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ABSTRACT

At-a-station hydraulic geometry (AASHG) relationships describe the dependence of a river's width, mean depth and mean ve-
locity on discharge at a given location, and are typically modelled as power-law functions. They are often used when modelling
stream temperature under unsteady flow conditions. Deriving AASHG relationships is challenging for steep proglacial streams
due to the combination of complex morphology and velocity distributions, and rapidly varying flow. The objective of this study
was to combine tracer injections with drone-based photogrammetry to derive AASHG relationships for a steep proglacial channel
and to quantify whitewater coverage and its relationship with discharge to support process-based stream temperature modelling.
Velocity-discharge and width-discharge relationships were reasonably well characterised using power-law functions, but varied
amongst sub-reaches. Whitewater coverage as a fraction of total stream surface area generally exceeded 50% for the range of
flows sampled, and exhibited a statistically significant positive relationship with discharge, which varied amongst sub-reaches.
For the range of flows captured during drone flights, the relationship could be represented by a linear function. However, an
asymptotic model would be required to extend the relationship to higher flows. The magnitude of whitewater coverage indicates
that the albedo of the stream should be substantially higher than values typically used in stream temperature models, and the
relationship with discharge means that ongoing glacier retreat, and the associated reduction in summer discharge, should result
in lower albedo and higher downstream warming rates, reinforcing the effects of decreasing velocity and mean depth as flows

decline.

1 | Introduction

Stream temperature is broadly considered the ‘master vari-
able’ in aquatic ecosystems, and is particularly important in
relation to thermal habitat suitability for a range of aquatic
species (Barbarossa et al. 2021; Eaton and Scheller 1996;
Parkinson et al. 2016). During periods of warm, dry weather
in summer, rivers without glacier-melt contributions tend to

experience low flows and elevated temperatures, which can be
deleterious for cold- and cool-water species such as salmonids
(Tacarella et al. 2024; Johnson et al. 2024; Nelitz, Maclsaac,
and Peterman 2007). For glacier-fed rivers, increased glacier
melt under these weather conditions helps to maintain stream-
flow and reduce stream temperature increases, and thus main-
tains their habitat suitability (Fleming 2005; Moore et al. 2009;
Pitman and Moore 2021).
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Mountain glaciers in most regions of the world are currently
retreating and are projected to continue retreating, or even
disappear, over the coming decades (Clarke et al. 2015; Zemp
et al. 2019). Whilst some rivers may experience temporary in-
creases in streamflow due to increased glacier mass loss, contin-
ued retreat will ultimately result in reduced summer flows (e.g.
Frans et al. 2018; Huss and Hock 2018). Reductions in summer
flow should also be accompanied by higher summer tempera-
tures, with potentially negative impacts on cool- and cold-water
fish (Moore et al. 2009). There is a growing need for predictive
tools to make projections of future streamflow and tempera-
ture conditions for future climate and glacier scenarios (Weller,
Moore, and Iacarella 2023).

Whilst empirical models have been used to make projections
of the effects of both climate and glacier change on stream
temperature (Weller, Moore, and Iacarella 2023), they are
based on historical relationships that may not remain valid
under changing climatic or land-cover conditions (Arismendi
et al. 2014; Leach and Moore 2019). An alternative is to use
process-based models, which can be used to assess stream
thermal sensitivity to climate and land-cover change both
separately and in combination (e.g. Chen et al. 1998; Fullerton
et al. 2022; MacDonald, Boon, and Byrne 2014; St-Hilaire
et al. 2000; Sun et al. 2015; van Vliet et al. 2012). Process-
based stream temperature models solve the water and energy
budgets through time at multiple locations along the stream
or river network. Solving Eulerian expressions of the stream
energy budget requires that the dependence of stream cross-
sectional area and surface width on discharge be known (e.g.
Glose, Lautz, and Baker 2017). The heat budget equation has
also been solved using a Lagrangian or semi-Lagrangian
frame of reference, which requires specifying the discharge-
dependence of velocity and at least one of cross-sectional area,
surface width or depth (e.g. Garner et al. 2014; Yearsley 2009).
Accounting for these dependencies on discharge is partic-
ularly important for glacier-fed streams and rivers, which
typically exhibit substantial diel fluctuations in discharge,
especially in late summer, when stream temperatures reach
seasonal peaks (Baker et al. 2018).

Most stream temperature models use a one-dimensional rep-
resentation of the channel network (Dugdale, Hannah, and
Malcolm 2017), and two main approaches have been used
to quantify the dependence of hydraulic parameters (width,
depth, velocity) on discharge for stream temperature mod-
elling under unsteady flow. One is to assume an idealised
channel geometry (e.g. rectangular, triangular, parabolic,
trapezoidal) and a roughness parameter (e.g. Manning's n),
and then to generate hydraulic parameters as a function of dis-
charge as part of the model solution. This approach has been
used, for example, by Cardenas et al. (2014), Glose, Lautz, and
Baker (2017) and Buahin, Horsburgh, and Neilson (2019).
This approach may not work well for steep streams, in part be-
cause their complex morphologies may deviate substantially
from the idealised cross-sectional forms typically assumed.
In addition, flow resistance decreases quickly with increasing
flow depths (e.g. Dingman and Afshari 2018; Ferguson 1986;
Ferguson 2007), such that velocity increases faster with in-
creasing depth than predicted by the Manning's or Chezy
equations.

An alternative approach is to use at-a-station hydraulic geometry
(AASHG) relationships, which are typically modelled as empiri-
cally derived power-law functions (Leopold and Maddock 1953).
They have been applied in a broad range of applications, such
as characterising the dependence of fish habitat on stream dis-
charge (McParland, Eaton, and Rosenfeld 2014; Saraeva and
Hardy 2009) and simulating the routing of water down channel
networks for modelling contaminant transport (Gu 1998). They
have been used in stream temperature models for unsteady flow
conditions using both Eulerian and Lagrangian frames of refer-
ence (Chikita et al. 2010; Foreman et al. 1997; Garner et al. 2014;
Yearsley 2009).

At locations with relatively smooth beds, hydraulic geometry
relationships can be generated from measurements of depth
and velocity across a channel - for example, using a current
meter or acoustic Doppler current profiler. However, these
approaches are challenging to employ for steeper channels
dominated by step-pool or boulder-cascade units, which
have complex bed morphologies and velocity profiles. An al-
ternative approach is to estimate reach-averaged velocities
from analysis of tracer breakthrough curves (BTC) (David
et al. 2010; Lee and Ferguson 2002; Magnusson, Jonas, and
Kirchner 2012; Schneider et al. 2015).

Under conditions with relatively steady flow, surface width can
be sampled in the field at multiple locations to compute a reach-
scale mean (Lee and Ferguson 2002). However, under unsteady
flow conditions, it may be challenging to acquire a robust sam-
ple of surface widths if discharge changes substantially over the
time interval required to conduct the field surveys. Magnusson,
Jonas, and Kirchner (2012) back-calculated reach-average sur-
face width from stream temperature using a Lagrangian energy-
balance approach, but that approach is subject to uncertainty
associated with the assumed value of stream albedo and the
exchange coefficients for sensible and latent heat transfer, as
well as heat exchange terms not included in the energy-balance
model (Leach et al. 2023; McMahon and Moore 2017; Szeitz and
Moore 2020).

Over the last decade, drone-based remote sensing has become
increasingly popular for characterising stream characteristics
such as surface temperature and riparian vegetation (Dugdale
et al. 2019; Dugdale, Malcolm, and Hannah 2019; Fuller
et al. 2021), but applications to quantify width-discharge rela-
tionships appear to be limited to date. Cardenas et al. (2014) used
ground-based thermal imaging not only to characterise stream
temperature, but also to determine wetted width for stream
temperature modelling. However, their model set-up assumed
a rectangular cross-section and thus did not accommodate
temporal variability in wetted width. King and Neilson (2019)
successfully used drone-based imagery acquired for a range of
discharges to derive width-discharge relationships for model-
ling temperature dynamics for a relatively low-gradient cobble-
bed Arctic river. To the authors’ knowledge, no studies have
used drone-based imagery to derive width-discharge relation-
ships for proglacial streams subject to strong diel fluctuations in
width and streamflow.

Stream surface albedo is a key parameter for stream tem-
perature modelling given that solar radiation is typically the
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dominant surface energy input on summer days in environ-
ments that lack substantial shading by riparian vegetation
(Dugdale et al. 2018; Khamis et al. 2015; King and Neilson 2019;
Moore et al. 2005). Many modelling studies assumed a constant
value for stream surface albedo, typically 0.03 or 0.05 (Caissie,
Satish, and El-Jabi 2007; Garner et al. 2014; Magnusson, Jonas,
and Kirchner 2012), or have used published equations that relate
albedo to angle of incidence, cloud cover and/or other variables
(Boyd and Kasper 2003; Meier et al. 2003). Others have used
field measurements of incident and reflected solar radiation
to specify albedo (Chikita et al. 2010; King and Neilson 2019;
Leach and Moore 2010). Field-determined albedo values for
non-turbid flatwater conditions have ranged from 0.03 to 0.12,
with higher values corresponding to higher solar incidence an-
gles (King and Neilson 2019; Leach and Moore 2010; McMahon
and Moore 2017). However, the albedo of mountain streams
with high turbidity and/or whitewater can be substantially
higher (McMahon and Moore 2017). Chikita et al. (2010) re-
ported a value of 0.1 for a turbid proglacial river, and Richards
and Moore (2011) reported that the albedo of a steep, boulder-
dominated proglacial stream varied with discharge, from about
0.1 at lower flows to about 0.4 at higher flows, reflecting the
effect of increasing extent and magnitude of aeration at higher
discharges. Chikita et al. (2010), Richards and Moore (2011)
and McMahon and Moore (2017) all sampled albedo over lim-
ited areas of the stream surface; to the authors' knowledge, no
studies have attempted to generate reach-scale estimates of al-
bedo or whitewater coverage for steep channels with substantial
aeration.

This study was conducted as part of a broader project focused
on process-based modelling of proglacial stream temperature
dynamics. The objective of this study is to use a combination of
tracer injections and drone-based photogrammetry to quantify
hydraulic geometry relationships and to quantify whitewater
coverage and its dependence on discharge along a steep, progla-
cial stream channel.

2 | Methods
2.1 | Study Site

This study was conducted on a glacier-fed tributary of the upper
Bridge River, unofficially known as South Creek (Ryder 1991),
located in the southern Coast Mountains of British Columbia
(Figure 1). South Creek is currently incising into a lateral mo-
raine that once impounded a glacial lake within the creek's
headwater valley (Figure 2). The erosion of the moraine oc-
curred during multiple outburst floods between 1935 and 1970
(Ryder 1991). Based on comparison of historic aerial photo-
graphs, an avulsion took place in the 1980s that diverted the
lower 500 m of the stream into its current channel path.

The study focused on a 945-m-long section of South Creek, with
the upper boundary located at the breached moraine. At the
upstream boundary, the catchment area is 20% glacierised. The
hydrologic regime is dominated by spring-summer meltwater,
initially dominated by seasonal snowmelt and transitioning to
glacier melt later in the summer. Summer discharges generally
range from about 0.5 to 4m3s~1 (Bird et al. 2022).

The reach was chosen because it has no tributary confluences
and only a minor increase in contributing area along its length,
and thus was expected to have only a minor influence from lat-
eral inflows: the contributing area is 17.5km? at the upstream
boundary and 17.8km? at the downstream extent. This criterion
was important in the broader context of energy-balance model-
ling, where the focus was on surface energy exchanges, and the
desire was to minimise the influence of advective heat inputs. In
addition, we had previous experience in stream gauging along
the reach, including an understanding of mixing characteristics
(Bird et al. 2022; Richardson, Moore, and Zimmermann 2017).

The elevation of the study reach ranges from 1500m to 1400 m
above sea level (m.a.s.l.). The bed and banks of the study reach
are composed almost entirely of granitic morainal till and are
almost completely unvegetated. Cobbles and boulders dominate
the clast size portion of the bed. The channel is dominated by
step-pool and cascade morphologies.

The 945-m-long study reach was divided into four sub-reaches
with differing morphologies (Table 1, Figure 3). The boundaries
were based primarily on changes in channel gradient and mor-
phology, but were adjusted based on the criterion of achieving
complete tracer mixing at the lower boundary for the discharge
measurements by salt dilution. The upper-most sub-reaches,
R3 and R4, have the highest slopes as they continue to incise
into the lateral moraine. These sub-reaches are characterised
by mainly step-pool and cascade morphologies. Sub-reaches
R2 and R1 have lower gradients. Based on a visible change in
morphology, sub-reach R1 was separated into lower and upper
R1 sections for determining the width-discharge relationship.
Access to the stream from the field camp was from the east, and
it was not safe to cross the stream except for a location upstream
of the breached moraine. Therefore, manual field measurements
were made from the right (east) bank of the stream, and field
operations on the west side of the stream were restricted to de-
ploying and removing markers for ground control points.

The study site is remote and was accessed by float plane from
Tyaughton Lake, located about 50km east of the study site. Four
field campaigns were conducted during summer 2017, spanning
the following dates: July 3-7, July 22-30, August 15-23 and
September 6-10.

2.2 | Meteorological Data

A weather station was set up on a terrace about 50 m east of South
Creek at an elevation of 1410m, at a site with minor topographic
shading. Among other variables, the station monitored solar
radiation using a Kipp and Zonen CM3 pyranometer (stated
accuracy+10%), air temperature using a shielded Rotronic
HC-S3 sensor (stated accuracy=+0.2°C) and rainfall with a TX
Electronics TR525M tipping bucket gauge. All instruments were
scanned and data recorded using a Campbell Scientific CR10x
data logger. Solar radiation and air temperature were scanned
every 10s, and means were computed and stored every 10 min.
Total rainfall was recorded every 10min. For this study, the
10-min-resolution data were aggregated to generate daily min-
imum, mean and maximum air temperature (°C), total daily
solar radiation (MIm~2day~!) and total daily rainfall (mm).
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FIGURE1 | Map of South Creek and its catchment at the upper end of the study reach. The circle indicates the upper boundary of the study reach.

2.3 | Discharge Measurements

Streamflow was measured at the lower end of each sub-reach by
dilution gauging using the mass balance method (Richardson,
Moore, and Zimmermann 2017). A known amount of NaCl
(usually a 2kg box) was injected upstream of the lower end of
each sub-reach. In order to promote rapid dissolution and lateral
mixing of the tracer, salt was injected upstream of flow constric-
tions or in highly turbulent areas. The boxes were weighed to
the nearest 0.1 kg before (with salt) and after (empty) injection to
reduce the uncertainty in the injected mass to under 0.1%.

Electrical conductivity was measured at the lower end of each
sub-reach during injection trials using a WITW LF-340 meter,
with temperature compensation applied using a non-linear func-
tion programmed into the meter. The conductivity meters out-
put a voltage that is equivalent to the temperature-compensated
EC, which was scanned every 1s and the average recorded every
5s by a Campbell Scientific CR510 data logger. Injections were
repeated 10-13 times throughout the summer in each of the four
sub-reaches in order to capture a range of flows over the field
season. Timing of the salt wave relative to the time of injection
was also recorded to allow calculation of travel times.
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FIGURE2 | Oblique photograph of study reach.

TABLE1 | Characteristics of the study sub-reaches.

Sub-reach  Slope (mm™) Length (m) Morphology
1 0.066 250 Step-pool
2 0.076 240 Step-pool
3 0.160 330 Cascade and
step-pool
4 0.110 125 Cascade and
step-pool
Discharge was computed as
M
Q=—o—
Aty C(t) @

where Q is discharge (m3s™), M is the mass of salt injected (kg),
C(t;) is the concentration of the injected salt observed at time ¢;
since injection (s), At is the recording interval (s) and the sum-
mation covers the period for which C(t;) > 0. The concentration
of injected salt was computed as

C(t;) = CF;[EC(t;) — ECyy] ®)

where EC(ti) is the electrical conductivity of the stream water
recorded at time ¢; (uScm™), EC,, is the background electrical
conductivity (uScm™") and CF; is a calibration factor related to
the molar conductivity of NaCl, determined empirically in the
field using the procedure described by Richardson, Moore, and
Zimmermann (2017). Glass pipettes and a volumetric flask were
used to minimise uncertainty (Richardson et al. 2017).

2.4 | Stream Velocity

The mixing-reach-averaged velocity for each salt injection was
computed as

V= — 3

where v is mean velocity (ms™), L, is the length of the mixing
reach between the injection point and the EC probe (m) and 7,
is the harmonic mean velocity (Zimmermann 2010). The har-
monic mean travel time was computed as

c(t
Thm = Z—() (4)

Ylc(n)/t]

where the summations cover the period for which C(t;) > 0.

2.5 | Stage Measurement

Continuous water level measurements were recorded in three
locations using Onset U20 pressure transducers, at distances of
0, 565 and 810 m from the upstream end of the study reach. The
0-m logger was located in a pool formed just upstream of the
breached moraine, and the two lower loggers were located in
pools that were judged to have a reasonably effective hydraulic
connection to the main flow at the time of installation.

Stage measurements were processed by subtracting baromet-
ric pressure, measured with an aerially exposed transducer
located at the upstream end of the study section, from the raw
pressure data. Shifts in the recorded stage occurred when the
transducers were removed from the stream for downloading
and then replaced in the stream. These shifts were computed
based on the recorded stage before and after downloading
and shift corrections were applied to ensure a consistent time
series.

2.6 | Rating Curves

Discharge measurements were paired with stage values from
the closest upstream pressure transducer; the upstream stage
record was used for sub-reaches 4 and 3 whilst the mid-reach
record was used for sub-reaches 2 and 1. Stage values were lin-
early interpolated from the sampled time series for the time as-
sociated with the peak of the salt BTC. The initial intention was
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FIGURE 4 | A portion of an orthophoto showing the lower three sub-reaches taken on 20 August 2017. The black lines indicate the lower

boundaries of the sub-reaches. Flow is from right to left.

to derive separate rating curves for each sub-reach. However,
after omitting salt dilution measurements that were not deemed
reliable - for example due to the conductivity not returning to
background after the salt wave passage - we combined measure-
ments for sub-reaches 1 and 2, and for sub-reaches 3 and 4, to
increase the sample size and range of measurements for fitting
the rating curves.

Separate rating curves were constructed for sub-reaches 1/2 and
3/4 using a power-law model of the following form:

Q=a(h—hy)" +e ®)

where Q is measured discharge (m3s™), h is the stage (m) ex-
tracted from the closest pressure transducer corresponding to
the time of the discharge measurement, a, h, and f are esti-
mated parameters and e is the residual. Rating curves were fit
via non-linear least-squares regression using the nls function in
R. The observations were weighted according to 572 where
is the predicted value for a given observation. This weighting
scheme is consistent with proportional errors (Moore 2024),
which is a more realistic assumption than constant errors for
discharge measurements. The solution was fit iteratively, with
weights being recalculated after each iteration and then used
in the next iteration. Prediction limits were computed using
the predFit function from the investr R package (Greenwell and
Kabban 2014) for a confidence level of 0.9.

2.7 | Determination of Surface Width

For the lower three sub-reaches, width was measured remotely
using drone-based orthomosaic images taken from a DJI Phantom
4 quadcopter drone (see Figure 4 for an example). The drone
flights, 11 in total, did not extend over sub-reach 4 due to con-
cerns about flying the drone in the narrow canyon formed by the
breached moraine. South Creek is otherwise well suited to map-
ping by structure from motion (SfM) photogrammetry due to the
lack of vegetation near the stream. The drone was flown at a con-
stant height of 50 m above the take-off location, which was located
in the middle of sub-reach 2. Drone speed was also kept constant.

Prior to the aerial surveys, a total of 25 ground control points
was established on both sides of the stream and surveyed using a
total station for use in georeferencing the drone imagery. Three
total station set-ups were used to complete the survey, with each
station location surveyed from subsequent set-ups in order to
ensure accuracy in the results and account for the compounded
error acquired when moving the instrument. Overlapping im-
ages and alternating camera angles reduced artificial surface
curvature and optimised the 3D accuracy of a given feature.
Unfortunately, the highest flows were not captured due to drone
charging difficulties in the first field campaign (July 3-7), when
the highest discharges occurred.

Following completion of the field campaigns, orthomosaic im-
ages and DEMs were created in AgiSoft Photoscan Version 1.2
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for each flight. The first step was to create a dense point cloud
using the ‘ULTRA HIGH’ setting. The ground control points
were then linked to the point cloud, after which the point cloud
was re-optimised using the ground control points. Dense clouds
and mesh were then created. The dense clouds were processed
using the ‘HIGH’ option for the ‘dense cloud quality parameter’,
followed by creation of a texture. Finally a DEM was created
from the dense cloud and an orthomosaic was created from the
DEM and texture. Vertical accuracy of the DEMs ranged be-
tween 5 and 10cm after comparing the coordinates of the con-
trol points from the total station to DEM-derived elevations. The
horizontal resolution of the DEM was 3 cm.

Channel dimensions were determined by extracting surface
area information obtained from aerial imagery analysis using
methods and suggestions from a study of braided streams by
Javernick, Brasington, and Caruso (2014). Wetted surface width
was manually measured every 10m along the stream from the
orthomosaics using the measuring tool in ArcGIS. These values
were then averaged for each sub-reach, and the corresponding
discharge was extracted from the discharge time series for the
sub-reach generated using the stage record and the rating curve.
Wetted width was also measured at 25-m intervals along all four
sub-reaches using a laser rangefinder, using the waterline on the
opposite bank for a target. At locations where some of the flow
was carried by small side channels, these widths were measured
using a 30-m tape and added to the width of the main channel.

2.8 | Whitewater Coverage

For the three lower sub-reaches, R1-R3, whitewater coverage
was determined manually from the orthomosaic images using
the same transects used for determining wetted width by also
measuring the width on each transect of non-aerated water. The
fraction of the stream surface that exhibited whitewater (f,,)
was then computed as

n
i=1 Wni

Z:;l Wi

Jow=1- )

where w,; is the width of non-aerated water surface in transect
i, w; is the total width at transect i and n is the total number of
transects measured in the orthomosaic for each reach.

2.9 | Hydraulic Geometry Relationships

Hydraulic geometry relationships of the following forms were
fit to the data:

w, = aQ? @)
and

v=kQ" ®
where wy is surface width (m), v is mean velocity (ms™), Q is

discharge (m3s™) and a, b, k and m are parameters to be esti-
mated. For consistency with the approach used in most previous

studies of AASHG, the coefficients in Equations (7) and (8) were
estimated by transforming v, w,and Q by taking their logarithms
and applying linear regression. For example, the fitted v — Q re-
lationship can be expressed as

log(v) = by + bylog(Q) +e )

where b, and b, are the estimated intercept and slope for the
log-log linear relationship, and e is the residual. The coefficient
and exponent in the original power-law relationship can be es-
timated as

m=b, (10
and

k' = exp(by) )

where k' is the back-transformed estimate of k. The value of k’
estimated by back-transformation will be biased (Moore 2024).
Here, the non-parametric bias-correction introduced by
Duan (1983) was applied, which involves adjusting k’ as follows:

k=kn! Z exp(u; — 1;) 12)

where u; is log(v;), #; is the predicted value of log(v;) from
Equation (9) and nis the number of points used tofit the regression.

2.10 | Calculation of Celerity

For kinematic flow, wave celerity ¢ (ms™) can be expressed as
follows:

o 40

A 13)

where A is cross-sectional area (m?). The relationship between
cross-sectional area and discharge is often modelled as a power-
law function:

A=fQ® 14

By definition, Q = Av, so that the following relationships hold
due to continuity:

f=k 1s)
and
g=1-m (16)

Combining Equations (13), (14), (15) and (16) and re-arranging
yields the following expression for celerity:

__k m
c= mQ a7)

Comparison of Equations (8) and (17) indicates that celerity is
proportional to velocity, with a constant of proportionality equal
to(1— m)_l.
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3 | Results
3.1 | Weather During the Study Period

The study period was dominated by high pressure systems, as
is typical of summer weather in southern British Columbia,
which tend to bring clear skies (Moore et al. 2010). Relatively
cool conditions occurred in mid-July, with daily maxima gen-
erally below 15°C and with rain falling on 5days, mostly be-
tween July 20 and July 22 (Figure 5). The period from July
23 to August 13 was dry with a warming trend, with daily
maximum air temperatures rising to about 23°C. Cooler
weather resumed August 13, with rain falling on August 13
and August 22-24.

3.2 | Stage and Discharge

The stage records for the upper two loggers were highly cor-
related (Pearson's r=0.97, n=9508), but stage at the 810-m site
had a correlation of r=-0.11 (n=9390) with stage at the 0-m
site and —0.03 (n=9390) with stage at the 565-m site. Visual ex-
amination of the time series indicated that stage at the 810-m
site became erratic in mid to late August. Therefore, only stage
data from the upper two loggers were used in the analysis, as
described in Section 2.

The rating curves were reasonably well defined (Figure 6),
and there are no obvious systematic differences in the stage—
discharge relationships for sub-reaches 1 and 2 or for 3 and
4. Streamflow time series were reasonably consistent be-
tween sub-reaches 1/2 and 3/4 (Figure 7a), although visible
differences in the sequences of peaks and troughs suggest
the occurrence of flow losses and gains between the lower
boundaries of sub-reaches 2 and 3 (Figure 7a). This pattern is
more clearly seen in the time series of daily mean discharge
(Figure 7b). Discharge for sub-reaches 1/2 was initially higher
than for sub-reaches 3/4, indicating gaining conditions. The
net inflow appeared to decline through time, with a shift to
losing conditions by August 1. A relatively abrupt shift back
to gaining conditions occurred around August 20, coincident
with a rain event (Figure 5).

3.3 | Velocity and Celerity

Velocity has a linear relationship with discharge when plotted
with logarithmic axes, supporting the use of a power-law model
(Figure 8). For a given discharge, velocity generally increased
from upstream to downstream. The exponents, m, in the fitted
power-law relationships ranged from 0.32 to 0.54 (Table 2). The
exponent decreased from sub-reach 3 to sub-reach 1, but was
lowest in sub-reach 4.
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FIGURE 5 | Time series of daily meteorological elements during the study period. K| is daily total solar radiation.
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FIGURE 7 | Streamflow time series for sub-reaches 1/2 and 3/4. Panel (a) shows time series of streamflow (Q) with a resolution of 10min; panel
(b) shows the difference in daily mean streamflow between sub-reach 1/2 and sub-reach 3/4. Vertical dotted lines indicate times of drone flights.
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FIGURE 8 | Relationships between mean velocity and discharge,
showing the observed values and best-fitlines. Both axes are logarithmic.

Celerities for all sub-reaches were generally greater than
0.5ms! (Figure 9). Sub-reach 4 had the lowest celerities. The
other three sub-reaches had celerities in excess of 1ms™! for
discharges greater than 1m3s~!. Using a nominal celerity of
1ms~, the time taken for a given discharge to propagate 500 m
downstream (i.e. roughly the distance from the upstream stage
record to the lower boundary of sub-reach 3 or from the mid-
dle stage record to the lower boundary of sub-reach 1) would
be about 8 min, or less than the sampling interval of the stage
measurements.

3.4 | Width and Fractional Whitewater Coverage

When plotted on logarithmic axes, width exhibited a roughly
linear relationship with discharge, consistent with a power-law
model (Figure 10). The exponents in the fitted power-law rela-
tionships ranged from 0.16 to 0.38 (Table 3).
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TABLE 2 | Estimated parameters in the power-law relationship
between velocity and discharge.

Sub-reach k m n
1 0.647 0.348 12
2 0.573 0.416 9
3 0.463 0.542 8
4 0.452 0.320 7

Note: n is the number of data points used to fit the relationship.
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FIGURE 9 | Relationships between celerity and discharge based on
Equation (17). Both axes are logarithmic.
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FIGURE 10 | Relationships between width and discharge (Q),
showing the observed values and best-fitlines. Both axes are logarithmic.

TABLE 3 | Estimated parameters in the power-law relationship
between width and discharge.
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FIGURE 11 | Relationships between whitewater fractional coverage

and discharge (Q), showing the observed values and best-fit lines. Both
axes are linear.

TABLE 4 | Estimated parameters in the linear relationship between
whitewater coverage and discharge.

Sub-reach a,, by r s, n p

1 (lower) 0.380 0.151 0.78 0.066 8 <0.001
1 (upper) 0.610 0.085 0.63 0.053 8 0.004
2 0.567 0.132 0.65 0.067 8 0.009
3 0.650 0.085 0.52 0.056 8 0.028

Note: ay,, is the intercept and by, is the slope; r? is the coefficient of
determination, s, is the residual standard error, n is the number of data point
used to fit the regression and p is the p-value for the regression.

Fractional whitewater coverage ranged from just under 0.5 up to
0.94 (Figure 11). It had a statistically significant linear relation-
ship with discharge for all reaches covered by the drone flights
(Table 4). For a given discharge, whitewater coverage was lowest
for the most downstream reach, and similar for the other three
reaches.

4 | Discussion
4.1 | Streamflow Variability

The 90% prediction limits shown in Figure 6 indicate an
uncertainty of less than +10% for discharges from about 1.3
to 3.5m3s71, which is a typical level of accuracy for stream-
flow measurement by salt dilution in steep mountain streams
(Richardson, Moore, and Zimmermann 2017). One potential
source of error associated with grouping sub-reaches 1/2 and
3/4 for producing rating curves is related to the time taken for
a discharge value to propagate from the pressure transducer
to the bottoms of the measurement sub-reaches, which would
generate a temporal mismatch between the observed dis-
charge and the stage value with which it was paired. However,
celerities computed based on the assumption of kinematic
flow suggest that this temporal mismatch should be on the
order of 8 min or less. A further consideration is the finding
by Kellerhals (1969) that observed wave celerities in step-pool

Sub-reach a b n

1 (lower) 9.433 0.385 10

1 (upper) 8.886 0.321 10

2 9.378 0.161 8

3 8.816 0.373 8
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channels were considerably greater than those based on kine-
matic flow. He attributed this finding to the fact that waves
propagate at the dynamic celerity in pools, which is greater
than the kinematic celerity. As a consequence, discharge val-
ues would propagate downstream more rapidly than our cal-
culations based on kinematic flow, and errors in the rating
curves due to not accounting for wave propagation lag times
should be minor.

Differences in streamflow between sub-reaches 1/2 and 3/4
suggest that the study reach was initially gaining, with a grad-
ual decline in the computed net inflow during a period of dry
weather that led to losing conditions. An abrupt shift back to
gaining flow coincided with a rain event. This pattern suggests
that inflow occurred somewhere within sub-reach 2, upstream
of the lower end of the salt dilution mixing reach. The decline
in net inflow during the period of dry weather, estimated as
Q12 — Q34 would be consistent with a drop in the water table el-
evation and a shift from groundwater discharge into the stream
to infiltration losses from the stream into the subsurface. The
rainfall event on August 22-24 could have recharged the near-
stream groundwater, resulting in a rise in the water table and a
shift back to gaining conditions. However, these comments must
be considered hypothetical given the lack of confirmatory ob-
servations regarding groundwater discharge or bed infiltration.

From the perspective of stream temperature modelling, the lon-
gitudinal variations in streamflow can be used to estimate the
presence/absence and approximate magnitude of advective heat
inputs. For example, flow losses along a channel by infiltration
have no direct influence on water temperature apart from the
indirect effects associated with downstream changes in velocity,
width and depth. On the other hand, for periods with gaining
flow, the advective heat input could be estimated from the longi-
tudinal rate of increase in streamflow and an assumed range of
inflow temperatures.

In addition to quantifying discharge and velocity, tracer BTC have
been used to quantify bi-directional stream-subsurface water ex-
changes (e.g. Payn et al. 2009; Szeftel, Moore, and Weiler 2011),
which can be important influences on stream temperature (e.g.
Johnson 2004; King and Neilson 2019; Leach and Moore 2011).
However, it should be noted that the information available for pa-
rameter determination in a BTC resulting from a slug injection is
lower than that contained in its constant rate counterpart (Wagner
and Harvey 1997). Unfortunately, it is logistically difficult to apply
constant rate injection for higher discharges typical of proglacial
streams during summer. In addition, it can be challenging to sepa-
rate the effects of within-channel transient storage from hyporheic
exchange (e.g. Neilson et al. 2010; Scordo and Moore 2009).

4.2 | Hydraulic Geometry

The approaches applied in this study made it possible to quantify
hydraulic geometry relationships in a steep, complex channel
with rapidly varying stream discharge, and should be feasible
to apply for other steep proglacial channels as long as reaches
with adequate lateral mixing exist. One caveat for the calculated
velocities is that, when making streamflow measurements, the
mixing reach for the salt dilution measurements only sampled

the lower portion of each sub-reach, with points for injecting
salt and monitoring tracer BTC chosen so as to provide complete
lateral mixing and well-defined BTC. Hence, the velocity—-dis-
charge relationships may not represent conditions along the sub-
reaches, in contrast to the width measurements, for which cross
sections sampled each entire study reach. This mismatch could
potentially influence the calculated celerities.

Analytical approaches to estimating hydraulic geometry equa-
tions assume that roughness remains constant at all flows, then
derive the power-law relations for an assumed cross-sectional
geometry. For example, Ferguson (1986) showed that triangular
cross sections have a velocity exponent value of m =0.25 and that
parabolic cross sections have values of m=0.31. The values of m
for the study reaches are slightly greater than 0.31 for reaches
1 and 4 (0.32 and 0.35) and substantially greater for reaches 2
and 3 (0.42 and 0.54). Other studies have found that the velocity
exponent in steep streams commonly averages about 0.5 (Comiti
etal. 2007; David et al. 2010; Kellerhals 1969), and can be as high
as 0.84 (Lee and Ferguson 2002). The width exponents predicted
by Ferguson for idealised cross-sectional geometry range from
0.38 for triangular cross sections to 0.23 for parabolic cross sec-
tions. The width exponents in this study range from b=0.16 to
0.38 are thus consistent with or smaller than Ferguson's results
(Table 3).

4.3 | Whitewater Coverage and Implications
for Stream Albedo and Stream Warming

As was hypothesised, there were statistically significant pos-
itive relationships between whitewater coverage and stream
discharge. For the ranges of discharges sampled, these relation-
ships could be modelled as linear functions. However, an as-
ymptotic model would be required to extend the relationships
to higher flows.

As seen in Figure 11, whitewater coverage generally exceeded
0.5 for the range of recorded flows, and exceeded 0.8 once
flows reached 3m3s~!. Based on results from McMahon and
Moore (2017) and Richards and Moore (2011), the albedo of
steep, aerated streams ranges from about 0.15 to 0.4, depend-
ing on incidence angle for direct solar radiation, atmospheric
transmissivity, sediment concentration and discharge. In con-
trast, the albedo of flatwater streams in this mountainous re-
gion ranges from about 0.05 to 0.1 for low turbidity and up to
0.2 for higher turbidity (McMahon and Moore 2017). These
results suggest that reach-averaged albedo could range from a
low of 0.1 (0.5%0.15+0.5%0.05) for lower flows to around 0.36
(0.8x0.4+0.2x0.2) or even higher for full aeration. These val-
ues range higher than the values of 0.05-0.1 that have been used
in previous efforts to model stream temperature in proglacial
streams and rivers (Chikita et al. 2010; Magnusson, Jonas, and
Kirchner 2012).

Solar radiation is typically the dominant energy input on sum-
mer days. For example, Magnusson, Jonas, and Kirchner (2012)
reported that net solar radiation averaged 327Wm™ on sum-
mer days compared to an estimated total surface energy input
of 411 Wm~2 (see their Table 2) based on an assumed albedo of
0.05. Using an albedo of 0.3 in the heat flux calculations would
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reduce net solar radiation to 241 Wm~=2 and net surface energy
input to 325Wm~2. Therefore, the effect of aeration on albedo
could substantially reduce energy inputs by net solar radiation
and thus reduce downstream warming for higher streamflow.

The results of this study and Richards and Moore (2011) suggest
that albedo should be parameterised as an asymptotic function
of stream discharge for steep channels and rapids. However, the
current results suggest that model parameters vary amongst
reaches, and further research on a broader range of streams
should explore whether generalised relationships between
whitewater coverage (or albedo) and stream discharge can be
developed.

A further implication of the relationship between whitewa-
ter coverage and discharge is associated with the expected de-
cline in summer stream discharge as glaciers in western North
America continue to retreat (Frans et al. 2018; Jost et al. 2012).
As outlined by Leach et al. (2023), downstream warming should
increase with decreasing discharge due to reduced mean stream
depth and reduced velocity, the latter of which would increase
the time taken for water to flow through a reach and thus the op-
portunity for warming. In addition to these mechanisms, lower
discharge would also be associated with lower albedo and thus
greater absorption of solar radiation, which would further act to
increase downstream warming rates.

5 | Conclusions

The combination of drone-based photogrammetry and stream-
flow measurements via salt dilution made it possible to quantify
hydraulic geometry relationships for a steep, complex channel
with rapidly varying flow. This approach holds promise for ap-
plication at other steep proglacial streams, as long as sections
with adequate lateral mixing occur within each reach. One
qualification is that the computed velocities apply only to the
reach between the salt injection point and the location at which
the BTC is recorded.

Coverage of the water surface by whitewater for the sub-
reaches had a significant positive relationship with discharge,
which could be represented by a linear function for the range
of flows captured by the drone photography. However, an as-
ymptotic model would be required to extend the relationship to
higher flows.

Whitewater generally covered over 50% of the water surface
in all sub-reaches, and over 80% at the higher flows sampled.
Consequently, the increase of albedo with increasing discharge
would act to reduce energy inputs and thus downstream warm-
ing at higher flows, reinforcing the effects of increasing mean
depth and velocity as discharge increases. As summer stream
discharge declines as a result of glacier retreat, the resulting
decrease in albedo would result in greater downstream warm-
ing rates, reinforcing the effects of decreasing mean depth and
velocity.

Further research should apply these approaches to a broader
range of streams to determine whether the coefficients in
the hydraulic geometry and whitewater coverage—discharge

relationships can be modelled as a function of slope, morphol-
ogy or other channel characteristics. Such relationships would
support the application of stream temperature models to assess
the effects of climate change and glacier retreat on stream ther-
mal regimes.
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