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Key Points:11

• The Water Survey of Canada’s standard operating procedures in estimating dis-12

charge from stage values are explored and explained.13

• Given standard operating procedures, four major discharge and uncertainty es-14

timation categories were identifiedusing a standalone Python workflow.15

• 67
::
69% of the reported discharge values in the operational database could be ex-16

plained following the concept of rating curves and temporary shifts.17

• Users of hydrometric datasets are encouraged to understand the provenance of that18

data, and its fitness for purpose, alongside spatial and temporal differences in un-19

certainty.20
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Abstract21

Accurate discharge values play a critical role in
::::
form

::::
the

::::::::::
foundation

::
of

::::::::
effective water22

resource planning and management. However, it is common for
:::::::::::::
Unfortunately,

:::::
these

::::
data23

:::
are

:::::
often

:::::::::
perceived

::
as

::::::::
absolute

::::
and

::::::::::::
deterministic

:::
by users, modelers, and decision-makersto24

consider these values as true and deterministic, despite the subjective and uncertain nature25

of the estimation process. To address the issue, this study was conducted to identify
:::::::
inherent26

::::::::::
subjectivity

::::
and

:::::::::::
uncertainty

::
in

::::
the

::::
data

:::::::::::
preparation

:::::::::
processes.

:::::
This

:::::
study

::
is
:::::::::::
undertaken27

::
to

::::::::
examine the discharge estimation methods and associated uncertainties of hydrometric28

measurements in Canada. The study involved an exploration of multiple operating procedures29

for rating curve construction and discharge estimation across 1800 active
:::
used

:::
by

::::
the Wa-30

ter Survey of Canada (WSC) hydrometric stations using an independent workflow. The31

first step involved understanding the discharge estimation process used by the WSC and32

the
::::
and

::::
their

::::::::
impacts

:::
on

::::::::
reported

::::::::
discharge

:::::::
values.

::::::
First,

:::
we

:::::::
explain

:::
the

:::::::::::
hydrometric33

::::::
station

::::::::
network,

::::::::
essential

:::::::::::::
terminologies,

::::
and

:::::::::::
fundamental

:::::::::
concepts

::
of

::::::
rating

::::::
curves.

:::::::::::::
Subsequently,34

::
we

::::::::
examine

:::::::
WSC’s standard operating procedures (SOP)for inferring discharge from stage35

measurements. During the implementation of the workflow, it was observed that manual36

intervention and interpretation by hydrographers were required for time-series sequences37

labeled as ”override” and /or ”temporary shift”. The workflowdemonstrated that 67
::::::
SOPs),38

::::::::
including

:::::
shift,

::::::::::
temporary

:::::
shift,

::::
and

:::::::
override

:::
in

:::::::::
discharge

::::::::::
estimation.

::::::
Based

:::
on

::::::
WSC’s39

::::::
records

:::
of

:::::
1800

::::::
active

:::::::::::
hydrometric

::::::::
stations,

:::
we

:::::::::
evaluated

::::::
sample

::::::
rating

::::::
curves

::::
and

:::::
their40

:::::::::
correlation

:::
to

:::::
stage

::::
and

:::::::::
discharge

::::::::::::
measurement.

::::
We

::::::::::
investigate

:::::::::
under-ice

:::::::::::::
measurements,41

::
ice

:::::::::
condition

:::::::
periods

::::
and

:::::::::
frequency,

::::
and

::::::::
extreme

::::::
values

::
in

::::::::
contrast

::
to

::::::
rating

:::::::
curves.

::::::::::
Employing42

::
an

:::::::::::
independent

:::::::::
workflow,

:::
we

::::::::::::
demonstrate

::::
that

:::
69% of existing records could be adequately43

recreated following
::::
align

:::::
with

:
the rating curve and temporary shift concept, while 33 %44

followed the other
:::
the

::::::::::
remaining

::::
31%

::::::
follow

::::::::::
alternative discharge estimation methods45

(override). Novel methods for discharge uncertainty estimation should be sought given46

the practices
:::::::
Selected

::::::::
example

:::::::
stations

:::::::::
illustrate

::::::::
discharge

::::::::::
estimation

::::::::
methods

:::::
over

:::::
time.47

:::
We

::::
also

:::::::::::
demonstrate

::::
the

::::::
impact

:
of override and temporary shift by the WSC. This study48

attempts to reconcile the significant issue of estimating uncertainty in published discharge49

values, particularly in the context of open science and Earth System modeling. By collaborating50

with the WSC, this research aims to improve the understanding of the processes used51

for discharge estimation and promote wider access to metadata and measurements for52

more accurate uncertainty quantification
::::
shifts

:::
on

::::::::::
commonly

::::::::
assumed

::::::::::
uncertainty

::::::::
models.53

:::::
Given

::::
the

::::::::
practices

::
of

::::::::
override

::::
and

:::::::::
temporary

::::::
shifts

::::::
within

::::::
WSC,

:::::
there

::
is

::
a

::::
need

:::
to

:::::::
explore54

:::::::::
innovative

::::::::
methods

:::
for

:::::::::
discharge

::::::::::
uncertainty

:::::::::::
estimation.

:::
We

:::::
hope

::::
our

::::::::
research

:::::
helps

::
in55

:::
the

::::::
critical

:::::::::
challenge

::
of

::::::::::
estimating

::::
and

::::::::::::::
communicating

:::::::::::
uncertainty

::
in

:::::::::
published

:::::::::
discharge56

:::::
values.57
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Plain Language Summary58

This study provides insight into the practices that are incorporated into discharge59

estimation across the national Canadian hydrometric network operated by the Water Sur-60

vey of Canada, WSC. The procedures used to estimate and correct discharge values are61

not always understood by end-users. Factors such as ice cover, and sedimentation limit62

the ability of accurate discharge estimation. Highlighting these challenges sheds light on63

difficulties in discharge estimation and associated uncertainty.64
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1 Introduction65

River discharge or streamflow has significant importance for planning, impact and66

sustainability assessment, and Earth System modeling
::
is

:::
the

::::::::::::
fundamental

::::
data

:::::
upon

::::::
which67

:::::::::
hydrology

::::
and

:::::
water

::::::::::::
management

:::::::
depend (McMillan et al., 2017; Shafiei et al., 2022).68

River discharge is the integration of other fluxes such as precipitation, evaporation, and69

soil moisture level at catchment- and basin-scale and hence carries important informa-70

tion about the natural and anthropogenic processes. Given this importance, the national71

gathering of river discharge data is typically a data product that governments provide72

as basic national infrastructure to support decision-making, planning, and water man-73

agement objectives of governments, industry, and private sectors.74

River discharge values are typically obtained by using a relationship called
:
a
:
rat-75

ing curve (Rantz, 1982) to convert measurements of stage values (water level) to
::::
into es-76

timates of discharge (water volume over time). The direct
::::::
Direct

:
discharge measurements77

are made using velocity measurement techniques such as velocity/flow meters, Acous-78

tic Doppler systems, or other techniques
::::::::
methods. Each measurement technique, device,79

frequency, and rule result
:::::::
protocol

::::::
results

:
in various error magnitudes (Pelletier, 1989),80

:::::::::::
contributing

::
to

:::::::::
discharge

::::::::::::
measurement

::::::::::::
uncertainties

::::::::::::::::::::::::::::::::::::
(Whalley et al., 2001; Cohn et al., 2013)81

. Rating curves are developed through occasional discharge measurement activities in82

the field
:::
field

:::::::::
discharge

:::::::::::::
measurements, where hydrographers relate those

:::::
these direct mea-83

surements to river stages. The structure of the residuals model for rating curves can then84

be characterized by comparing measurements to
::::
these

:::::::::::::
measurements

:::
to

:::
the

:
rating curves.85

The
::::
This

:
residuals model can then

:::::::::::
subsequently

:
be used, often in a straightforward way

::::::::
following86

::::::::::
established

::::::::
methods, to estimate discharge uncertainty from continuous stage measurement87

(Whalley et al., 2001; Cohn et al., 2013; Coxon et al., 2015; Huang, 2018; Kiang et al., 2018)88

::::::::::::
measurements

:::::::::::::::::::::::::::::::::::
(Coxon et al., 2015; Kiang et al., 2018).89

In addition, errors in discharge values also stem from the (limited) capability of rat-90

ing curves to represent time-dependent changes in stage-discharge relationships. Such91

time-dependent changes in river conditions come from local hydrodynamics and envi-92

ronmental conditions. This includes time-dependent changes in river conditions that in-93

troduce backwater effects due to sedimentation, and vegetation growth or ice formation,94

amongst others. The stage-discharge relationships defined by rating curves are gener-95

ally functional forms (single curve) while in reality, they may be hysteretic due to the96

dynamic nature of water movement in the channel (Tawfik et al., 1997; Wolfs & Willems,97

2014; Lloyd et al., 2016; Gharari & Razavi, 2018). For example, the rising limb and falling98

limb of a flood hydrograph may exhibit different discharge values for the same stage. This99

difference between the assumed stage-discharge relationship and the dynamic nature of100

the stage-discharge relationship is a source of uncertainty (among many other sources101

of discharge uncertainty).102

Lastly, standard operating procedures or SOPs that are developed and used by hy-103

drometric agencies for translating water level to discharge are often established for con-104

stant re-assessment. In many instances, the stage-discharge relationship can be subject105

to the hydrographers’ intervention. As an example, the process of creating a rating curve106

from observational discharge measurement may need to follow agreed-upon institutional107

or organizational procedures. In addition, updating rating curves over time, to try to main-108

tain the accuracy of relationships, may result in more challenges in uncertainty quan-109

tification associated with the rating curve.110

Given the differences in operating procedures, separating the above sources of un-111

certainty quantitatively is challenging and needs an extensive understanding of the op-112

erating procedures to determine the magnitude of each of the sources of uncertainty. De-113

spite this difficulty, the communication of the discharge uncertainty is becoming increas-114

ingly important as hydrological, water quality, and water management models, which115

are often used for decision-making, are based on these published and approved estimates116

of river discharge.117

The study ’s ultimate goal is to assist with the quantification of uncertainty in the118

discharge measurements taken at Canadian hydrometric stations. The study
::::
This

:::::
study119
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seeks to identify critical decisions at the WSC’s quality assurance and management system120

(QMS)to aid in this process
::
on

:::::::::
discharge

::::::::::
estimation

:::::::::
processes

::
at

::::
the

::::::
Water

::::::
Survey

::
of
::::::::
Canada121

::::::
(WSC). The study is a necessary step in diagnosing the issue of discharge uncertainty122

estimation in Canadian hydrometric stations. The study seeks to answer
::::
tries

:::
to

:::::::
address123

the following questions:124

• What are the standard operating procedures followed by hydrographers at the WSC125

for discharge estimation?126

• What are the critical decisions at the WSC that affect discharge estimation and127

associated uncertainties and how they can
:::
can

::::
they

:
be categorized?128

• How can access to metadata and measurements be improved to aid in the estima-129

tion of discharge uncertainty for Canadian hydrometric stations?130

:::
The

::::::::
response

::::
and

::::::::::::
investigation

::
of

::::
the

::::::::::::::
aforementioned

::::::::
questions

:::::
serve

:::
as

:::
the

::::::::::
foundation131

::
for

::::
the

:::::::::::
overarching

:::::::::
objectives

::
of

:::::::::::::
standardizing

::::::::::
uncertainty

:::::::::::::
quantification

::::
and

::::::::::::::
communication132

::::::
within

:::
the

:::::::
quality

:::::::::
assurance

::::
and

:::::::::::
management

::::::::
system,

:::::
QMS,

:::
of

:::::
WSC.

:
133

This paper is organized as follows. First, the terminologies are introduced to fa-134

miliarize readers with the institutions, SOPs, concepts used in this study, and the work-135

flow from data acquisition to river discharge estimation. This is followed by the results136

section where examples of rating curves and their relationship to observations of stage-137

discharge values are discussed. The estimated discharge values by WSC are reproduced138

using the available stage values and information in the production system. The paper139

concludes by discussing the findings and suggestions for essential data acquisition and140

archiving that will allow for better uncertainty estimation for Canadian hydrometric sta-141

tions.142

2 Data, Terminologies, and Methodologies143

2.1 Canada’s hydrometric monitoring program144

Canada like many other nations has invested heavily in its national hydrometric145

monitoring program through the Water Survey of Canada, WSC, and in the publicly avail-146

able national service and historic discharge records (refer to Table-A1 for terminologies147

that are used in this work). WSC is a unit of the National Hydrological Service for Canada148

which is housed within the Canadian Government and is part of the Federal Department149

of Environment, known as Environment and Climate Change Canada (ECCC). WSC,150

an ISO 9001-certified organization, oversees the collection, harmonization, and standard-151

ization of discharge information in a cost-shared partnership with provincial and terri-152

torial governments across Canada. WSC divides its data into 5 regional entities: (1) Pa-153

cific and Yukon Region (British Columbia and Yukon), (2) Prairie and Northern Region154

(Alberta, Manitoba, Saskatchewan, Northwest Territories, and Nunavut) (3) Ontario Re-155

gion, (4) Québec Region, (5) Atlantic Region (New Brunswick, Newfoundland , and Labrador
:::
and156

:::::::::
Labrador, Nova Scotia, and Prince Edward Island). The Ministère de l’Environnement157

et de la Lutte contre les changements climatiques operates the majority of the Quebec158

hydrometric stations and contributes these data to the national database under the cost-159

share agreements and partnerships. Other provinces, also operate their stations and con-160

tribute to the network. WSC monitoring stations include measurements in real-time of161

water levels in lakes and rivers and real-time river discharge estimation for the major-162

ity of its active stations. WSC, currently, operates approximately 1800 active stations163

across Canada with its partner for discharge estimation. The number of active stations164

has changed over time while some historical stations are discontinued (not active cur-165

rently). Detailed descriptions of the history of the WSC, its partnership, and technical166

evolution are documented (Halliday, 2008; Kimmett, 2022).167
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2.2 Overview of Current Production System168

WSC uses the Aquarius™ operation system maintained and operated by Aquatics169

:::::::
Aquatic

:
Informatics. Aquarius™ is used for interaction with the operational database and170

manipulation of values for discharge estimation. This system was tailored to the WSC171

SOPs and QMS, and has been in use since 2010. The Aquarius™ system allows for real-172

time water level reporting and flow data estimations for most WSC stations equipped173

with telemetry systems. These stage values go through automated checks to account for174

faulty readings. Meanwhile, WSC hydrographers may perform discharge activity and enter175

the measured discharge values into the system. The estimated discharge may then be176

used to correct based on discharge measurements, depending on conditions. The hydrographer177

might decide to apply or change previously estimated discharge values based on discharge178

measurements and other environmental factors or move on with testing a new rating curve.179

Aquarius™
::::::::::
Aquarius™, including its graphical user interface or GUI, provides many op-180

tions to hydrographers to revise the discharge values, smooth discontinuities, and fill gaps181

among others. These provisional data are later quality assured and approved using a rigorous182

approval process. The aggregated discharge values at daily temporal resolution are disseminated183

publicly through the National Water Data Archive of Canada called HYDAT.184

The most important and easily measured variable in hydrometry is stage or wa-185

ter level. The accurate measurement of stage values is crucial as it is the main variable186

used in combination with the rating curve to estimate discharge. The recorded stage val-187

ues are at temporal resolutions programmed into the field-based logger system and are188

typically in the order of minutes. It is noteworthy to mention that the stage logger time189

steps are currently set at 5 minutes,
::::::::
although

:
in the past , the observation of the stage190

values
:::
the

:::::
stage

::::::::::
observation

:::::::::
temporal

:::::::::
resolution

:
would vary between sites and be recorded191

as daily, half-daily, hourly,
::::
span

::::
from

::::::
daily,

::::::
hourly,

:::::::::::
half-hourly or quarter-hourlydepending192

on the station. Therefore the stage time series might have various temporal resolutions193

over the long-term historical record.194

Discharge values are also reported at temporal logger resolution in the production195

database. The
:
,
:::
the

:::::
stage

::::::
logger

:::::
time

:::::
steps

:::
are

:::::::::
currently

:::
set

::
at

::
5
::::::::
minutes.

::::
The

:::::::::
collected196

::::
stage

::::::
values

:::
go

::::::::
through

::::::::::
automated

::::::
checks

::
to

::::::::
account

:::
for

:::::
faulty

::::::::
readings

::::
and

::::
are

:::::
used,197

::::
with

:::
the

:::::
help

::
of

::::::
rating

:::::::
curves,

::
to

::::::::
estimate

:::::::::
discharge

::::::
values.

::::::
These

::::::::::
provisional

:::::::::
discharge198

::::
data

:::
are

:::::
later

::::::::::::::
quality-assured

::::
and

::::::::
approved

::::::
using

:
a
::::::::
rigorous

::::::::
approval

::::::::
process.

::::
The

::::::::
approval199

:::::::
process,

::::::
among

:::::::
others,

::::::::
includes

:::
the

::::::::::::
repeatability

::
of

:::::::::
estimated

:::::::::
discharge

::::::
values

:::
by

:::::
other200

:::::::::::::
hydrographers.

::::
The

:
reported discharge values are accompanied by quality assurance flags201

that identify the condition under which the river discharge is estimated (explained in Table-202

A1).
:::
The

::::::::::
aggregated

:::::::::
discharge

::::::
values

::
at

:::::
daily

:::::::::
temporal

:::::::::
resolution

:::
are

::::::::::::
disseminated

::::::::
publicly203

:::::::
through

:::
the

:::::::::
National

::::::
Water

::::
Data

::::::::
Archive

::
of

:::::::
Canada

::::::
called

:::::::::
HYDAT.204

There is information in the production database regarding �eld visits which include205

checking of the instruments or
:::
and

:
stage-discharge measurementsthat includes the direct206

measurement of river discharge .
::::::
Field

:::::
visits

:::
are

:::::::::
activities

::::
that

:::
are

:::::::::
designed

::
to

::::::
ensure207

:::
the

::::::::::
operational

::::::::
integrity

:::
of

:::::::::::
instruments

::
at

:::::::
station.

:::::::::::::::
Stage-discharge

:::::::::::::
measurements

::::::::::
encompass208

::::::::
activities

:
using techniques such as mid-section, using standard flow-meters, or Acous-209

tic Doppler equipment
:::
for

::::
river

:::::::::
discharge

::::::::::::
measurement. In practice, multiple discharge210

measurements are made to determine a consistent flow estimate, particularly when the211

measured discharge deviates substantially from the expected discharge estimate derived212

from the rating curve (stage-discharge relationship). The discharge measurement activ-213

ities are essential to confirm or adjust rating curves.
:::::
Based

:::
on

::::
new

::::::::
discharge

:::::::::::::
measurements214

::
or

:::::::::::::
environmental

::::::
factors

:::::
such

::
as

::::
the

::::::::
presence

::
of

::::
ice,

:::
the

::::::::::::
hydrographer

:::::
may

::::::
decide

::
to

::::::
apply215

::
or

::::::
change

::::::::::
previously

:::::::::
estimated

:::::::::
discharge.

:::::::::::::
Additionally,

:::::
based

:::
on

::::
new

::::::::::::::
stage-discharge216

:::::::::::::
measurements,

:::::::::::::
hydrographers

::::
may

::::::
decide

:::
to

::::::
design

::::
and

::::
test

::::
new

::::::
rating

::::::
curves.

:
217

The earliest records of stage values, in the current WSC operational database, are218

from the mid-1990s. These data were transferred from the previous newleaf production219

system when Aquarius™ was first introduced. The reader should note what is contained220

in the operational database is only a fraction of the existing historical time series that221
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exists in various forms at WSC regional offices or earlier database systems. For exam-222

ple, for the Bow River at Banff station located in the province of Alberta, the stage and223

associated estimated discharge records start from 1995 in the operational database while224

the reported discharge in the HYDAT dataset goes back to 1909. Similarly, the earli-225

est records of observational field discharge measurements and the earliest rating curve226

recorded for each station in the operational database extend mostly to the 1970s and 1980s.227

For the same station, the existing rating curves in the operational database system begin228

:::::
began

:
in 1990, despite over 100 years of record. Earlier rating curves cannot be accessed229

from the operational database as they have not been transferred into this system, how-230

ever, all records are available, many in hard copies in the WSC regional offices. This is231

a similar story for historical field discharge measurements; not all the earlier historical232

observations have been carried over to the current operational database. Again, for
:::
For233

the Bow River at Banff station, the earliest observational discharge in the operational234

database is from 1986. The difference between the period of the digital operational database235

accessible by Aquarius™ and records that exist at WSC regional offices needs to be em-236

phasized since the present analysis is limited to data that is contained in the current op-237

erational database.238

The focus of this study is only on active stations. Each station is defined by a sta-239

tion ID. The station ID is a unique identifier for each hydrometric station and its ap-240

proximate location using a standard WSC naming convention. In this convention, the241

first two digits define the major drainage basin in which the station is located (01-11,242

see Figure-1). The two digits are followed by two letters that define the location of sub-243

basins ordered from headwaters to the mouth in each major drainage basin (AA, BA,244

BB, BC, etc). The ID ends with a three-digit sequential number of the station in sub-245

basins. As an example, the station ID of Bow River at Banff, 05BB001, indicates it was246

the first station in sub-basin BB that is located in Saskatchewan/Nelson River basin iden-247

tified by the leading code of 05.248

General definitions249

2.3 Rating Curves250

Rating Curves are perhaps the most commonly used method for river discharge es-251

timation derived from stage observations. Rating curves are functional hydraulic rela-252

tionships that relate river stage values to discharge values. In the WSC operational database,253

each rating curve is tied to an effective period, from a start to an end date, where the254

rating curve is considered the valid expression to estimate discharge values from stage255

records. Rating points are pairs of stage and discharge values that define the form of the256

rating curve functions (red points on Figure-2a,b). For the interpolation between the two257

consecutive rating curve points, the Water Survey of Canada uses two major approaches:258

(1) linear table (2) logarithmic table. In a linear table, a linear relationship is assumed259

between the rating points (Figure-2a), while in a logarithmic table, a logarithmic rela-260

tionship is used instead (Figure-2b). The logarithmic relationship is defined by the form261

of Qt = a(Ht �O)b with parameters a and b and an offset value of O. The offset val-262

ues are archived alongside the rating points in the production system database while a263

and b can be inferred using the position, read stage, and discharge, of the consecutive264

rating curve points. Ht is the measured stage and Qt is estimated discharge at time t.265

The logarithmic expression of rating curved
:::::
curve resembles the hydraulic equations re-266

lating water elevation to discharge. The offset, O, can also be referred to as reference267

elevation or H0 and alongside parameter a and b can reflect ”hydraulic” characteristics268

(Reitan & Petersen-Øverleir, 2011).269

Rating curve and discharge estimation definitions p0.20p0.80p0.1Definition Description270

Rating curve Rating curve is a function that relates an observed stage expressed in the271

unit of meters or lengthto discharge in volume per time such as cubic meter per second272

or volume per time. A rating curve and its rating curve points are decided by hydrographers273

based on various factors and past discharge activities (refer to Figure-2). Rating curve274
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