i )*(100)

∑n

i=1
(Yobs

i )

] (5)  

where PBIAS is the deviation of data being evaluated, expressed as a percentage. The optimal value of PBIAS is 0.0, with low- 
magnitude values indicating accurate model simulation. Positive values indicate model underestimation bias, and negative values 
indicate model overestimation bias (Gupta et al., 1999). 

The root mean square error (RMSE) to the standard deviation of the measured data (RSR) is calculated by Eq. (6): 

RSR =
RMSE

STDEVobs
=

[

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(Yobs

i − Ysim
i )

2
√

]

[

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(Yobs

i − Ymean)
2

√

]

(6) 

RSR incorporates the commonly used error index statistic RMSE with a scaling/normalization factor that is based on the standard 
deviation of the observations. RSR varies from the optimal value of 0, which indicates zero RMSE or residual variation and therefore 
perfect model simulation, to a large positive value. The lower the RSR, the lower the RMSE, and the better the model simulation 
performance (Moriasi et al., 2007). 

Bankfull stage model estimates were judged as satisfactory if NSE > 0.50 and RSR < 0.70, following general model evaluation 
standards (Moriasi et al., 2007). Performance ratings for PBIAS depend on the application, and in this study were set at ± 15%. 

The results are also presented graphically as a plot of mean reach bankfull stage values with associated 95% confidence intervals 
(CI). Non-parametric confidence intervals were constructed using a bootstrap resampling method in R (Canty and Ripley, 2014) with 
2000 iterations (Diciccio and Efron, 1996). 

3. Results 

The mean ratios between bankfull stage values determined using the minimum width-to-depth ratio (WD) and those determined 
using the first maxima of the bench-index (BI) for each reach, as well as for the combined 89 individual cross-sections, along with the 
results of the paired t-tests are shown in Table 2. The results of bankfull stage model evaluation against qualitative estimates using NSE, 
RSR and PBIAS are shown in Table 3 along with co-efficient of variation (CV) values, and graphs of reach-averaged bankfull stage 
parameters and 95% confidence intervals calculated from bootstrapped samples for estimated and model derived bankfull stage are 
shown in Fig. 4. 

Table 2 
Mean ratios between bankfull stage estimates using the minimum width-to-depth ratio (WD) and first maxima of the bench-index (BI) models along 
with paired t-test results, for each reach as well as for the combined eighty-nine individual cross-sections (df=degrees of freedom). These are reference 
reach average values.  

Site 1 2 3 4 5 6 7 8 9 Combined 

WD/BI  0.56  0.90  0.88  0.76  0.80  0.64  0.96  0.90  0.93 0.84 
df  4  10  5  9  11  8  11  11  11 88 
t-value  -5.86  -2.80  -2.57  -6.75  -5.64  -4.68  -1.62  -5.43  -3.27 -10.35 
p-value  0.0042  0.0188  0.0501  0.0001  0.0002  0.0016  0.1344  0.0002  0.0075 < 2.2e-16  
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The mean ratio between WD and BI derived estimates across all 89 individual cross-sections was 0.84, with a range of 0.56–0.96 for 
mean reach ratios between WD and BI derived estimates. There was a significant overall difference between WD and BI derived es-
timates of bankfull stage (t = − 10.35, df = 88, p = 0.0000) for the combined eighty-nine cross-sections, and for seven of the nine 
reaches (no significant difference for Site 3 and Site 7) (Table 2). 

Bankfull stage values determined using the WD method were generally less than qualitative estimates of bankfull stage (BF), with 
an overall PBIAS value of 6.59% across all 89 cross-sections and positive PBIAS values (underestimation) on eight of the nine reaches 
ranging from 1.22% to 29.50% (Table 3). PBIAS values fell below 15% on eight of the nine reaches. NSE values ranged from − 1.97 to 
0.96, with four reaches having NSE values less than or equal to 0.50. RSR values ranged from 0.20 to 1.72, with four reaches having 
values greater than or equal to 0.70. Four of the nine reaches fell outside satisfactory model performance based on the evaluation of 
Moriasi et al. (2007). The WD derived mean reach bankfull stage fell within the 95% Confidence Intervals for BF on all reaches apart 
from Sites 6 and 8, and the 95% Confidence Intervals for WD derived mean reach bankfull stage overlapped the 95% Confidence 
Intervals for BF on all reaches apart from Site 6 (Fig. 4). 

Bankfull stage values determined using the BI method were generally greater than qualitative estimates of bankfull stage (BF), with 
an overall PBIAS value of − 9.55% across all 89 cross-sections, and negative PBIAS values (overestimation) on all nine reaches ranging 
from − 0.58 to − 56.84% (Table 3). PBIAS values were less than 15% from BF values on four of the nine reaches. NSE values ranged 
from − 2.52–0.97, with six reaches having NSE values less than or equal to 0.50. RSR values ranged from 0.16 to 1.88, with six reaches 
having values greater than or equal to 0.70. Six of the nine reaches fell outside satisfactory model performance (Moriasi et al., 2007). 
The BI derived mean reach bankfull stage fell within the 95% CI for BF on all reaches apart from Site 1 (Fig. 4). Several reaches had 
individual BF values which may be considered outliers, with five of the eighty-nine cross-sections having z-scores exceeding ± 1.75. 
However, there was not a strong correlation between reaches with BF outliers and those which had low NSE values for either BI or WD. 
The range of values between the upper and lower 95% CI of BF was fully contained between the upper 95% CI of BI and the lower 95% 
CI of WD for each site. 

The co-efficient of variation (CV) for qualitative estimates of bankfull stage (BF) along a reach ranged from 0.06 to 0.44 (Table 3), 
while the CV for the minimum width-to-depth ratio (WD) ranged from 0.09 to 0.41, and the CV for first maxima of the bench-index 
estimates of bankfull stage (BI) along a reach ranged from 0.05 to 0.30 (Table 3). There was similarity in the patterns of CV variability 
between sites for WD, BI and BF. 

Variation between bankfull stage (BF), width-to-depth ratio (WD) and Bench Index (BI) bankfull stage values for individual cross- 
sections along three example reaches, Third River at Paling Track (Site 1), the Nile River at Nile (Site 5) and Isis the River at Isis (Site 6), 
are shown in Figs. 5, 7 and 9 respectively. Channel profiles for selected cross-sections from each of the three examples are shown in  
Figs. 6, 8 and 10. 

Bankfull estimates at Third River at Paling Track (Fig. 5) varied both between methods and along the reach. There was also 
considerable variation in the way the three estimates differed between cross-sections. At cross-section 1, the WD estimate was close to 
the BF estimate, both of which were below BF mean reach bankfull stage, with the BI estimate well above these (Fig. 5). The river at this 
cross-section had a sloping channel bank on one side and a relatively vertical bank on the other side, with rounded top-of-channel 
banks and a poorly defined floodplain (Fig. 6). Cross-section 4 of Third River at Paling Track had quite closely clustered BF, WD 
and BI estimates (Fig. 5), and the river channel at this cross-section had more vertical banks breaking to a horizontal section of 
floodplain on one side (Fig. 6). 

Nile River at Nile had relatively low variability in estimates of bankfull stage from cross-section 1 to 8, but cross-sections 9–12 
showed a strong rise and fall in bankfull stage (Fig. 7). Cross-section 3 of Nile River at Nile had a BI estimate equal to the BF estimate, 
with the WD estimate well below these and outside the 95% CI of mean reach BF. The river at this cross-section had slightly sloping 
channel banks and rounded top-of-channel banks (Fig. 8). Cross-section 8 of Nile River at Nile had both WD and BI estimates equal to 
BF estimates (Fig. 7). The channel at this cross section had a clearly defined break between river channel and floodplain, with the 
floodplain angling downwards away from the top of channel (Fig. 8). Cross-section 11 of the Nile River at Nile had WD estimates 

Table 3 
Results of minimum width-to-depth ratio (WD) and first maxima of the bench-index (BI) bankfull stage models evaluated against qualitative estimates 
of bankfull stage (BF) using Nash-Sutcliffe efficiency (NSE), root mean square error to the standard deviation of the measured data (RSR) and percent 
bias (PBIAS) for study reaches on north-eastern Tasmanian Rivers. Bold results indicate unsatisfactory performance based on NSE < 0.50, RSR > 0.70 
and PBIAS > 15%. Also included are the coefficients of variation of bankfull stage (CV) for each reach and the number of samples (n) (CVBF = co-
efficient of variation of qualitative estimates of bankfull stage for each reach). These are reference reach average values.  

Site n CVBF WD BI 

NSE RSR PBIAS CV NSE RSR PBIAS CV  

1  5  0.44  0.88  0.34  9.73  0.41  -1.48  1.57  -56.84  0.16  
2  11  0.30  0.96  0.21  2.90  0.28  0.60  0.63  -10.54  0.30  
3  6  0.29  0.82  0.42  -4.52  0.36  0.21  0.89  -18.73  0.30  
4  10  0.15  -0.62  1.27  7.18  0.29  -2.52  1.88  -21.41  0.24  
5  12  0.18  0.64  0.61  5.74  0.18  -1.21  1.49  -18.05  0.17  
6  9  0.26  -1.53  1.59  29.50  0.19  0.34  0.81  -15.51  0.22  
7  12  0.17  0.96  0.20  1.22  0.18  0.76  0.49  -3.10  0.15  
8  12  0.06  -1.97  1.72  7.63  0.09  0.34  0.81  -2.45  0.05  
9  12  0.10  0.06  0.97  5.75  0.15  0.97  0.16  -0.58  0.10  
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similar to BF estimates, with BI estimates well above both (Fig. 7). The river channel at this location had a well-defined break between 
channel and floodplain, but the floodplain angled upwards away from the channel (Fig. 8). 

There were no strong trends in bankfull estimates along the reach at the Isis River at Isis (Fig. 9). Cross-section 2 from the Isis River 
at Isis had large differences between BF, WD and BI estimates. The channel at this location had sloping banks and a floodplain that 

Fig. 4. Mean reach bankfull stage and 95% confidence intervals for study reaches on north-eastern Tasmanian Rivers (BF = qualitative estimate of 
bankfull stage, WD = minimum width-to-depth ratio, BI = first maxima of the bench-index). 

Fig. 5. Variation between bankfull stage values determined from qualitative estimates (BF), width-to-depth ratio (WD) and Bench Index (BI) for 
individual cross-sections along the reach at Site 1, Third River at Paling Track. Mean reach BF and associated 95% confidence intervals (CI) are 
also shown. 

Fig. 6. Channel profiles for two cross-sections from Site 1, Third River at Paling Track.  
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Fig. 7. Variation between bankfull stage values determined from qualitative estimates (BF), width-to-depth ratio (WD) and Bench Index (BI) for 
individual cross-sections along the reach at the Nile River at Nile. Mean reach BF and 95% confidence intervals (CI) are also shown. 

Fig. 8. Channel profiles for three cross-sections at the Nile River at Nile.  

Fig. 9. Variation between bankfull stage values determined from qualitative estimates (BF), width-to-depth ratio (WD) and Bench Index (BI) for 
individual cross-sections along the reach at the Isis River at Isis. Mean reach BF and 95% confidence intervals (CI) are also shown. 
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sloped upwards away from the river channel (Fig. 10). The river channel at cross-section 8 had a very different shape, with more 
vertical banks and a well-defined horizontal section of floodplain between the main channel and a flood chute (Fig. 10), and had 
closely clustered BF, WD and BI estimates (Fig. 9). 

4. Discussion 

4.1. Minimum width-to-depth ratio (WD) 

Results showed that the minimum width-to-depth ratio provided smaller mean reach estimates of bankfull stage than the bench- 
index on all study reaches, with significantly smaller estimates occurring on seven of the nine reaches (Table 2). Minimum width-to- 
depth ratio estimates were rated as unsatisfactory for four of the nine reaches when assessed against qualitative estimates, being 
generally smaller than qualitative estimates of bankfull stage (Table 3). These results support the outcomes of previous studies which 
have found that the minimum width-to-depth ratio often underestimates bankfull stage (Riley, 1972; Williams, 1978; Navratil et al., 
2004, 2006). 

Results showed that the WD performed better on channel cross-sections with rectangular channel profiles, for example, it identified 
a mean reach bankfull stage almost identical to that of qualitative estimates at Site 7 (Ringarooma River at the Wetlands) with a largely 
rectangular channel profile, but performed poorly against qualitative estimates at Site 6 (Isis River at Isis) with a complex channel with 
benches on several cross-sections and a large flood chute across the floodplain. Riley (1972) found the minimum width-to-depth ratio 
to be dependent on channel shape, close to the actual bankfull stage for channels with rectangular profiles, but nearer the channel bed 
for channels with shallow profiles and gently sloping banks. The minimum width-to-depth ratio identifies the point above which the 
channel begins to flare out and depart from the more rectangular shape below (Wolman, 1955), and comparisons of width-to-depth 
plots with channel profiles from many of the cross-sections in this study supported this view (Fig. 11). 

4.2. First maximum of the bench-index (BI) 

The BI method provided larger mean reach estimates of bankfull stage than the minimum width-to-depth ratio on all study reaches, 
with a significant difference occurring on seven of the nine reaches (Table 2). The BI method performed less well against qualitative 
estimates than the WD method overall, with only three of the nine reaches rated satisfactory. However, on the reaches where the 
performance of the BI method was satisfactory, NSE, RSR and PBIAS values were better than those of the WD method. The BI method 

Fig. 10. Channel profiles for two cross-sections at the Isis River at Isis.  

Fig. 11. Plotted channel cross-sectional profile with associated plots of width-to-depth ratio and bench-index for Site 5, Nile River at Nile. For this 
cross-section, the second maximum of the BI is equivalent to the qualitative estimate of bankfull stage (lower dotted line) and the minimum of the 
width-to-depth ratio is equivalent to the stage where the channel begins to flare out. 

D. Keast and J.C. Ellison                                                                                                                                                                                             



Journal of Hydrology: Regional Studies 41 (2022) 101052

13

provided bankfull stage values much higher than the estimated bankfull stage on some reaches, with PBIAS values ranging up to 
− 56.84% (Table 3). These results support those of previous studies which have found that the first maximum of the bench-index 
significantly overestimated bankfull stage on some reaches (Williams, 1978; Radecki-Pawlik, 2002; Navratil et al., 2004, 2006). 
The BI method generally performed poorly where the channel had a sloping bank on one or both sides of the river channel breaking 
into a sloping floodplain, and best where the channel banks were more perpendicular and the floodplain more horizontal (Figs. 5–10). 

The results from this study highlight areas where the bench-index method may be improved, meeting the suggestions of Williams 
(1978). Firstly, a maximum of the BI other than the first often occurred at a stage equivalent to qualitative estimates of bankfull stage 
(Fig. 11). The location of the first maximum of the bench-index is dependent on the upper limit of the cross-sectional profile to which it 
is applied (Riley, 1972), and in this study where plotted channel profiles extended well above the bankfull channel the first maximum 
often occurred at a stage well above the qualitative estimate of bankfull. Several studies have also found that the first maxima cor-
responded with an elevation above bankfull (Navratil et al., 2004) and that maxima other than the first are equivalent to bankfull stage 
(Radecki-Pawlik, 2002; Navratil et al., 2006). This supports findings of Riley (1972) that subjective judgment is still required to define 
the traverse limits around the approximate bankfull channel, to ensure the correct bench-index maxima is identified. 

Secondly, bench-index maxima often occurred at an increment above qualitative estimates of bankfull stage (e.g. Table 4). Maxima 
of the bench-index occur where there are large increases in width relative to increase in stage (Riley, 1972), and many cross-sections in 
this study showed large increases in width just above the top of the channel bank (Fig. 11), resulting in a large peak in the bench-index. 
As bankfull is defined as the stage above which the flow exceeds the active channel banks (Riley, 1972), the increment prior (at a lower 
elevation) to a maximum of the bench-index was often equivalent to the best estimate of bankfull stage. Differences in elevation 
between these two stages were small (0.01 m), but near bankfull small increases in stage can result in large increases in other pa-
rameters (Gordon et al., 2004; Wilkerson, 2008). In this study, a single 0.01 m increment in stage resulted in an increase in channel 
width of more than 3 m for some sites. 

A channel cross-section from the Nile River at Nile, for example, showed a qualitative estimate of bankfull stage of 2.65 m with a 
width of 22.91 m, while the BI estimate of bankfull stage was 2.67 m with a width of 27.54 (Fig. 12, Table 4), an increase in stage of 
just 0.02 m resulting in a difference of 4.63 m in bankfull width. Estimated bankfull stage for this cross-section using WD was 2.68 m 
with a width of 27.65 m. These results reflect the geometry of the channel at this location, where discharge at around bankfull levels 
resulted in the channel becoming connected with the floodplain via a floodchute (Fig. 12). 

4.3. Reach variability 

Results showed no clear relationship between the success or failure of WD or BI estimates and observed reach variability (Table 3). 
The similarity in the patterns of coefficient of variation (CV) variability between sites (Table 3) for each of the three methods indicate 
that the variability in bankfull stage is due to natural variability rather than model error or bias, while the high individual CV values for 
all estimates of bankfull stage along a reach (WD, BI and BF) (Table 3) strongly support the view (Radecki-Pawlik, 2002) that bankfull 
stage should be defined as a range of values rather than as a single number related strictly to the geometry of a particular cross-section. 

To investigate the potential influence of landscape setting on bankfull stage estimation and bankfull stage variability further, three 
sites were examined in more detail. Third River at Paling Track (Site 1) is partially confined (Table 1), set in a landscape of moderately 
steep hills, ridges and spurs with flat alluvial valleys in many reaches. The channel is trapezoidal in shape (Fig. 6) and showed the 
highest CV for BF estimates along a reach for all sites (Table 3 and Fig. 5). The WD method was assessed to have performed satis-
factorily on this reach, while BI performance was assessed as unsatisfactory (Table 3). BI generally performed poorly on those cross- 
sections which had sloping channel banks and best where the channel banks were more vertical (Figs. 5 and 6). 

Nile River at Nile (Site 5) has a trapezoidal channel morphology (Fig. 8) and is located on an unconfined reach set in a low relief 
landscape (Table 1), composed of broad valleys on Tertiary sediment. The site has poor riparian vegetation. The reach experiences 
reasonably high stream power values with a slope of 0.005 m/m. It had a low CV along a reach for all three methods of estimating 
bankfull stage, but significant differences existed between mean reach estimates of WD and BI (Table 3 and Fig. 7). WD estimates 
performed satisfactory against BF estimates, but BI fell outside satisfactory model performances. 

Isis River at Isis (Site 6) is a narrow channel (Fig. 10) of an unconfined reach set in a low relief landscape (Table 1), composed of 
broad valleys on Tertiary sediments. There is little riparian vegetation along the channel banks and stock have unrestricted access to 
the river. The channel along this reach is highly variable and quite complex, with a well-developed flood chute or smaller secondary 
channel present in some parts. Stream power is relatively small at this reach due to the low slope. It showed quite a high CV for BF, and 

Table 4 
Channel parameters for cross-section 7 at the Nile River at Nile calculated at 0.01 m intervals. Width-to-depth ratio (WD) and bench Index (BI) were 
determined using Eqs. (1) and (3) respectively. Qualitative estimate of bankfull stage is in bold.  

Stage (m) Cross-sectional area (m2) Wetted Perimeter (m) Width (m) BI WD  

2.63  31.97  25.28  22.41  25  15.46663  
2.64  32.2  25.54  22.66  25  15.70873  
2.65  32.42  25.79  22.91  25  15.94645  
2.66  32.67  28.34  25.46  25  16.18964  
2.67  32.93  30.43  27.54  255  19.84119  
2.68  33.21  30.54  27.65  208  23.03224  
2.69  33.49  30.66  27.77  12  23.02696  
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both WD and BI model performances were outside satisfactory model performances (Table 3 and Fig. 9). 
These case studies illustrate the high variability in a range of hydrological and morphological parameters within a region, and 

indicate that variability in bankfull stage along a reach is not necessarily associated with river type. Sites with partially confined river 
types included the two sites with the highest variability in reach bankfull stage and the two sites with the lowest variability (Tables 1 
and 3). 

4.4. Defining and reporting bankfull stage 

4.4.1. Defining bankfull stage 
The results of this study provide two contributions to the definition of bankfull stage. First, high variability in bankfull stage es-

timates found along a reach support that an individual cross-section is insufficient to define bankfull stage. Bankfull stage should be 
reported as a mean reach value, using cross sections based on contextual considerations of place-based understanding (Brierley et al., 
2013). 

Second, results found that small increments in stage can bring about significant variability in process responses such as within- 
channel and channel-floodplain linkages. At bankfull level, a very small increment in stage can result in significant differences in 
the width of the water surface, as discharge in the main channel becomes connected with the floodplain. Due to the natural variability 
in channel morphology, the river channel generally becomes connected with the floodplain via smaller flood chutes along the reach, 
while discharge is still constrained within the banks at other points on the same reach. 

The high variability in bankfull parameters as discharge approaches bankfull stage is illustrated in the North Esk River site (Fig. 13). 
Prior to bankfull stage, discharge is fully constrained within the river channel banks. As discharge nears bankfull stage, discharge 
overflows the banks at lower points along the reach, flowing into flood chutes which direct discharge onto the floodplain and create a 
wide water surface. However, even after the flood chutes have substantial flow, the reach channel banks constrain the discharge to the 
main channel at many points. 

4.4.2. Reporting bankfull stage 
Results from this study show that bankfull stage is best reported as a mean reach value, as values determined from a single cross- 

section are misleading. Bankfull stage should be defined using an expected range with a measure of the level of confidence that the 
result falls within the actual value of population mean. Confidence intervals consider the sample size as well as the variability 
(standard deviation) of the sample. It is therefore recommended that estimates of mean bankfull stage are reported with confidence 
intervals (generally 95%) as well as the number of observations used. It is also recommended to follow Navratil (2006) that the 
bankfull definitions used should be specified in detail when reporting bankfull stage estimates. As an example of this reporting method, 
the estimated mean reach bankfull stage for the Nile River at Nile, using the definition of Riley (1972), is 2.54 m, n = 12, 95% CI [2.30, 
2.77]. 

However, it should be noted that confidence intervals only communicate uncertainty associated with sampling error and cannot 
describe or control non-sampling error (Walshe et al., 2007). Any method not using complex statistical techniques will necessarily 
include uncertainty based on sample representativeness, observer or method error, and measurement error (Tayfur and Singh, 2011). 

Fig. 12. Channel geometry plot for channel cross-section 7 at the Nile River at Nile. A flood chute is located approximately 10 m to the right of the 
main channel. 
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5. Conclusions 

The two most frequently used quantitative methods for determining bankfull stage were evaluated on 89 channel cross-sections on 
eight rivers in north-eastern Tasmania, across a range of channel sizes and cross-sectional shapes. These evaluation measures 
demonstrated that neither the minimum width-to-depth ratio nor the first maximum of the bench-index provided a satisfactory ac-
curate, objective and repeatable method to determine bankfull stage from plotted channel geometries across all study reaches. 

Fig. 13. Flood chutes become active during bankfull discharge, connecting different sections of the main channel of the North Esk River while 
discharge remains confined within channel banks at other sections. The obstruction of the main channel by willows results in flood chutes becoming 
active during smaller flood events. 
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The minimum width-to-depth ratio provided lower mean reach values of bankfull stage than the first maximum of the bench-index 
for all sites, and generally provided lower values than qualitative estimates of bankfull stage, but was the best performed of the two 
models overall when assessed against qualitative estimates. This study supports previous understanding that the minimum width-to- 
depth ratio approximates to the stage above which increases in width becomes more rapid than increases in mean depth (Harvey, 
1969), rather than identifying bankfull stage. Consequently, the performance of this method is dependent on channel shape. The first 
maximum of the bench-index provided larger values than qualitative estimates of bankfull stage on all reaches, and performed less well 
when compared against qualitative estimates than the minimum-width-to-depth ratio. It performed best when channel banks were 
relatively perpendicular and there was a sudden transition to a horizontal floodplain. The accuracy of the bench-index method may be 
significantly improved by either limiting the range of analysis to the approximate bankfull stage or considering a maximum other than 
the first, and by equating bankfull stage with the increment below maxima of the bench-index. While these results support views that 
there is no precise analytical method for determining bankfull value (Radecki-Pawlik, 2002), they also show that these two methods 
provide a useful adjunct in the subjective determination of bankfull stage, as the ‘true’ value generally lies between the values provided 
by these two methods. 

Whilst the best method for the determination of bankfull stage at any particular location is dependent on a wide range of factors 
including objectives, available resources, type of waterway and setting, based on the results from this study a number of recom-
mendations are made.  

1. Bankfull stage should be considered at the reach rather than cross-sectional scale. This is supported by the high variability in 
bankfull stage estimates along a reach found in the study.  

2. The determination of bankfull stage should incorporate multiple lines of evidence where possible. As the ‘true’ bankfull stage value 
generally lies between the minimum width-to-depth ratio and the first maxima of the bench-index, the use of these two methods can 
provide a useful check for estimates determined from field observations, hydrological models or other methods.  

3. Bankfull stage should be presented as a range of values with associated confidence intervals rather than as a finite result. The 
number of samples and the definition of bankfull stage estimates should also be reported. As an example, the estimated mean reach 
bankfull stage, using the definition of Riley (1972), for the Nile River at Nile using field based observations in conjunction with 
plotted channel geometries is 2.54 m (n = 12, 95% CI [2.30, 2.77]).  

4. Where a single automated method for estimating bankfull stage from plotted channel geometries or digital terrain models is 
required, the minimum width-to-depth ratio provides better estimates that the first maxima of the bench-index. 
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