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Key Points:

« The Water Survey of Canada’s standard operating procedures in estimating dis-
charge from stage values are explored and explained.

« Given standard operating procedures, four major discharge and uncertainty es-
timation categories were identified.

» 69% of the reported discharge values in the operational database could be explained
following the concept of rating curves and temporary shifts.

 Users of hydrometric datasets are encouraged to understand the provenance of that
data, and its fitness for purpose, alongside spatial and temporal differences in un-
certainty.
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Abstract

Accurate discharge values form the foundation of effective water resource planning and
management. Unfortunately, these data are often perceived as absolute and determin-
istic by users, modelers, and decision-makers, despite the inherent subjectivity and un-
certainty in the data preparation processes. This study is undertaken to examine the dis-
charge estimation methods used by the Water Survey of Canada (WSC) and their im-
pacts on reported discharge values. First, we explain the hydrometric station network,
essential terminologies, and fundamental concepts of rating curves. Subsequently, we ex-
amine WSC’s standard operating procedures (SOPs), including shift, temporary shift,
and override in discharge estimation. Based on WSC’s records of 1800 active hydromet-
ric stations, we evaluated sample rating curves and their correlation to stage and dis-
charge measurement. We investigate under-ice measurements, ice condition periods and
frequency, and extreme values in contrast to rating curves. Employing an independent
workflow, we demonstrate that 69% of existing records align with the rating curve and
temporary shift concept, while the remaining 31% follow alternative discharge estima-
tion methods (override). Selected example stations illustrate discharge estimation meth-
ods over time. We also demonstrate the impact of override and temporary shifts on com-
monly assumed uncertainty models. Given the practices of override and temporary shifts
within WSC, there is a need to explore innovative methods for discharge uncertainty es-
timation. We hope our research helps in the critical challenge of estimating and com-
municating uncertainty in published discharge values.
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Plain Language Summary

This study provides insight into the practices that are incorporated into discharge
estimation across the national Canadian hydrometric network operated by the Water Sur-
vey of Canada, WSC. The procedures used to estimate and correct discharge values are
not always understood by end-users. Factors such as ice cover, and sedimentation limit
the ability of accurate discharge estimation. Highlighting these challenges sheds light on
difficulties in discharge estimation and associated uncertainty.
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1 Introduction

River discharge or streamflow is the fundamental data upon which hydrology and
water management depend (McMillan et al., 2017; Shafiei et al., 2022). River discharge
is the integration of other fluxes such as precipitation, evaporation, and soil moisture level
at catchment- and basin-scale and hence carries important information about the nat-
ural and anthropogenic processes. Given this importance, the national gathering of river
discharge data is typically a data product that governments provide as basic national
infrastructure to support decision-making, planning, and water management objectives
of governments, industry, and private sectors.

River discharge values are typically obtained by using a relationship called a rat-
ing curve (Rantz, 1982) to convert measurements of stage (water level) into estimates
of discharge (water volume over time). Direct discharge measurements are made using
techniques such as velocity /flow meters, Acoustic Doppler systems, or other methods.
Each measurement technique, device, frequency, and protocol results in various error mag-
nitudes (Pelletier, 1989), contributing to discharge measurement uncertainties (Whalley
et al., 2001; Cohn et al., 2013). Rating curves are developed through occasional field dis-
charge measurements, where hydrographers relate these direct measurements to river stages.
The structure of the residuals model for rating curves can then be characterized by com-
paring these measurements to the rating curves. This residuals model can subsequently
be used, often following established methods, to estimate discharge uncertainty from con-
tinuous stage measurements (Coxon et al., 2015; Kiang et al., 2018).

In addition, errors in discharge values also stem from the (limited) capability of rat-
ing curves to represent time-dependent changes in stage-discharge relationships. Such
time-dependent changes in river conditions come from local hydrodynamics and envi-
ronmental conditions. This includes time-dependent changes in river conditions that in-
troduce backwater effects due to sedimentation, and vegetation growth or ice formation,
amongst others. The stage-discharge relationships defined by rating curves are gener-
ally functional forms (single curve) while in reality, they may be hysteretic due to the
dynamic nature of water movement in the channel (Tawfik et al., 1997; Wolfs & Willems,
2014; Lloyd et al., 2016; Gharari & Razavi, 2018). For example, the rising limb and falling
limb of a flood hydrograph may exhibit different discharge values for the same stage. This
difference between the assumed stage-discharge relationship and the dynamic nature of
the stage-discharge relationship is a source of uncertainty (among many other sources
of discharge uncertainty).

Lastly, standard operating procedures or SOPs that are developed and used by hy-
drometric agencies for translating water level to discharge are often established for con-
stant re-assessment. In many instances, the stage-discharge relationship can be subject
to the hydrographers’ intervention. As an example, the process of creating a rating curve
from observational discharge measurement may need to follow agreed-upon institutional
or organizational procedures. In addition, updating rating curves over time, to try to main-
tain the accuracy of relationships, may result in more challenges in uncertainty quan-
tification associated with the rating curve.

Given the differences in operating procedures, separating the above sources of un-
certainty quantitatively is challenging and needs an extensive understanding of the op-
erating procedures to determine the magnitude of each of the sources of uncertainty. De-
spite this difficulty, the communication of the discharge uncertainty is becoming increas-
ingly important as hydrological, water quality, and water management models, which
are often used for decision-making, are based on these published and approved estimates
of river discharge.

This study seeks to identify critical decisions on discharge estimation processes at
the Water Survey of Canada (WSC). The study tries to address the following questions:

e What are the standard operating procedures followed by hydrographers for dis-
charge estimation?
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« What are the critical decisions that affect discharge estimation and associated un-
certainties and how can they be categorized?

+ How can access to metadata and measurements be improved to aid in the estima-
tion of discharge uncertainty for Canadian hydrometric stations?

The response and investigation of the aforementioned questions serve as the foun-
dation for the overarching objectives of standardizing uncertainty quantification and com-
munication within the quality assurance and management system, QMS, of WSC.

This paper is organized as follows. First, the terminologies are introduced to fa-
miliarize readers with the institutions, SOPs, concepts used in this study, and the work-
flow from data acquisition to river discharge estimation. This is followed by the results
section where examples of rating curves and their relationship to observations of stage-
discharge values are discussed. The estimated discharge values by WSC are reproduced
using the available stage values and information in the production system. The paper
concludes by discussing the findings and suggestions for essential data acquisition and
archiving that will allow for better uncertainty estimation for Canadian hydrometric sta-
tions.

2 Data, Terminologies, and Methodologies
2.1 Canada’s hydrometric monitoring program

Canada like many other nations has invested heavily in its national hydrometric
monitoring program through the Water Survey of Canada, WSC, and in the publicly avail-
able national service and historic discharge records (refer to Table-A1l for terminologies
that are used in this work). WSC is a unit of the National Hydrological Service for Canada
which is housed within the Canadian Government and is part of the Federal Department
of Environment, known as Environment and Climate Change Canada (ECCC). WSC,
an ISO 9001-certified organization, oversees the collection, harmonization, and standard-
ization of discharge information in a cost-shared partnership with provincial and terri-
torial governments across Canada. WSC divides its data into 5 regional entities: (1) Pa-
cific and Yukon Region (British Columbia and Yukon), (2) Prairie and Northern Region
(Alberta, Manitoba, Saskatchewan, Northwest Territories, and Nunavut) (3) Ontario Re-
gion, (4) Québec Region, (5) Atlantic Region (New Brunswick, Newfoundland and Labrador,
Nova Scotia, and Prince Edward Island). The Ministére de ’Environnement et de la Lutte
contre les changements climatiques operates the majority of the Quebec hydrometric sta-
tions and contributes these data to the national database under the cost-share agreements
and partnerships. Other provinces, also operate their stations and contribute to the net-
work. WSC monitoring stations include measurements in real-time of water levels in lakes
and rivers and real-time river discharge estimation for the majority of its active stations.
WSC, currently, operates approximately 1800 active stations across Canada with its part-
ner for discharge estimation. The number of active stations has changed over time while
some historical stations are discontinued (not active currently). Detailed descriptions of
the history of the WSC, its partnership, and technical evolution are documented (Halliday,
2008; Kimmett, 2022).

2.2 Overview of Current Production System

WSC uses the Aquarius™ operation system maintained and operated by Aquatic
Informatics. Aquarius™ is used for interaction with the operational database and ma-
nipulation of values for discharge estimation. This system was tailored to the WSC SOPs
and QMS, and has been in use since 2010. The Aquarius™ system allows for real-time
water level reporting and flow data estimations for most WSC stations equipped with
telemetry systems. Aquarius”, including its graphical user interface or GUI, provides many
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options to hydrographers to revise the discharge values, smooth discontinuities, and fill
gaps among others.

The most important variable in hydrometry is stage or water level. The accurate
measurement of stage values is crucial as it is the main variable used in combination with
the rating curve to estimate discharge. The recorded stage values are at temporal res-
olutions programmed into the field-based logger system and are typically in the order
of minutes. It is noteworthy to mention that although in the past the stage observation
temporal resolution would vary between sites and span from daily, hourly, half-hourly
or quarter-hourly, the stage logger time steps are currently set at 5 minutes. The col-
lected stage values go through automated checks to account for faulty readings and are
used, with the help of rating curves, to estimate discharge values. These provisional dis-
charge data are later quality-assured and approved using a rigorous approval process.
The approval process, among others, includes the repeatability of estimated discharge
values by other hydrographers. The reported discharge values are accompanied by qual-
ity assurance flags that identify the condition under which the river discharge is estimated
(explained in Table-Al). The aggregated discharge values at daily temporal resolution
are disseminated publicly through the National Water Data Archive of Canada called
HYDAT.

There is information in the production database regarding eld visits and stage-
discharge measurements. Field visits are activities that are designed to ensure the op-
erational integrity of instruments at station. Stage-discharge measurements encompass
activities using techniques such as mid-section, using standard flow-meters, or Acous-
tic Doppler equipment for river discharge measurement. In practice, multiple discharge
measurements are made to determine a consistent flow estimate, particularly when the
measured discharge deviates substantially from the expected discharge estimate derived
from the rating curve (stage-discharge relationship). The discharge measurement activ-
ities are essential to confirm or adjust rating curves. Based on new discharge measure-
ments or environmental factors such as the presence of ice, the hydrographer may de-
cide to apply or change previously estimated discharge. Additionally, based on new stage-
discharge measurements, hydrographers may decide to design and test new rating curves.

The earliest records of stage values, in the current WSC operational database, are
from the mid-1990s. These data were transferred from the previous newleaf production
system when Aquarius"™ was first introduced. The reader should note what is contained
in the operational database is only a fraction of the existing historical time series that
exists in various forms at WSC regional offices or earlier database systems. For exam-
ple, for the Bow River at Banff station located in the province of Alberta, the stage and
associated estimated discharge records start from 1995 in the operational database while
the reported discharge in the HYDAT dataset goes back to 1909. Similarly, the earli-
est records of observational field discharge measurements and the earliest rating curve
recorded for each station in the operational database extend mostly to the 1970s and 1980s.
For the same station, the existing rating curves in the operational database system be-
gan in 1990, despite over 100 years of record. Earlier rating curves cannot be accessed
from the operational database as they have not been transferred into this system, how-
ever, all records are available, many in hard copies in the WSC regional offices. This is
a similar story for historical field discharge measurements; not all the earlier historical
observations have been carried over to the current operational database. For the Bow
River at Banff station, the earliest observational discharge in the operational database
is from 1986. The difference between the period of the digital operational database ac-
cessible by Aquarius™ and records that exist at WSC regional offices needs to be empha-
sized since the present analysis is limited to data that is contained in the current oper-
ational database.

The focus of this study is only on active stations. Each station is defined by a Sta-
tion ID. The station ID is a unique identifier for each hydrometric station and its ap-
proximate location using a standard WSC naming convention. In this convention, the
first two digits define the major drainage basin in which the station is located (01-11,






