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Abstract

The measurement of discharge by the velocity-area method is a commonly used technique but methods
for estimating its quantitative uncertainty are rarely studied in non-ideal conditions. Three methods for
estimating uncertainty — ISO 748, IVE, and FLAURE — were compared across cross-sections
representing both near-ideal and non-ideal conditions along a small, regulated river on Vancouver Island,
British Columbia. High-resolution measurements were collected using an acoustic doppler velocimeter
with verticals spaced every 0.1 m. Measurements were sub-sampled to investigate the effect of sampling
frequency on total uncertainty. All three methods compared well under near-ideal conditions but diverged
for sites with non-ideal conditions. Increasing the number of verticals did not improve discharge accuracy
for non-ideal conditions. The IVE method was deemed the most conservative and sensitive estimate of
total uncertainty in non-ideal conditions when the number of verticals was greater than 20. Further
research is required to test how other sampling strategies may improve discharge accuracy for non-ideal

conditions, such as increasing the number of velocity measurements at each vertical.

Keywords: streamflow, hydrometrics, velocity-area method, flowtracker2, discharge, uncertainty,

IVE, FLAURE, ISO
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Chapter 1 — Introduction

1.1 Background

Streamflow data are vital for informing many water-related decisions such as water allocation, emergency
management, and the calibration and validation of models for applications such as flood and drought
forecasting (McMillan et al., 2018). However, the production of streamflow data is notoriously challenging
and subject to many sources of uncertainty. Water management decision-making using streamflow data
without considering uncertainty may lead to ineffective outcomes (Horne et al., 2022). Clear and
transparent communication of uncertainty in streamflow data can enable data users and modellers to
decide whether the data are fit-for-purpose (Whitfield, 2012). To generate uncertainty estimates for
streamflow data, and to develop practices to reduce their magnitude, one must understand and quantify
the various sources of uncertainty and then estimate their combined influence using an established

approach for uncertainty propagation (Muste et al., 2012).

Stream hydrometry, or hydrometrics, is the science and practice of producing streamflow data, including
both field observations and subsequent data processing. The process of producing streamflow data
comprises three core components: (1) the measurement and reference of water surface elevation,
commonly referred to as stage; (2) the measurement of discharge; and (3) the development and
validation of a relationship between co-incident observations of discharge and stage, commonly called a
stage-discharge relationship or a rating curve, which is used to convert the recorded stage values to a

discharge time series.

Stage is usually monitored using a sensor such as a pressure transducer at a gauging location, which
samples water surface elevation at a regular interval, typically 5 minutes. Pressure transducers indicate
the height of the water surface relative to the sensor, and these observations are adjusted to be relative

to an established reference level, or datum, on the basis of differential level surveys.
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Discharge can be measured using a range of methodologies, such as the velocity-area method, acoustic
doppler current profiling, or dilution gauging. Depending on the stream channel morphology and hydraulic
conditions at a given site, one method may be more suitable — i.e., easier to apply and/or more reliable —
than others, and the most appropriate method should be chosen for each site to reduce the potential for

measurement error.

Stage-discharge relationships were historically derived by hand-fitting a curve to a plot of stage versus
discharge and then manually sampling the curve to generate a tabulated piecewise-linear relationship.
Contemporary practice more commonly involves the use of statistical methods to fit a functional
relationship between stage and discharge. In both types of fitting approaches, the goal is to minimize the
differences between observed, or measured, discharge and the value on the rating curve corresponding
to the observed stage at the time of the discharge measurement, or rated discharge. A potential
advantage of some statistical methods is that they can use observational uncertainties of stage and
discharge in the process of estimating the parameters of the stage-discharge relationship (Le Coz et al.,

2014).

Errors associated with all three aspects of the hydrometric process can influence the validity and reliability
of streamflow data. Discharge measurement errors are generally treated as larger than stage
measurement errors, both of which contribute to rating curve error (Le Coz et al., 2014). “Error” refers to
differences between the true value of some quantity and its measured or estimated value. Unfortunately,
the true discharge of a river is unknown; consequently, the true error of an observation of discharge is
also unknown (Muste et al., 2012). Discharge measurement errors are accordingly treated in a
probabilistic manner by using quantitative uncertainty estimates to represent data precision, or the
variance around a value, instead of accuracy, the difference from the true value (Hamilton & Moore,

2012).

Stream gauging conditions vary constantly due to the dynamic nature of fluvial environments. Seasonal

changes in climate, high and low flows, floating debris, and aquatic vegetation growth can all alter
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aspects of the stream environment that many measurement methodologies directly observe, resulting in a
mixture of ideal and non-ideal conditions that must be accounted for by data collectors (Tomkins, 2014).
Given these challenges, estimates of streamflow records are usually published without quantitative
uncertainty estimates (Hamilton & Moore, 2012). Some monitoring agencies use qualitative grades
applied based on standard operating practices to communicate the quality of the record, yet most data

are provided “as-is” with no guarantee of accuracy (Whitfield, 2012).

The most commonly used method for measuring discharge is the velocity-area method as it can be
conducted across a range of flow conditions and locations (Domeneghetti et al., 2012). Several methods
are available for assessing quantitative uncertainty of the velocity-area method. However, these methods
are commonly based on measurements made under ideal or near-ideal conditions and the applicability of
these methods under non-ideal gauging conditions is not widely understood (Hauet, 2020; Pelletier,
1988). Non-ideal measurement conditions are likely to produce higher uncertainties, which should be

acknowledged and managed as part of the process for producing streamflow data.

1.2 Research question and thesis structure

This study sought to understand sources of uncertainty in the velocity-area method and corrective actions
that may reduce them under non-ideal conditions. The research question addressed in this thesis is as
follows: how sensitive are estimates of uncertainty in velocity-area discharge measurement to changes in

cross-section location and sampling distribution under ideal and non-ideal conditions?

The remainder of this thesis is organized as follows. Chapter 2 provides a literature review of uncertainty
estimation methods for the measurement of streamflow using the velocity-area method followed by a
statement of objectives. Chapter 3 describes the study area, field methods, and data analysis. Chapter 4
summarizes the study results and analyses. Chapter 5 discusses the results in the context of the study
objectives and presents the limitations of the study. Finally, Chapter 6 presents key conclusions from the

study and provides recommendations for further research.
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Chapter 2 — Literature Review

2.1 Velocity-area method

2.1.1 Overview

Several standard methods are available for measuring discharge, of which the most appropriate should
be selected to match the hydraulic conditions observed during a given site visit. The most commonly used
is the velocity-area method, which involves measuring depth (m) and velocity (ms-') at n locations across
the stream (Figure 1). Each location at which velocity and depth are concurrently measured will be
referred to as a vertical and denoted by the index i. Component uncertainties of this method derive from
the measurement of depth, the measurement of velocity at each location across the stream, the
extrapolation of velocity measurements in the vertical and horizontal planes, uncertainty due to calibration
errors, and uncertainty associated with the sampling of depth and velocity across the channel (ISO 748,

2021).

There are two main approaches to calculating total discharge based on the depth and velocity
measurements at the verticals: the mean-section method and the mid-section method. The mean-section
method treats the partial cross-section between two verticals as a panel, and averages the velocities and
depths in the bounding verticals to use in calculating the discharge through the panel. This approach is
used in New Zealand, for example. The mid-section method is used in North America, and has the
advantage of requiring fewer calculations, although this is not a major issue with modern computational
technology having replaced manual computations supported by calculators. The next section provides

more detail on the field measurements and discharge calculation using the mid-section method.



16

First fedge Last edge
vertical vertical
b, b b i b1 b b
U DR DO OO OO (AUSUSRR Tagline _ . _._._._. T S i
3y T, - > 4 Water Surface Wi Wil /
— — —
iz 7 v
3 dy tdy " i1
"~ Uy
dy, | 73
Uy
—lds
dy
i=0 i=1 i=2 i=3 i=4 i=n-1 i=n i=n+1
Start End
Edge Edge
Vertical Vertical

Figure 1: Cross-section of a stream channel showing locations of verticals and definition of panels
used to calculate streamflow using the mid-section method. Figure by author.

2.1.2 Field measurements and discharge calculation via the mid-section method

In the mid-section method, total stream discharge is computed from observations at the sampled verticals
by assigning a cross-sectional area, or panel, to each measurement location as shown in Figure 1. The
cross-sectional area of each panel is defined as spanning the mid-points between a given vertical and the
adjacent vertical locations on each side. This approach is equivalent to assuming that the product of
velocity and depth varies linearly with distance between the verticals. If b; (m) represents the distance of
vertical i from a reference location on one of the banks, measured perpendicular to the direction of flow,

the panel width, w; (m), is computed as
w; = 0.5(bj11 — bi_q) €y

where the index i increases with distance from the reference location. The area associated with panel i,

a; (m2) is then computed as
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a; = d;w; (2)
and the discharge through panel i, g; (m3s), is computed as
q; = vy (3)
where 7; is the vertically averaged velocity measured normal to the panel at vertical i (ms).

Panels located at the edges of the cross-section at verticals i = 0 and i = n + 1 are defined differently.
Edge panel widths are defined as half the distance from the edge start location to the first vertical. Edge
panel depth is defined as the edge water depth, which if input as 0.00 m will result in zero flow for the
edge panel discharge calculation. Edge panel mean velocity is input from the adjacent vertical, i = 1 or

i =n.

Total discharge, including edges, is then calculated as follows:

0=)au @
i=0

where Q is the total discharge (m3s-') and n is the number of verticals (Turnipseed & Sauer, 2010).

For depths less than 0.75 m, velocity is commonly measured at a relative depth of 0.6 from the water
surface at each location, or for greater depths, at relative depths of 0.2 and 0.8 below the water surface
followed by averaging the two values (Figure 2). Both approaches are intended to provide an estimate of
the depth-averaged velocity at each vertical. This assumption also constitutes a component of
uncertainty, the magnitude of which may vary according to conditions at the vertical location such as
unsteady flow, intensity of turbulence, or the presence of upstream or downstream obstacles. Current
practice is to monitor stream velocity at each location within a vertical for a minimum of 40 s in order to

average the effect of turbulent fluctuations.
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The 0.75 m threshold was initially developed for rotating axis current meters to ensure that the current
meter was sufficiently submerged to reliably operate without surface drag influencing the measurement
(World Meteorological Organization, 2010). ISO 748 (2021) recommends that a minimum depth for
operation of a current meter should be 4 times the diameter of the device. Recommended depth
thresholds for both 0.6 and 0.2/0.8 methods may therefore vary according to the device used to measure

velocity.

A recent development in hydrometry is the extensive use of small acoustic doppler velocimeters (ADVs)
instead of the traditional rotating vertical axis current meter. Standards published by the Water Survey of
Canada (WSC) identify a 0.75 m threshold for ADVs where depths above 0.75 m should be sampled with
the 0.2/0.8 method (Water Survey of Canada, 2015). Alternatively, standards published by the United
States Geological Survey (USGS) state that for ADVs the 0.2/0.8 method should be used in depths
greater than 1.5 ft or 0.46 m (Turnipseed & Sauer, 2010). The WSC published standard was used in this

research.

Water Surface

Direction 0.2 Depth
— of Flow
—
-
@
o _| 0.6 Depth
| 0.8 Depth
Stream Bed
S Tl I

e
Velocity

Figure 2: Vertical velocity curve in a stream. Figure credit: Ministry of Environment and Climate
Change (2018), used with permission.
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2.1.3 Site selection

ISO 748 (2021) lists 15 site conditions that should exist to satisfy ideal measurement circumstances.
These conditions include a straight channel with uniform velocity distribution, parallel flow paths at a right
angle to the measurement section, stable channel conditions during the period of measurement, and
sufficient depth of water for velocity meter operation. When a field technician arrives at a hydrometric
gauge to measure discharge, they are often presented with a variety of possible cross-sections that
conform to varying degrees to ideal conditions, and it may be that none conforms closely. The situation
can be complicated because cross-section conditions vary with discharge and may change seasonally or
even during a single storm event. Furthermore, conditions can also be influenced by alterations in stream
morphology due to erosion and sedimentation during high-flow events, tree-fall into the channel, or
growth of aquatic vegetation. Consequently, even a site that is near-ideal during one site visit may not be

during subsequent visits.

For the velocity-area method, sites are usually selected to reduce the uncertainty of depth and velocity
measurements. For the measurement of depth, cross-sections are selected to favour clear edges and no
abrupt changes in depth due to the presence of boulders or drop-offs. For the measurement of velocity,
preferable cross-sections avoid areas with stagnant or reverse flow, highly non-uniform velocity
conditions, and obstructions in the vicinity of the cross-section that may cause irregular velocity
conditions. Obstructions may include boulders or other obstacles immediately upstream or downstream of
the measurement section or within the measurement section itself. Each potential cross-section will

possess conditions that will affect the component uncertainties of the velocity-area method.

If ideal conditions are not available, then it is still acceptable to make a measurement, but component
uncertainties may increase (ISO 748, 2021). Pelletier (1988) emphasized the need for investigations into
streams with non-ideal site conditions since most total uncertainty calculations assume ideal conditions.
ISO 748 (2021) recommends independent verification of standard uncertainty estimates under non-ideal

conditions, an approach that is rarely practiced due to operating constraints such as unsteady flow,
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unstable channel conditions, infrequency of gauging, and the practical application of time intensive
uncertainty estimates across all conditions encountered. More recently, statistical methods have been
developed to quantify some sources of uncertainty associated with non-ideal site conditions by examining
variability among vertical observations or their distribution across the channel (Cohn et al., 2013; Hauet,
2020). To the author’s knowledge, no empirical studies have compared currently available uncertainty
estimation methods at non-ideal cross-sections at a single hydrometric site, especially for small streams

where relative uncertainties can be amplified compared to those for larger rivers.

2.1.4 Sampling frequency and strategy

The lateral spacing of depth and velocity observations should vary across the width of the stream
depending on the cross-sectional complexity. A common guideline is that the discharge of each panel
should ideally represent less than 5% of the total discharge and not exceed 10% of the total (ISO 748,
2021). Many field technicians will thus add verticals at smaller intervals while measuring deeper or faster
flow to better distribute the total discharge among panels or to better represent site conditions at verticals

where depth or velocity may vary rapidly with location across the channel.

Consistent with these guidelines, BC Ministry of Environment and Climate Change Strategy (2018)
requires a minimum of 20 verticals and each panel must represent less than 10% of the total flow if a
discharge measurement is to receive the best qualitative grade. The use of these standards assumes that
the site conditions are appropriate for the velocity-area method and that the field technician operates the

current meter according to the specifications of the manufacturer.

2.2 Sources of uncertainty in velocity-area discharge measurements

2.2.1 Overview

The total uncertainty in a velocity-area discharge measurement includes the effects of the uncertainties in

measuring or estimating width, b, depth, d, and mean velocity, v, at each vertical, as well as the effects of
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sampling a finite number of verticals and the resulting interpolation of measured values in the width
intervals between verticals. It should be noted that there are other sources of uncertainty in the velocity-
area method that may be difficult to estimate; these include the effects of wind or ice on the vertical
velocity profile, changes in stage and discharge during measurement, lack of conformance of a site to
ideal conditions such as parallel flow, or operator technique. Inter-laboratory field experiments, a
technique whereby multiple data collectors convene to measure streamflow under similar conditions, may
be used to characterize some of these sources but they are not routinely considered in estimates of total
uncertainty (Pelletier, 1988). Although these effects have been quantified for specific sites, their resulting
contribution to uncertainty depends largely on local site conditions and results of site-specific studies may

not be extrapolated to other locations (Le Coz et al., 2016).

In 1995, the Joint Committee for Guides in Metrology published the Guide to Expression of Uncertainty in
Measurement (GUM), which categorized uncertainty estimates into two types (BIPM et al., 2008): Type A
uncertainty is based on locally replicated sampling using the measurement process, whereas Type B
uncertainties are estimated using information from other sources, such as expert experience, instrument
manufacturer information, repeated laboratory studies, or other large-sample empirical studies. Type B
evaluations are best used when there are few or no data from the local measurement to inform the
estimation of uncertainty. Component uncertainties should account for all sources of random and
systematic error and may be estimated using Type A or Type B methods; both have been used for
estimating uncertainty components in velocity-area discharge measurements. The remainder of this

section provides more background to the sources of uncertainty and their estimation.

2.2.2 Uncertainty in panel width

Measurements of width using the velocity-area method are often obtained from a tagline which is set up
perpendicular to the direction of flow. A vertical observation will consist of a depth and velocity

observation at a tagline location. The accuracy of the tagline location may be impacted by poor tagline
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setup, such as excessive sag, or site conditions where bank edges are occluded. Wahl (1977)

demonstrated that width was more consistently measured by trained operators than depth.

The mid-section method assumes that the errors of b are independent; however, an error in reading a
given b value will introduce complementary errors in the width of two adjacent panels. For example, an
over-estimate in b; will introduce an under-estimate in the panel width at i — 1 and an over-estimate at i +
1. This source of error is unlikely to be substantial except in the case of gross error, for example, by
incorrectly transcribing tagline values. Few studies have assessed uncertainties in width measurements

as they are generally assumed to be minimal or negligible (Pelletier, 1988).

The calculation of panel area will depend on how width is defined around the tagline location, whether by
mid-section method or mean-section method. In this way, the area calculation will be affected by
sampling strategy, especially under non-ideal conditions where irregular bed profiles, obstructions, and
non-uniform flow are present. Using the mid-section method under non-ideal conditions, technicians
should space verticals so that the mid-point between verticals corresponds with the breakpoint in depth
and/or velocity (Terzi, 1981). Uncertainty associated with this type of sampling approach has not been
explicitly studied but may be assumed to be included in uncertainty estimates based on the number of

verticals or sampling strategy (Despax et al., 2016; Le Coz et al., 2016).

2.2.3 Uncertainty in depth

The measurement of depth when applying the velocity-area method is often obtained from a top-set
wading rod but may also be obtained from a sounding weight and tagline if meters are deployed from

bridges or cableways. This thesis focuses on uncertainties associated with wading rods only.

Similar to width measurements, uncertainty in the measurement of depth is typically assumed to be
negligible (Pelletier, 1988). However, non-ideal cross-section conditions can result in the systematic over-
estimation of depth due to soft channel bottom or surging water level on the wading rod due to high

surface velocity (Dickinson, 1967). Further uncertainty may be introduced by streambed irregularities in
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the cross-section, which are often accounted for by spacing verticals more closely. Methods for estimating
this component are calculated independently from the measurement of depth at each vertical (See

Section 2.2.6).
2.2.4 Uncertainty in mean velocity

Sites should be selected to be as close to ideal conditions as possible so as to minimize uncertainty in the
measurement of mean velocity. Mean velocity, v,, at each vertical, i, is prone to error due to extrapolation
of velocity measurements over the entire depth of the vertical. The uncertainty in mean velocity, u;;,, may
be affected by the limited number of velocity measurements in the vertical, or the measurement
conditions of the velocity meter location within the vertical. Non-standard velocity profiles where
streambeds are rough or irregular should be identified or compensated for by increasing the length of

sampling or increasing the number of samples within the vertical.

Methods to estimate uncertainty in mean velocity often assume ideal measurement conditions, which may
not always be encountered. Muste et al. (2021) demonstrated that ADVs may produce higher mean
velocity uncertainties under highly turbulent conditions in near-bed applications compared with standard
uncertainties calculated for rotating current meters. The presence of upstream or downstream objects and
non-parallel flow paths are likely to increase uy,. In these situations, u; may be reduced by increasing the
exposure duration of the velocity meter, or increasing the number of observations within the vertical, but
these may not be operationally feasible given the increased time required to complete the measurement.
The standard minimum length of exposure time for velocity meters is 40 s. However, Muste et al. (2021)

suggested that, under normal operating circumstances, 90 s is an adequate sampling time for ADVs.
2.2.5 Systematic uncertainty

A systematic uncertainty, u,, may be estimated for the systematic error of each depth, width, or velocity

instrument, which may be associated with calibration errors in each instrument. These uncertainties are



24

often assumed to be between 1% and 2% (Despax et al., 2016; Herschy, 2002). However, this
assumption relies on the instrument being properly deployed and cared for, which may vary according to

operators.

2.2.6 Uncertainty associated with sampling

Previous studies show that the two dominant components of uncertainty are the number of verticals and
the operational conditions of the measurement itself (Muste et al., 2012). According to Despax et al.
(2016), the number of verticals observed is the greatest influence on uncertainty, and increasing the
number of vertical observations will therefore be the most effective approach to reduce total uncertainty.
However, the quality and representativeness of the vertical observations themselves will depend on the
cross-sectional conditions. Consequently, field technicians should also consider site conditions when
determining sampling strategy to manage total uncertainty. Under-sampling a cross-section by selecting
too few verticals may result in error due to lateral extrapolation of vertical observations in locations where

the true velocity or depth may not be adequately represented by the measured velocity or depth.

Quantification of this standard uncertainty component, denoted u,,, has been studied since the early 20th
century in both field and laboratory settings. Many of these studies noted wide variation in u,, according to
channel properties such as width and bed substrate (Dickinson, 1967). Carter & Anderson (1963)
quantified u,, by sampling over 100 streams and obtaining over 100 verticals per cross-section, then sub-
sampling the results by a proportion of 1/2, 1/4, or 1/5. Herschy (1971) reviewed available studies and
recommended standard uncertainty values be applied based on a threshold for the number of verticals
(u,). A cross-section sampled with over 50 verticals would be assumed to have a u,, of 1%, whereas a
15-vertical cross-section would be assumed to have a u,, of 3%, both at 68% confidence interval. This
work informed the estimates for u,, that were adopted by ISO 748 (2021) and which had been used until

2012, when other statistical estimation methods were developed and adopted (Despax et al., 2016).
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Many technicians strive to minimize the standard uncertainty associated with sampling by increasing the
number of velocity measurements within a vertical and increasing the number of verticals sampled across
the cross-section by adjusting the spacing of verticals to be more closely spaced in areas with deeper,
faster flow. The effect of these adjustments will vary according to the method of quantitative uncertainty
estimation because some may be more sensitive than others to changing measurement location or
increasing the number of vertical observations. Assessing individual component uncertainties may enable
the use of uncertainty budgets for the measurement of discharge and, more broadly, the production of

uncertainty estimates for streamflow data (Aerts et al., 2024; Etter et al., 2018; Gebrehiwot et al., 2019).

2.3 Methods for estimating total uncertainty

2.3.1 Overview

Estimating the total uncertainty for a discharge measurement involves estimating the uncertainties for
each component described in the previous section and then combining these uncertainty estimates.
General principles for combining uncertainties, described by Taylor & Kuyatt (1994) in their Appendix A,
are often called the law of propagation of uncertainty. If the individual uncertainty components can be

assumed to be independent, the law of propagation can be expressed as

w= Y (Y er ©

=1

where u(y) is the standard uncertainty of a quantity, y, calculated from a number of input variables, x;, as
v = f(xq1, Xs,...,%,), With each input having a standard uncertainty, u(x]-), and df/ dx; is the partial

derivative of f with respect to input x;.

Methods for estimating standard uncertainty components have developed over time. Dickinson (1967)
and Pelletier (1988) reviewed earlier approaches for uncertainty estimation, which vary according to the

equipment used, measurement method, combined uncertainty equation, sample size, and field or
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laboratory conditions. Historically, most studies estimated component uncertainties qualitatively or used
quantitative estimates based on studies with small sample sizes (Pelletier, 1988). Studies by Herschy
(1971) and Carter & Anderson (1963) informed uncertainty values published for international standards in
1979 in the ISO 748 manual. These estimates were presented as a 68% confidence interval (one-sigma),
also referred to as having a coverage factor, k, of 1. Under this framework, uncertainty components are
categorized as random or systematic and summed in quadrature to estimate the total uncertainty. Under
the GUM framework, released in 1995, these uncertainty components are classified as Type B.
Subsequently, these values have been criticized for being too low as they were estimated under near-
ideal conditions in large rivers, which may not be representative in non-ideal conditions or in smaller

streams (Bai et al., 2018; Hauet, 2020).

Type A classifications were developed to estimate component uncertainties using statistical analysis of in-
situ field measurements — in particular, for statistical estimations of uncertainty components for the
measurement of mean velocity and depth (Cohn et al., 2013; Le Coz et al., 2012). Methods were also
developed to consider sampling strategy and the distribution of verticals in relation to the flow complexity
(Despax et al., 2016). Ultimately, for non-ideal conditions, Type A methods are preferred since they use
sampled data to estimate uncertainty components and do not require any additional sampling to verify.
Type A methods are thought to better represent the sampling conditions observed than Type B

estimations, which were developed for ideal conditions.

ISO 748 (2021) published four approved methods for calculating quantitative uncertainty estimates for
velocity-area discharge measurements, which differ in the way each core uncertainty component is
conceptualized. The three most commonly used methods are 1ISO 748, Interpolated Variance Estimator
(IVE), and Flow Analogue UnceRtainty Estimation (FLAURE) (ISO 748, 2021). ISO 748 and IVE methods
are computed by software supporting the SonTek Flowtracker2, a commonly used ADV (SonTek, 2019).
National water monitoring agencies in Canada and the United States use the IVE method to assess

velocity-area uncertainty but do not publish it publicly (Mason, 2017; Water Survey of Canada, 2015).
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FLAURE is a recently developed method that estimates Type A uncertainty using large-sample European
datasets, but has not seen widespread use in North America. One of the major Type A components of
FLAURE is a quantity termed the Sampling Quality Index (SQI) computed separately for depth and
velocity. The following sections provide more details on the three most commonly used methods for

uncertainty estimation; their individual components and estimation methods are summarized in Table 1.

Table 1: Comparison of uncertainty component types and sources across FLAURE, ISO 748, and IVE
frameworks for acoustic doppler velocimeters

ISO 748 FLAURE IVE
Component Type Source Type Source Type Source
Number of verticals Type B ISO 748 - - - -
Lateral depth profile Type B ISO 748 Type A SQl(D) Type A Linear depth

interpolation

Linear depth

Point depth Type B ISO 748 Type B ISO 748 Type A interpolation

Linear velocity

Lateral velocity profile Type B ISO 748 Type A SQI(V) Type A interpolation

Linear velocity

Point velocity Type A 22 interpolation

L

Type B ISO 748 Type A

Depth-averaged Linear velocity

Type B ISO 748 Type B ISO 748 Type A

velocity interpolation

Width Type B ISO 748 Type B ISO 748 Type B ISO 748

Systematic Type B ISO 748 Type B ISO 748 Type B ISO 748

Edge - - Type B FLAURE - -
2.3.21S0 748

The ISO 748 method for total uncertainty of discharge determined using velocity-area measurements and
mid-section calculations was originally developed in 1979 and its equation for total uncertainty is the basis

for more recently developed methods of total uncertainty estimation. The ISO 748 method simplifies total
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uncertainty at each vertical into three components, one each for width (u,;), depth (u,;), and mean

velocity (uy,).

Uncertainty in mean velocity derives from three sources, including (a) uncertainty associated with the
limited time of exposure for measuring an average velocity per vertical (u,;), (b) uncertainty associated
with the number of velocity points per vertical averaged over the depth of the vertical (u,;), and (c) the
uncertainty of the current meter in measuring velocity (u.); and uncertainty associated with the number of

verticals across the cross-section (u,). The combined uncertainty for 7, is thus calculated as:

1
Uy, = \/u;i + <n_) (ufli +uZ; (6)
L

where n; is the number of velocity observations made at vertical i.

The 1ISO 748 method defines mean velocity uncertainty for rotating-element current meters using Type B
uncertainty estimates established by previous studies according to exposure time and mean velocity
measured. For ADVs, a Type A uncertainty estimation method is used to estimate u,; and u.; based on
the standard error of velocity per vertical which is calculated as:

05.\2
2 2 _ Vi
uc,i +ue,i - (17 )

i

In addition to random observational uncertainty, each of the three observational components has a
general systematic uncertainty associated with the calibration, or variable responsiveness, of the

instrument used to measure it, u;. The value of u, can be calculated as:

ug = \/ulz,m +uz,, +uz, (7

where uy,,, usm, and u., are the uncertainties due to variable responsiveness of the instruments used to

measure width, depth, and velocity respectively and are assumed not to vary among verticals.
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In addition to uncertainties associated with measuring width, depth and velocity at each vertical, the total
uncertainty in computed discharge includes the uncertainty associated with the limited number of
verticals, denoted u,,. This term, defined in the ISO 748 method, is based on work by Carter & Anderson
(1963) and ranges from 15% for fewer than 5 panels to 2% for more than 45 panels. These uncertainties,
and all subsequent uncertainties provided in this study, are associated with 95% confidence intervals

(two-sigma) for which the standard uncertainty has been multiplied by a coverage factor, k, of 2.

Combining all component uncertainty terms together for Equation 4 yields the total standard uncertainty

of the discharge measurements, u(Q), which is computed as

Z?:l[(bidiﬁl)z(ulza,i + urzi,i + ué,i)]
(X ,(bid;1)]?

u(Q) = \/u% +u? + (8)

This uncertainty formula, which was recommended by ISO 748 (2021), is a Type B uncertainty
calculation. Consequently, this formula may be limited in its applicability because, as noted earlier, many
of the component uncertainties were estimated based on empirical studies conducted under near-ideal
conditions on large river systems. Further, the ISO 748 method was originally developed using now
outdated mechanical current meters; ADVs are now the industry standard for velocity observation and the
assumed error used by ISO 748 may not be accurate (Muste et al., 2021). In general, the ISO 748
formula is believed to under-estimate discharge uncertainty and is thus a less conservative calculation

compared to other methods (Hauet, 2020).

Studies have shown that the ISO 748 method is insensitive to discharge quantity (Bai et al., 2018), even
though higher discharges are often associated with deeper panels and higher velocities, which
incorporate additional uncertainty into the observation of these parameters. Typical uncertainties for this
method range between 5% and 7% (ISO 748, 2021) at a 68%, or one-sigma, confidence interval or
between 10% and 14% at a two-sigma or 95% confidence interval. The largest source of uncertainty in

this formula is usually the u,, component, which can be responsible for as much as 84% of the total
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uncertainty (Despax et al., 2016). Unlike the other methods explored, this method only considers the total
number of panels as an indicator of sampling uncertainty and does not consider the distribution of those
panels to adequately characterize river complexity (Hauet, 2020). Furthermore, the ISO 748 standards
manual recommends verifying the estimates of component uncertainty, but this is impractical for

operational streamflow measurement (Hauet, 2020).

2.3.3 Interpolated variance estimator (IVE)

The ISO 748 method remained the only one available until 1995 when, under the GUM framework,
statistical means of deriving component uncertainties were introduced. The most widely used of these is
the Interpolated Variance Estimator (IVE) first demonstrated by Kiang et al. (2012) and Cohn et al.

(2013).

Like ISO 748, IVE uses Equation 8 except that it omits the u,, term for uncertainty due to limited number
of panels. Instead, it calculates random error for depth and velocity measures between panels and across

the cross-section to estimate the component uncertainty terms for u; and w,,.

IVE calculates estimated values of depth and mean velocity for each vertical, i, by linear interpolation
between adjacent verticals, i — 1 and i + 1. If the difference between measured and interpolated values
for vertical i is large, then the measurement would benefit from closer vertical spacing to better sample
non-linear variation across the channel. Similarly, if the difference is small, then the measurement is likely
to have been sampled to adequate resolution. Larger departures from linearity are assumed to represent

larger component uncertainties.
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Figure 3: Determination of variance between vertical locations based on linear interpolation. Figure

credit: Cohn, Kiang, and Mason (2013)

For example, an estimated value of depth at a given vertical, d; .., is calculated by linear interpolation

between adjacent verticals as follows:
diest = Widi—1 + (1 — w)di4q )
where w; is a weighing factor, computed as

Xiy1 — X;

(10)

w; =
Xiy1 — Xj—1

where x; is the distance across the stream from an arbitrary starting point, typically measured on a

measuring tape or tagline, and is equivalent to b; in Equation 1.
The difference between measured and estimated depth, 4; 4, can be calculated at each vertical as

Aig=d;i —djest 11
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The standard uncertainty of depth, s, is then estimated based on the sampled variance of 4, ; for the n

verticals as follows
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Sa = (n— )22(1 —Ald) w;?) (12)

The component uncertainty of depth, u,, is estimated by dividing s; by the measured velocity at each

vertical as

s
Ug; = — (13)

S

The same method is used for estimating mean velocity variance between verticals, by calculating a
standard velocity uncertainty for the cross-section and dividing by the measured velocity of each vertical,

resulting in the following expressions:

0= (n— )Zzu—Aw oy

s
Up; = UTU (15)

i

These calculations represent a Type A derived estimate of the random component of uncertainty in the
depth and velocity measurements and are incorporated into the total standard uncertainty, u(Q). The
sampling variance is calculated by using verticals 3 to n-2 because the variance at channel edges may
not conform to the variance of the channel (Cohn et al., 2013). The IVE omits the separate calculation of
u, as this term is implicitly incorporated into the IVE estimates of u; and u;. The IVE standard uncertainty

is thus computed as follows:

w(Q) = \/ug 4 i [(idi )2 (uf; +uf; +ul))] (16)

(X1 (bid;v)]?
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In contrast to the ISO 748 method, which explicitly includes the component uncertainties for limited time
of current meter exposure, limited number of vertical velocity measurements in the vertical, and pulsing
flow during the velocity measurement, the IVE method is based on the assumption that the random
component of these sources of uncertainty is implicitly included in the differences between observed and
interpolated values of velocity. By assuming that these components are represented by interpolated
variance, the IVE method does not allow for each component to be explicitly assessed and adjusted for to
reduce total uncertainty (Despax et al., 2016). Furthermore, the IVE method assumes that depth and
velocity errors are independent and identically distributed across the channel, which is unlikely to be valid

in complex cross-sections or smaller rivers (Cohn et al., 2013).

2.3.4 Comparison of IVE and ISO 748 methods

Bai et al. (2018) compared IVE and ISO 748 uncertainty for large rivers and verified that both methods
were comparable but emphasized the need to verify the method at lower flows in smaller river systems.
Non-ideal conditions often occur in smaller river systems where channel complexity is more apparent and
harder to account for. Both WSC and USGS utilize the IVE method for total uncertainty to characterize
velocity-area measurements when the number of verticals is 10 or more (Mason, 2017). However,
Despax et al. (2016) suggested that there is a risk of over-estimating IVE uncertainty when fewer than 20

verticals are used due to the lower sample size and greater interpolation uncertainty.

The IVE standard uncertainty is a more conservative (i.e. generates greater values) estimate of total
uncertainty than the 1ISO 748 method and is therefore more appropriate for use under non-ideal
conditions where component uncertainty estimates may be under-estimated (Cohn et al., 2013). Although
both the ISO 748 and IVE methods assume systematic error to be 1%, this could reasonably be
considered to be an under-estimation at non-ideal sites since it may not encompass all sources of
systematic error. Other sources of systematic error include wind or ice effects, current meter calibration

error, and poor hydrographer technique.
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Complex sites, where ideal conditions are usually not available, are often sampled by strategically
selecting vertical locations or adjusting sampling strategy within the vertical to reduce measurement error.
However, neither ISO 748 nor the IVE method enables the assessment of site complexity or the efficacy
of sampling strategy (Despax et al., 2016). Sampling strategy may vary according to the experience of the

operator and can be challenging to apply for complex cross-sections.

2.3.5 Flow Analog UnceRtainty Estimation (FLAURE)

An alternative to the ISO 748 and IVE methods of total uncertainty estimation was introduced by Despax
et al. (2016) to incorporate cross-section complexity in velocity and depth as well as sampling strategy of
the field technician. Despax et al. (2016) argued that the number of verticals alone is not appropriate for

estimating standard uncertainty of u,, considering the diversity of cross-sections in rivers and the strategy

adopted by technicians to characterize that complexity through observations.

This method, known as the Flow Analog UnceRtainty Estimation (FLAURE), has not yet seen widespread
use in North America (Hauet, 2020). FLAURE improves on ISO 748 by separating the u,, term for number
of vertical observations into uncertainties for observed depth, u,,(D;), and observed velocity, u,, (V;), and
estimating them based on an assessment of the sampling strategy used by the technician. Note that the
FLAURE method uses slightly different notation than used for ISO 748:2021 and IVE, and the description

here follows the one used in Despax et al. (2016) and Hauet (2020).

The FLAURE method is based on a reference gauging dataset from 18 unique locations in Europe
representing a range of channel conditions, complexities, and river scales. Each reference gauging was
sampled using up to 83 verticals; these were sub-sampled to generate reference gauging verticals
representing 10,000 possible combinations of concurrent depth and velocity observations (Despax et al.,
2016). For each sub-sampled cross-section, verticals ranged in number from 5 to 50, with the maximum

number of verticals selected meant to represent true discharge. The compilation of this large reference
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dataset enables an individual gauging to be assessed for sampling quality in terms of depth and velocity,

with corresponding u,, terms being calculated based on the reference model analog.

Similar to IVE, FLAURE is a Type A uncertainty estimate in that it statistically analyses in-situ sampling
variability to estimate the u,, standard uncertainty component. Sampling variability is represented by the

calculation of a sampling quality index (SQI) for depth and velocity samples, expressed as

SQI(D):G(AD)< ?=1<AxiADi>) an

a(D) A

where AD = |D;_,-D;|, a(4D) is the standard deviation of the differences in depth of adjacent verticals, and
o(D) is the standard deviation of the depth, Ax; is the spacing between verticals i and i + 1, and A is the

total cross-sectional area of the channel (m?).

The SQI for velocity is similarly calculated as follows:

sqz(y):"(‘”’)< &(Axﬂ%)) a8

a(V) Vine
where AV is the difference in mean velocity between adjacent verticals, and V;,,; is the integral of lateral

distribution of velocity weighted by depth.

SQl is thought to better represent sampling uncertainty than the number of verticals alone (Hauet, 2020).
Despax et al. (2016) developed a model for estimating uncertainty components for the measurement of
depth, u,, (D), and velocity, u,,(V), by sub-sampling verticals made for a reference gauging and assessing

the distribution of the difference in discharges.
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Figure 4: Relationship between uncertainty associated with limited verticals, u,,, for depth and
sampling quality index (SQI) of sub-sampled reference gaugings. Source: Hauet (2020)
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Figure 5: Relationship between uncertainty associated with limited verticals, u,,, for velocity and
sampling quality index (SQI) of sub-sampled reference gaugings. Source: Hauet (2020)
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SQI takes into account the spacing of verticals as well as the variation in depth and velocity between two
adjacent verticals. SQI will be higher for widely spaced panels and where larger variations in depth and
velocity among panels occur (Hauet, 2020). Values of SQI larger than 0.5 suggest a highly complex
cross-section and values below 0.2 correlate well with uncertainty reduction in the u,, (D) and u, (V)
components (Despax et al., 2016; Hauet, 2020). By calculating the SQI for depth and velocity of a given
velocity-area measurement, the component uncertainty for u,, as it relates to depth and velocity can be
estimated based on the reference gauging data set used by Despax et al. (2016). Total measurement
uncertainty is then calculated using the substituted terms for u,, (D) and u,,(V) according to an expanded
version of the ISO 748 method that incorporates these components instead of combining them as a single

estimate (Le Coz et al., 2012).

These terms are integrated into the ISO 748 equation to yield the following expression:

2iz,(bid;v,)? (ui,i +ul; +ul; +ui(D) + uTZL(VL'))
(X, (bid;7)]?

u(Q) = \/uﬁ + (19)

The other component uncertainties, such as limited current meter exposure time or uncertainty due to
velocity pulses, are still estimated based on the ISO 748 methodology and are not operationally verifiable,
but these are assumed to be minimal compared to the relative uncertainty due to the number of panels
(Hauet, 2020). Despax et al. (2016) found that FLAURE typically produces lower uncertainties than ISO
748 and IVE. Although computationally more complex, it offers some promise for integrating sampling
strategy or characterizing cross-section complexity as an assessment for site selection. Its use has not
been verified in North American river systems, and it is unclear if the reference gauging database

represents ideal and non-ideal conditions commonly encountered in North America.
2.3.6 Comparison of IVE and FLAURE methods

Both IVE and FLAURE methods use a combination of Type A and Type B uncertainty estimation methods

for their defined component sources of error. IVE defines four uncertainty components whereas FLAURE
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defines seven. Differences in the definition and estimation of uncertainty components by each method are
summarized in Table 1. Understanding the method of component estimation is critical when adjusting
sampling strategy to manage uncertainty. In particular, Hauet (2020) suggested that the interpolated
variance between verticals used by IVE cannot capture all uncertainty sources, which may limit its utility in
managing uncertainty. The SQI used by FLAURE has been suggested as a more representative
estimation of uncertainty since it takes into account variation in unit flow between verticals and also the

spacing of the verticals themselves (Hauet, 2020).

To the author’s knowledge, no studies have explicitly compared how these two methods respond to
changes in the number and spacing of verticals under non-ideal conditions. Despax et al. (2016)
compared uncertainty techniques in small mountain streams, which could be presumed to include non-
ideal conditions, but measurements were based on a limited number of verticals (< 20). It is generally
accepted that IVE is a more conservative estimate of total uncertainty when the number of verticals is
limited, although the accuracy of this estimate has been questioned (Despax et al., 2016). Indeed, in one
test case, IVE uncertainty was shown to be three times (30%) that of FLAURE (10%). IVE is also
regarded as a simpler method to apply and understand than FLAURE, which may make it easier for
technicians to adjust sampling strategy to manage uncertainty in non-ideal conditions (Huhta & Sloat,

2007).

Management strategies for reducing total uncertainty should consider the estimation and definition of

component uncertainties for each chosen method; these are discussed in the next section.

2.4 Using uncertainty estimates to assess rating error

In North America, hydrometric agencies compute rating error as the percent difference between
measured discharge and rated discharge at a given stage. A discharge measurement with rating error
greater than + 5% may prompt a review of the measurement or a repeat measurement to confirm the

result (Rainville et al., 2016). An estimate of the uncertainty of the discharge measurement is key to
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determining whether measurement error could explain the magnitude of a departure from the existing
rating curve or, alternatively, whether a shift or even a new rating curve is required (Hamilton et al., 2019).
Most agencies use an assumed shift threshold of + 5%, which corresponds with the approximate
acceptable rating error. The BC Ministry of Environment and Climate Change Strategy (2018)
recommends a + 7% rating error to achieve the best available qualitative grade based on the root sum of

squares for a discharge error of 5% and an assumed 5% rating curve error.

Hamilton & Moore (2012) suggested that rating curve shifts should not be applied if the magnitude of the
discharge measurement uncertainty exceeds that of the rating error. Essentially, if a discharge
measurement may reasonably be expected to include the rated value based on total uncertainty, then it
could be considered a validation of the rating curve even if the rating error is greater than + 5%.
Therefore, setting uncertainty targets is important for determining rating curve and measurement
accuracy, but it must be recognized that a standard target uncertainty may not be achievable at all
gauging stations. Quantitative uncertainty estimates are thus critical in assessing rating curve validity as
long as estimation methods remain valid under non-ideal conditions (Tomkins, 2014). However, it remains
unclear whether current uncertainty estimation methodologies adequately apply under non-ideal
conditions or how each uncertainty method responds to changes in sampling strategy under non-ideal
conditions. There is thus uncertainty in the way uncertainty is calculated, a concept referred to as

“uncertainty?” (Juston et al., 2014).

2.5 Research objectives

The review of literature suggests that quantitative uncertainty estimation methods for velocity-area
discharge measurements are poorly understood in non-ideal conditions, but can play a critical role in
producing robust streamflow data. Furthermore, whether different sampling strategies may compensate
for non-ideal conditions and whether these strategies will improve discharge accuracy have not been

studied. Therefore, the research objectives addressed by this thesis are as follows:
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to compare existing methods for estimating quantitative uncertainty in the velocity-area method

under near-ideal conditions and a range of non-ideal conditions

to examine whether and how sampling frequency and distribution may or may not compensate for

non-ideal measurement conditions

to suggest practical considerations for managing quantitative uncertainty for measurements made

under non-ideal conditions
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Chapter 3 — Methodology

3.1 Study Area

This study was conducted at a hydrometric station, 08HA0045, on the lower Goldstream River located 15
km NW of Victoria, BC (Figure 6). The Goldstream River headwaters are in a predominantly rolling
plateau with a peak elevation of 630 m. Below 400 m, the topography transitions into a steep glacially
carved valley before emptying into the Finlayson Arm. The lower valley broadens into a wide floodplain

approximately 10-30 m wide, comprising glacial-fluvial outwash sediments and large woody debris.

The regional hydrology regime is pluvial-dominant in a West Coast temperate rainforest. Land cover in
the study watershed is forested and land use is protected for drinking water use. Streamflow on the
Goldstream River is regulated by the Capital Regional District (CRD), which manages a series of
reservoirs in the headwaters representing 74% of total catchment area above the gauging station. An
unregulated tributary watershed, Waugh Creek, joins the Goldstream River 1 km downstream of the last
control structure on the Goldstream River, which is the dam impounding the Japan Gulch Reservoir. A
climate station, CRD-14G, operated by the CRD is located in the upper watershed near the outlet of the
Goldstream Reservoir at an elevation of 490 m. This station was monitored during the study period to

plan field measurements and assess steadiness of flow.

The station was established by the Provincial Hydrology Program in 2023, and is regularly visited by
qualified provincial staff. The gauging station is located at an elevation of 40 m and the upstream
catchment area is 36.6 km? (Cooper, 2008). In the vicinity of the station, the channel is mostly straight
with no braiding from 60 m upstream of the gauging station to 900 m downstream. Bankfull width in this

channel reach is between 8 m to 30 m with an average gradient of 2%.

The stage-discharge rating curve at this site is considered near-stable, but requires minor seasonal
temporary shift adjustments following major storm events. A major storm event in December 2024 caused

minor sediment deposition on the control. Minor shifts to the rating curve were noted in visits on
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December 23, 2024 (-0.021 m shift, -10.5% rating error); January 20, 2025 (-0.007 m shift, -6.0% rating
error); March 5, 2025 (-0.012 m shift, -7.9% rating error); and March 25, 2025 (-0.018 m shift, -5.9% rating
error). Based on these observations, a temporary shift adjustment of -0.012 m was applied to the base
rating curve from December 23, 2024, to March 25, 2025. Both the base and shifted rating curves were
used in the analyses. Any continuous discharge data displayed were produced using the shifted rating
curve, which is believed to be the most accurate representation of the stage-discharge relationship during

the study period.
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Figure 6: Regional map of study area.
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3.2 Measurement Cross-sections

Four discharge measurements were conducted at the Goldstream River at Goldstream Provincial Park
(08HA0045) gauging station near Victoria, BC. The gauging station is well suited for extended sampling
as it is in a basin regulated by reservoirs that keep flows relatively stable. Furthermore, the gauging

station has a robust rating curve and mostly stable channel conditions.

Cross-sections were selected to represent four possible locations that a technician would reasonably
select for making a velocity-area measurement (Figure 7). The cross-sections range from near-ideal to
non-ideal conditions for velocity-area measurements (Table 2). The site names indicate the location of the
cross-section relative to the gauging station. For example, site US002 is 2 m upstream of the station while

DS200 is 200 m downstream.
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Figure 7: Local site map of study area. River flows north, the yellow circle is the gauging location, and
the triangles indicate the locations of the cross-sections.
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Table 2: Summary of cross-section conditions at each measurement location based on criteria as
specified by ISO 748 (2021). Locations arranged left to right in terms of increasing deviation from ideal
conditions.

Condition Uso002 DS150 DS200 USso050
Channel straight and uniform Y Y Y N
Parallel flow N N N N
Stable bed and edges Y Y Y Y
Regular horizontal and vertical velocity distribution Y N N N
Stable velocity distribution during measurement Y Y Y Y
Absence of reverse or stagnant flow Y N N N
Unobstructed measurement section Y Y Y Y
Absence of converging and/or diverging flow Y Y Y N

3.2.1 US002

No upstream or downstream obstacles are present, resulting in largely undisturbed flow paths. The cross-
sectional profile is smooth with no abrupt changes in depth. The maximum sampled depth was 0.7 m.
Both left and right edges are clearly defined. The left bank edge is characterized by rip-rap and may be
influenced by minor flow through the rip-rap. The right bank edge is a long and shallow sloped bank with
almost negligible velocity. The cross-section is characterized by variably angular flow, which is difficult to
correct for using a single tagline span. Some velocity angles exceeded 20° during sampling. This site
conforms most closely to ideal conditions of the four selected and is the location used to build the rating

curve for regular hydrometric operations at the gauging station.
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Figure 8: Cross-section, US002, located 2 m upstream of the Goldstream River (08HA0045) gauging
station. Photograph taken from the right bank on 2025-03-05. Photo by author.

3.2.2DS150

Upstream and downstream obstacles are present, but they are dominantly small, naturally occurring
boulders with minimal interruption of flow paths. The maximum sampled depth was 0.73 m. The right
bank is clearly defined with positive velocities. The left bank is easily defined and deeper than the right
bank, with some re-circulating flow. The section of river is straight with a stable hydraulic drop about 1 to
3 m below the cross-section location. Slight angular flow greater than 20° was observed during sampling,
which could not be corrected for by tagline angle. This cross-section represents near-ideal conditions with
the exception of some upstream obstacles and re-circulating flow at the left edge that complicate flow

paths.
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Figure 9: Cross-section, DS150, located 150 m downstream of the Goldstream River (08HA0045)
gauging station. Photograph taken from the right bank on 2025-03-04. Photo by author.

3.2.3 DS200

Both upstream and downstream obstacles are present as well as large boulders in the cross-section
itself, complicating the flow paths and depth profiles. Both right and left edges are deep and clearly
defined. Some re-circulating flow was noted at the right bank. The cross-section is the widest of the four
locations, and the maximum sampled depth was 0.52 m. This cross-section exhibits one of the greatest

departures from ideal conditions.



48

Figure 10: Cross-section, DS200, located 200 m downstream of the Goldstream River (08 HA0045)
gauging station. Photograph taken from the right bank on 2025-03-04. Photo by author.

3.2.4 US050

Several large upstream obstacles disturb flow paths and a channel convergence further complicates
velocity profiles, resulting in large flow angles and zones of super-critical flow. Compared to the others,
this cross-section is deeper and narrower with a maximum sampled depth of 0.71 m. Left and right edges
are clearly defined but complex. The left bank edge has super-critical flow conditions due to a channel
convergence upstream and shallow depth. The right edge is located on a small inside bend causing re-
circulating flow. The section of river is at an inlet to a pool and is not straight due to the converging
channels 3 to 5 m above the cross-section. The conditions at this location are highly non-ideal and

represent the greatest departure from ideal conditions of any of the study sites sampled.
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Figure 11: Cross-section, US050, located 50 m upstream of the Goldstream River (08HA0045)
gauging station. Photograph taken from the right bank on 2025-03-05. Photo by author.

3.3 Field methods

At each location, the mid-section velocity-area discharge measurement was conducted using an ADV
Sontek Flowtracker2. Each cross-section location was established using a tagline set approximately
perpendicular to the direction of flow. The cross-section was sampled at the minimum lateral spacing
possible, which, for the selected device, was deemed to be 10 cm based on the approximate distance of
the sampling volume from the tip of the acoustic transmitter as specified by the manufacturer. Sampling

using the minimum spacing possible between verticals is referred to as a full-resolution measurement.

Each vertical consists of an observation of depth and velocity. Depth was observed using a top-set
wading rod to the nearest centimeter. Velocity was sampled by the ADV at 1 s intervals and averaged
over a 40 s sampling time per vertical. Each velocity sample is accurate to 1% of the measured velocity.
Maximum depths in all four cross-section locations did not exceed 0.75 m; therefore, velocity was

sampled at a relative depth of 0.6 from the water surface for each vertical.
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Sampling using the full-resolution measurement protocol is normally not practical for field programs due
to time and cost involved, and the increased likelihood of stage changing during the measurement. For
this study, measurements were planned to take place during periods of relatively steady flow in a two-day
intensive study; the availability of real-time stage measurements at the gauging station provided a basis

for evaluating flow steadiness.

3.4 Data analysis

3.4.1 Sub-sampling of field measurements

Full-resolution measurements were systematically sub-sampled using a script written in the R
programming language (Ushey et al., 2024) within the RStudio application. Basic data organization and
calculations required the use of the following R packages: dplyr (Wickham et al., 2023), here (Mdller,
2020), magrittr (Bache & Wickham, 2022), stringr (Wickham, 2025), tidyr (Wickham et al., 2024). All data
visualizations were processed using R package ggplot2 (Wickham, 2016). Tables were generated using

the R flextable package (Gohel & Skintzos, 2025).

At each cross-section, sub-sampling occurred iteratively by removing every other vertical from the full-
resolution measurement, saving the output, then sub-sampling that output again. The first iteration
therefore represents half of the full-resolution measurement, the second iteration represents a quarter,
and the third iteration represents an eighth. This method is similar to the ones used by Carter & Anderson

(1963), which are partly the basis for the ISO 748 estimations of component uncertainty.

Iterative sub-sampling occurred twice at each location, removing alternate verticals starting at i = 1 and at
i = 2 respectively. The first, i = 0, and last, i = n + 1 verticals were not removed during sub-sampling as
these are observations associated with the bank locations. Sub-sampling continued until fewer than ten
but more than five verticals remained. Iterative sub-sampling resulted in eight unique cross-sectional

profiles at each location.
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Sampling strategy was also assessed by sub-sampling full-resolution measurements using WSC standard
procedures. Each full-resolution measurement was provided to a trained WSC technologist along with a
picture and description of the cross-section. The technologist then selected a list of verticals from the full-
resolution measurement that they would have theoretically selected when sampling the river according to
WSC standard procedures. Total discharge, total uncertainty, and component uncertainty were calculated
for these measurements using the same methods as the sub-sampled and full-resolution measurements.
This method will be referred to as WSC sub-sampling. The results of full-resolution, iteratively sub-

sampled, and WSC sub-sampled measurements at each cross-section are displayed in Appendix A.

3.4.2 Uncertainty and discharge calculations

Quantitative uncertainties using the 1ISO 748, IVE, and FLAURE methods were calculated for each full-
resolution and sub-sampled result. The ISO 748 and IVE methods were calculated using Equation 8 and

Equation 16 respectively.

The total discharge from each full-resolution and sub-sampled result was calculated using the mid-section
velocity-area method. Sub-sampled results required the re-calculation of width between sampled verticals
based on the mid-section velocity-area method. Discharge in each vertical was re-calculated using the
adjusted width and sampled depth and mean velocity. The total discharge was calculated using

Equation 4.

Discharge accuracy was assessed by comparing to the shifted base rating curve, the unshifted base
rating curve, or to a theoretical true value. The most appropriate estimate of theoretical true discharge
value was deemed to be the full-resolution discharge measurement at the most-ideal cross-section,

USO002, referred to as the reference discharge.

Component uncertainties were calculated by isolating the component uncertainty of interest and
assuming all other components were zero. This is the same technique used by Huhta & Sloat (2007)

when processing Flowtracker2 results. FLAURE results were unable to be processed independently
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because the method uses a sampling quality index to estimate uncertainty components for depth and
velocity based on a separate private empirical database. The FLAURE total and component uncertainties

were thus transcribed from a R Shiny app published by Hauet (2025).

All total and component uncertainty estimates were expressed to a 95% confidence interval (two-sigma)
with a coverage factor, k, of 2. Acceptable uncertainty thresholds of 5% and 10%, based on
recommended values from ISO 748 (2021) and Water Survey of Canada (2015) respectively, were used
to compare uncertainty estimation methods across different sampling frequencies, strategies, and

locations.
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Chapter 4 — Results

4.1 Overview of study period

Sampling took place over a two-day period with two full-resolution measurements being conducted each
day. Each full-resolution discharge measurement required approximately two hours of sampling time. A
recession in flow after rain events was observed for a week prior to the sampling period. Climatic and
streamflow conditions are summarized in Figure 12. Stage varied from 7.191 m to 7.188 m during the first
day of sampling, which corresponded to a maximum hourly flow of 0.903 m3s~* and a minimum hourly
flow of 0.885 m3s~1, respectively, based on the shifted rating curve. Minor rain was observed overnight at
climate station, CRD-14G, which sustained flows for the second day of the study. Stage varied from 7.193
m to 7.190 m during the second day of sampling, which corresponded to a maximum hourly flow of 0.912
m3s~1 and a minimum hourly flow of 0.900 m3s~1, respectively. Stage at the Goldstream River
hydrometric station, 08HA0045, was relatively steady during the period of active sampling; the mean

gauge height during the measurements varied by no more than + 3 mm.
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Figure 12: Summary of weather and hydrometric conditions during study period. (a) discharge
predicted from the shifted rating curve over the study period (black line) and full-resolution discharge
(triangles) at each channel location with error bars represented by IVE uncertainty and a dashed line as
+ 5%. (b) recorded stage values at 5 min intervals with dashed reference lines at 7.191 m + 3 mm. (c)
and (d) hourly precipitation and hourly air temperature at climate station CRD-14G. The vertical bars in
panels (a) and (b) indicate the duration of the full-resolution streamflow measurement.

4.2 Variation in total uncertainty by method due to number of verticals and location

Total uncertainty increased as the number of verticals in each sub-sample decreased, but varied
according to the method of uncertainty calculation as well as the cross-section. The ISO 748 method
showed the least variation among cross-sections when sub-sampling, while the IVE method
demonstrated the most variation and was most sensitive to changes in the number of verticals

(Figure 13). The acceptable uncertainty threshold of 10% was exceeded for all measurement locations
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when the number of verticals was less than 15, 20, and 35 for ISO 748, FLAURE, and IVE methods

respectively.
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Figure 13: Total two-sigma uncertainty versus number of verticals for each sub-sampled and full-
resolution measurement by location for each method. Uncertainty thresholds of 10% (dashed) and 5%
(dotted) are included for reference. Trendlines are drawn using approximately best fit cubic splines.

The cross-sections varied in the responses of their uncertainty estimates to sub-sampling (Figure 14). At
the most ideal cross-section, US002, all methods produced similar responses to sub-sampling. Total
uncertainty estimates for each method began to diverge at non-ideal cross-sections when the number of
verticals dropped below 30 to 40, depending on the site (Figure 14). ISO 748 uncertainty was least
responsive to the sub-sampling regimes at non-ideal cross-sections, and only exceeded the 10%

uncertainty threshold when the number of verticals was less than 10.



56

2oosn

0s1sd

Method

-0~ IS0 748
=& FLAURE
- IVE

00¢sda

0sosn

0 10 20 30 40 50 60 70 80 90 100 110 120
Number of verticals

Figure 14: Total two-sigma uncertainty versus number of verticals for each sub-sampled and full-
resolution measurement by method for each location. Uncertainty thresholds of 10% (dashed) and 5%
(dotted) are included for reference. Trendlines are drawn using approximately best fit cubic splines.

IVE uncertainty was consistently the most conservative estimate across non-ideal cross-sections

(Figure 15). IVE uncertainty was similar to ISO and FLAURE at high sampling frequencies but diverged
when the number of verticals was 60 or less. In contrast, FLAURE and ISO uncertainty compared well
across non-ideal conditions for most sampling frequencies but diverged when the number of verticals was

less than 20 (Figure 15).
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Figure 15: Comparison of uncertainty methods across all non-ideal cross-sections (DS150, DS200,
USO050) expressed as two-sigma uncertainty. Sub-sampled measurements with less than 10 verticals

are not included.

4.3 Comparison of computed discharges to reference discharge

Calculated discharge was compared to the assumed reference value for each measurement cross-

section across all sub-sampled results (Figure 16). The IVE method was used to represent uncertainty for

calculated discharge at each of the sub-sampled locations since this study found that this method was the

most sensitive to changes in sampling strategy and the most conservative estimate of uncertainty.
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measuring location. Assumed true reference discharge is the full-resolution measurement at cross-
section, US002, represented by the solid black line. Uncertainty thresholds of 10% (dashed) and 5%
(dotted) are included for reference. Error bars are the two-sigma IVE uncertainty.

The uncertainty in the reference discharge was + 2.5%. The full-resolution discharge estimates for the
three non-ideal sites were all greater than the reference value, with the difference increasing as site
conditions became less ideal, reaching a difference of 15.3% for cross-section US050 (Figure 16). At the
second-best site, DS150, the uncertainty bounds for the full-resolution estimate overlapped with those for
the reference value. However, the uncertainty bounds for the two least ideal sites did not overlap with

those for the reference value, suggesting that the positive bias is significant.

At the near-ideal site, US002, discharge computed from all iterative sub-samples was within + 5% of the

reference discharge, even for n = 8. At the second-best site, DS150, all sub-sampled discharge values
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were within + 10% of the reference value and 63% were within + 5%, although all sub-sampled
discharges were higher than the reference value. The uncertainty bounds for all iterative sub-samples
overlapped with those for the reference value. At the two least-ideal sites, DS200 and US050, uncertainty
bounds only overlapped the reference value for samples sizes less than about 40, which were associated

with relatively high uncertainties in excess of + 10%.

4.4 Variation in total uncertainty for strategic sub-sampling based on WSC protocols

Full-resolution measurements sub-sampled using WSC protocols produced total uncertainties less than
10% for all three uncertainty methods used. The total uncertainty of all three methods at the most ideal
cross-section, US002, was between 5.9% and 6.3%. Results were not as closely clustered at the less
ideal sites (DS150, DS200, and US050). Total uncertainty calculated by ISO 748 and FLAURE were

similar, while IVE yielded notably higher uncertainties (Table 3; Figure 17).

Total uncertainty was less than 5%, a commonly used shift threshold, only when the ISO 748 and
FLAURE methods were used at the non-ideal cross-section DS200 (Figure 17). The number of verticals
used for sub-sampling at this cross-section was also the highest of any of the other WSC sub-sampled
measurements. The number of verticals selected, 41, is twice the minimum of 20 required verticals. The
WSC-trained technologist judged that 30 or fewer verticals adequately captured the variability of depth

and velocity across the measurement section at all other sites.
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Figure 17: Total two-sigma uncertainty by location and uncertainty method based on sub-sampled
results by a WSC technician. Uncertainty thresholds of 10% (dashed) and 5% (dotted) are included for
reference. Locations arranged left to right in terms of increasing deviation from ideal gauging
conditions.

Table 3: Total two-sigma uncertainties, discharge, and reference error for sub-sampled measurements
using WSC protocols.

Location Verticals (n) Discharge (m? s™) Rgfgf?% IVE (%) SO z;g FLAURE (%)
US002 25 0.922 0.62 6.09 6.32 5.91
DS150 25 0.963 5.06 8.72 6.54 6.78
DS200 41 0.996 8.66 7.67 457 4.80

US050 30 1.036 13.03 8.79 5.94 5.37




4.5 Comparing the contribution of uncertainty components to total uncertainty

Figure 18 presents the component uncertainties for the discharge estimates sub-sampled using WSC
protocols. Relative proportions of each uncertainty component were similar among cross-sections for the
ISO 748 and FLAURE methods, with depth-averaged velocity consistently being the largest source. The
contribution of this source remained below 5% of the computed discharge. The second largest contributor
was consistently the number of verticals for the ISO 748 method; in contrast, the second largest source of
uncertainty varied among cross-sections for the FLAURE method. The largest contributors to uncertainty

for the IVE method varied between depth and velocity components, with one or both exceeding 5% at all

non-ideal cross-sections sampled.
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Figure 18: Component uncertainties of ISO 748, FLAURE, and IVE uncertainty, arranged by cross-
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4.6 Rating curve verification in non-ideal conditions

Figure 19 presents a comparison of measurements sub-sampled using WSC protocols to the base rating
curve. Uncertainty due to the measurement of stage was assumed to be + 0.003 m. Discharge values
that plot within the rating uncertainty threshold of 5% are deemed to verify the rating curve relationship.
Discharge uncertainties that include the rated value are also deemed to verify the rating relationship.
Based on these criteria, the base rating curve was verified at all cross-sections and using all uncertainty

methods (Figure 19).

Total uncertainties and rating errors for the base rating curve are further compared in Figure 20 for all full-
resolution and iteratively sub-sampled measurements. Points that plot left of the diagonal line show cases
where uncertainty is greater than rating error, meaning the uncertainty includes the rated discharge value.

This occurred at similar rates for all three uncertainty methods tested.
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Figure 19: WSC sub-sampled measurements compared with the base rating curve, curve number
1.00, at Goldstream River gauging station. Vertical error bars represent the two-sigma uncertainty for
each method selected. Horizontal error bars represent mean gauge height error assumed as + 0.003
m. Dashed line shows + 5% rating error threshold for reference.
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Figure 20: Total two-sigma uncertainty compared to absolute rating error of all streamflow
measurements for the base rating curve, curve number 1.00. Dotted and dashed lines show the 5%
and 10% thresholds respectively for both uncertainty and rating error.

In contrast to the results shown in Figure 19, the WSC-sub-sampled estimates verified the shifted rated

curve only at cross-sections US002 and DS150 (Figure 21). None of the uncertainty methods used

included the rated discharge at cross-sections DS200 and US050. Indeed, the FLAURE and IVE

uncertainty methods only included the rated discharge at cross-sections DS200 and US050 when the

number of verticals was less than 20 (Figure 22).
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Figure 21: WSC sub-sampled measurements compared with the shifted base rating curve, 1.00, at
Goldstream River gauging station. Vertical error bars represent the two-sigma uncertainty for each

method selected. Horizontal error bars represent mean gauge height error assumed as + 0.003 m.
Dashed line shows + 5% rating error threshold for reference.
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Chapter 5 — Discussion

5.1 Comparison of uncertainty methods

5.1.1 Uncertainty methods for near-ideal conditions

At the most ideal cross-section, US002, there was no observable difference in estimated uncertainty
among methods selected regardless of the number of verticals (Figure 14). Because there is little cross-
sectional complexity in lateral depth or velocity profiles for near-ideal cross-sections, these methods can

reasonably be expected to produce similar results, which they did in this study.

Under near-ideal conditions, total uncertainties exceeded the target acceptable uncertainty threshold of
10% only when the total number of verticals was less than 15. However, uncertainty dropped below the
5% threshold for sampling when between 30 and 50 verticals were sub-sampled. While North American
standards require a minimum of 20 verticals in velocity-area measurements to be considered valid
(Turnipseed & Sauer, 2010; Water Survey of Canada, 2015), the results of this study suggest that the

minimum number of verticals should be higher if low uncertainty thresholds are to be used.

All uncertainty estimation methods at near-ideal sections yielded results that were similar for strategic
sub-sampling based on WSC procedures as well as for iterative sub-sampling. However, a study by Bai et
al. (2018) showed that the ISO 748 method was less conservative than IVE at regular gauging stations,
which are presumed to represent mostly ideal conditions. Bai et al. (2018) conducted sampling in large
rivers with surface width between 300 m and 1600 m, whereas the cross-section at US002 was roughly
10 m wide. This suggests that Type B uncertainty estimates used by ISO 748 may apply differently to
large and small rivers, which is plausible since the Type B estimates of ISO 748 are not based on data
from small rivers (Pelletier, 1988). ISO 748 (2021) recommends the independent verification of Type B
estimates which, in the context of large versus small rivers, could include estimates for the number of

verticals, depth-averaged velocity, width, and point depth.
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5.1.2 Uncertainty methods for non-ideal conditions

Under non-ideal conditions, the IVE method was the most responsive to changes in sampling frequency
and strategy, showing wide variation among sites in response to reductions in the number of verticals
(Figure 13). This result is expected since Type A uncertainty estimates used by IVE are based on a
departure from linearity of adjacent depth and/or velocity measurements. The non-ideal cross-sections
studied included zones where the lateral depth or velocity profiles were highly heterogeneous. Increasing
the number of verticals is therefore likely to reduce the departure from linearity of adjacent vertical depth

or velocity measurements, resulting in lower uncertainty estimates.

This study showed that, under non-ideal conditions, IVE was the most conservative uncertainty estimate
relative to ISO 748 and FLAURE (Figure 15), which is consistent with previous studies assumed to be
conducted in mostly near-ideal conditions (Bai et al., 2018; Despax et al., 2016). Adding verticals is often
preferred for managing uncertainty associated with non-ideal conditions compared to other strategies
such as adjusting sampling time or adding velocity measurements within the vertical (Kim et al., 2018).
However, Despax et al. (2016) suggested that the IVE method may under-estimate uncertainty in high
sampling frequencies when near-linear variation is shown in adjacent depths and/or velocity
measurements. Uncertainty estimates under non-ideal conditions compared well in high sampling
frequencies which may suggest that all uncertainty methods under-estimate uncertainty at high sampling

frequencies (Figure 17).

Despax et al. (2016) also suggested that IVE and ISO 748 may over-estimate uncertainty when the
number of verticals is less than 15 (Hauet, 2020). Indeed, this study found that the IVE method was
consistently the most conservative uncertainty estimate under non-ideal conditions when the number of
verticals was less than 20 (Figure 15). However, the FLAURE method was found to be more conservative

than ISO 748 (Figure 14) but responded similarly when the number of verticals was above 20.
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5.1.3 Comparing uncertainty components

Uncertainty component analysis may identify strategies to reduce uncertainty (Muste et al., 2024), but
each uncertainty method classifies contributing components differently according to Type A or Type B
estimates. Therefore, different uncertainty methods may result in different strategies to manage
uncertainty. For this reason, the direct comparison of uncertainty components of each method is also
challenging. ISO 748 and FLAURE components are easier to compare than IVE. This is because IVE
assumes that many Type B estimates used in ISO 748 and FLAURE are instead represented by a Type A

estimate based on the departure from linearity of adjacent verticals (Hauet, 2020).

It is generally accepted that the limited number of verticals is the highest contributing source of
uncertainty for all uncertainty methods (Despax et al., 2016; Kim et al., 2018). However, the results of this
study showed that, for measurements sub-sampled based on WSC protocols, the highest contributing
source of uncertainty for the ISO 748 and FLAURE methods was depth-averaged velocity (Figure 18).
Conversely, for IVE, the highest contributing sources of uncertainty were associated with the sampling of
depth, u,, and mean velocity, u;. While both these terms are influenced by the number of verticals, they
may also include uncertainty sources due to limited velocity samples within each vertical or limited
exposure time of the current meter. These integrated uncertainty sources should be considered when
adjusting sampling strategies as they may reduce discharge measurement bias under non-ideal

conditions.

5.2 Discharge accuracy at non-ideal cross-sections

5.2.1 Comparing discharge error using a reference value

Sub-sampled measurements at the near-ideal cross-section, US002, were all within 5% of the assumed
true discharge. However, at non-ideal cross-sections, there was a positive bias in calculated discharge
(Figure 16). The bias was strongest at cross-sections where the most non-ideal conditions were present

with errors of up to 11.7% of the reference value. Consequently, this study showed that increasing
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sampling frequency by increasing the number of verticals will reduce uncertainty (i.e., increase precision),
but will not compensate for non-ideal conditions in terms of reducing bias. Instead, it is possible that

adding verticals may confer over-confidence in inaccurate results by under-estimating uncertainty.

5.2.2 Comparing discharge error using a rating curve

All measurements at non-ideal sites showed a positive bias when compared with the shifted base rating
curve (Figure 22). This bias was similar to the one observed for the reference discharge value discussed
previously. Shifted rating errors for iteratively sub-sampled cross-sections at DS200 and US050 were as
high as 14.0% and 17.2% and consistently exceeded 10%. Furthermore, rating error was unable to be
compensated for by strategically selecting verticals using WSC procedures, which produced rating errors
as high as 11.9% and 13.9% for DS200 and US050, respectively (Figure 21). Therefore, strategically

selecting verticals with methods used in this study will not compensate for non-ideal conditions.

Potential explanations for excessive reference error or rating error include unsteady flow conditions or
unstable channel conditions that alter the rating curve. However, stage was stable within acceptable
precision during the sampling period, suggesting steady flow conditions. Furthermore, no changes to
stream morphology were observed at the gauging station between sampling days. Consequently, the
positive bias observed at non-ideal sites is most likely explained by the systematic over-estimation of

velocity and/or depth at each vertical.

5.2.3 Rating curve verification using uncertainty estimates

Rating curves are often verified probabilistically using uncertainty. If the uncertainty range includes the
rated discharge value, then it is reasonable to verify the rating curve as stable (Hamilton & Moore, 2012).
Each uncertainty method verified the unshifted base rating curve at all cross-sections sub-sampled using
WSC procedures (Figure 19). Furthermore, uncertainties calculated for these measurements were all less
than 10% (Table 3). However, the shifted rating curve is believed to be more applicable during the study

because the decision to shift the base rating curve was based on previous and subsequent discharge
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measurements obtained during regular operations of the gauging station, which showed a minor
depositional shift of -0.012 m following high water observed in the previous year. Furthermore, the shifted
rating curve was verified by measurements sub-sampled using WSC procedures under the near-ideal
conditions at cross-section US002 and also at the second-best cross-section, DS150. However, the
shifted rating curve was not verified based on the measurements at the two most non-ideal cross-
sections. Uncertainty of the rating curve should therefore also be considered when attempting to verify

discharge measurements.

Considering the positive bias in discharge measurements obtained at the non-ideal cross-sections, this
scenario demonstrates an apparent limit to the validity of probabilistic rating curve verification. That is, it
appears to be possible that bias associated with measurements made under non-ideal conditions could
result in an incorrect verification of a non-applicable rating curve. Conversely, measurements at non-ideal
locations could result in an incorrect rejection of the validity of a rating curve. A key takeaway message is
that sampling adjustments that solely involve increasing the number of verticals are unlikely to improve
measurement accuracy at non-ideal cross-sections and, indeed, may confer over-confidence in the result

by under-estimating uncertainty.

5.3 Recommendations for managing uncertainty and error in non-ideal conditions

As demonstrated in this study, increasing the number of verticals does not necessarily improve discharge
accuracy and may under-estimate uncertainty. Indeed, increasing the number of verticals for the sole
purpose of reducing uncertainty may be impractical. For example, cross-section DS200 required as many

as 70 verticals before the total uncertainty was less than 5% (Figure 14).

Despax et al. (2016) emphasized that the strategic distribution of vertical samples was more important
than the actual total number of observations themselves. However, this study demonstrated that strategic
distribution of vertical samples will not necessarily improve discharge accuracy. Consequently, sampling

strategies should not only focus on the addition of verticals in such locations as those with high velocity or
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depth as they usually do, but on areas where sampling quality is challenged by the presence of non-ideal

conditions.

Under non-ideal conditions sampling strategies that account for non-standard vertical velocity profiles or
highly turbulent conditions may improve accuracy. Non-standard vertical velocity profiles can only be
detected when at least two velocity samples are present; therefore, lower depth thresholds for triggering
the 0.2/0.8 method, such as the 0.46 m threshold used by the USGS, may be preferred in non-ideal
conditions. Highly turbulent conditions often encountered under non-ideal conditions may also be
accounted for by increasing sampling times during velocity measurements. Indeed, Muste et al. (2021)
suggested that exposure times as long as 90 s would be adequate under non-ideal circumstances like

those observed in this study.

5.4 Limitations

This study was limited by only examining the effects of sampling frequency on total uncertainty and
discharge accuracy under non-ideal conditions. Consequently, other sources of uncertainty under non-
ideal conditions, such as the measurement of velocity in highly turbulent conditions or the uncertainty
associated with depth-averaged velocity were not investigated. The ISO 748 and FLAURE uncertainty
methods identified these sources of uncertainty as potentially significant, but the study was not designed
to consider them. Therefore, future studies should explore the effects of increasing averaging time for
velocity measurements and sampling velocity at more points in each vertical. However, both of these
strategies would increase the time required for each measurement, which would increase the likelihood of

stage and discharge changes during the measurement.

Finally, the conclusions of this study are limited by the specific conditions encountered at the study site
and the study period. These include the geographic characteristics of the study basin, the size of the river
system, and the limited range of flows encountered during sampling. To validate the results of this study,

they should be replicated at other sites in different geographic settings and at a range of large and small-
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scale rivers. Furthermore, uncertainty responses should be tested across a range of flows at each site to

examine a wider range of non-ideal conditions usually encountered at gauging stations.
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Chapter 6 — Conclusions

This study found that, under near-ideal conditions, total discharge uncertainties calculated by ISO 748,
IVE, and FLAURE methods responded similarly to increases in the number of verticals. However, under
non-ideal conditions, responses varied. The ISO 748 method was least sensitive to changes in non-ideal
conditions and the least conservative estimate of uncertainty. The IVE method was most sensitive to

changes in non-ideal conditions and the most conservative estimate of uncertainty.

Increasing sampling frequency by adding more verticals to a cross-section does not necessarily improve
discharge accuracy under non-ideal conditions and may result in under-estimated uncertainty, regardless
of the uncertainty estimation method used. The measurement bias at the non-ideal cross-sections could
possibly result from using too short an averaging duration for each velocity measurement and/or the
presence of vertical velocity profiles that do not conform to that assumed when using velocity measured
at six-tenths of the depth as an estimate of the mean for the vertical. Further research should focus on
testing whether these approaches can reduce bias and uncertainty for velocity-area discharge
measurements at non-ideal cross-sections. Future research should also investigate how the different
uncertainty estimation methods perform under non-ideal conditions across a range of flows, river scales,

geographic settings, particularly in relation to the potential for bias.
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Full resolution measurements and the iterative sub-samples are displayed for each cross-section location.

Velocity observations are shown in red at the left-axis and depth observations in blue at the right-axis of

each panel. Edge panels are not shown.
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