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Quantification of the controls on turbidity current recurrence is required to better constrain land to sea
fluxes of sediment, carbon and pollutants, and design resilient infrastructure that is vulnerable to such
flows. This is particularly important offshore from river deltas, where sediment supply is high. Numerous
mechanisms can trigger turbidity currents, even at a single river mouth. However quantitative analysis
of recurrence and triggers has been limited to an individual trigger for each turbidity current due to
the low number of precisely timed (via direct monitoring) flows. We are therefore yet to quantify if
and how coincident processes combine to generate turbidity currents, and their relative importance.
Here, we analyse the timing and causes of 113 turbidity currents directly-monitored from the source
of turbidity current initiation to depositional sink in a single submarine channel. This submarine channel
is located offshore from glacial-fed river-deltas at Bute Inlet, a fjord in British Columbia, Canada. Using a
multivariate statistical approach, we demonstrate the statistical significance of combined river discharge
and tidal controls on turbidity current occurrence during 2018, from which we derive a statistical model
that calculates turbidity current probability for any given input of river discharge and water level. This
new model predicts turbidity current activity with >84% success offshore other river deltas where flow
timing is precisely constrained by directly monitoring, including the Squamish and Fraser River-deltas in
British Columbia. We suggest that this model will be applicable for turbidity current prediction at glacial

meltwater-fed fjords in many other regions worldwide.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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2022; Pohl et al., 2020), to deep ocean basins. Due to their often-
high velocities and long runout distances, turbidity currents pose
a significant hazard to important seafloor infrastructure such as
telecommunications cables (Carter et al.,, 2012; Heezen and Ew-
ing, 1952; Piper et al., 1999; Talling et al., 2022). However, there
are very few turbidity current systems where flow timings are pre-
cisely known (e.g. Bailey et al., 2021; Clare et al,, 2016), and even
fewer locations where there is also information on the final runout
distance of these flows (Hizzett et al., 2018; Pope et al.,, 2022;
Talling et al., 2022). Most previous work has focused on how a
single external factor may trigger turbidity currents, such as earth-
quakes (Howarth et al., 2021) or river floods (Mulder et al., 2003).

1. Introduction

Submarine sediment flows, known as turbidity currents, sculpt
the deepest canyons (Harris and Whiteway, 2011; Shepard, 1972)
and form some of the largest sediment accumulations on our
planet (Talling, 2014). Turbidity currents dominate the transport
and burial of terrestrial derived sediments (Talling, 2014), organic
matter (Dai et al., 2012; Galy et al., 2007; Hage et al., 2022, 2020;
Lee et al,, 2019), and pollutants, such as litter (Pierdomenico et
al,, 2019; Zhong and Peng, 2021) and plastics (Pierdomenico et al.,
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However, numerous mechanisms are capable of triggering turbidity
currents, even within a single system (Bailey et al., 2021; Canals et
al,, 2006; Carter et al., 2012; Clare et al., 2016; Gavey et al., 2017;
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Khripounoff et al., 2009). Despite this, the number of turbidity cur-
rents recorded at a single site via direct monitoring has limited
statistical analysis to univariate approaches (i.e. the role of a single
triggering mechanism in isolation on turbidity current generation).
As such, we are yet to quantify robustly: (1) how multiple possible
coincident triggers can combine to generate turbidity currents; (2)
the relative importance of different triggers where multiple mech-
anisms may be responsible for generating turbidity currents in a
single system, and; (3) whether turbidity current runout is con-
trolled by the type of trigger, its magnitude, or a combination of
multiple triggers. Statistical analysis of a large number of turbidity
currents measured at high-temporal resolution, and from point of
turbidity current generation to depositional sink, is critical to ad-
dress these outstanding issues. In turn, such analysis will advance
our ability to predict turbidity current frequency, magnitude and
timing to assess the threats posed to seafloor infrastructure, and
to quantify the fluxes of sediment and associated particulate mat-
ter to the deep sea.

The mechanisms for turbidity current initiation have been best
constrained offshore from river deltas. These mechanisms include:
(1) Delta slope failures that generate submarine landslides which
evolve downslope into turbidity currents (Clare et al., 2016; Hizzett
et al, 2018; Prior et al, 1981); (2) Plunging of sediment-laden
river flood water (hyperpycnal flows) that directly forms a turbid-
ity current if the suspended sediment concentration exceeds the
density of seawater (>40 kgm™3; Carter et al., 2012; Khripounoff
et al., 2009; Liu et al., 2012; Mulder and Syvitski, 1995); (3) In-
directly, from sediment settling-driven convection from a dilute
plume (sediment concentrations as low as 1 kgm™3; Parsons et
al., 2001); (4) Turbidity currents initiate from exceptionally dilute
river plumes (<1 kgm~3) from sediment suspensions accumulat-
ing in the turbidity maximum zone are pushed offshore at low
tide (Hage et al., 2019). A turbidity maximum occurs in tidal deltas
where there can be increased levels of sediment concentration at
the interface between the fresh river and more saline water off-
shore (Dyer, 1997).

Recent field-scale flow monitoring offshore from river mouths
has recognised the combined effect of elevated river discharge and
tidal drawdown on flow generation (Ayranci et al., 2012; Clare et
al,, 2016; Hage et al,, 2019; Hill and Lintern, 2021; Hughes Clarke
et al., 2012; Lintern et al., 2016; Talling et al., 2022). For exam-
ple, elevated river discharge may rapidly deposit sediment on the
delta-lip, thus preconditioning the delta slope to failure. The likeli-
hood of failure is subsequently heightened at low tide when hydro-
static pore pressures decrease, due to the expansion of gas bubbles
(e.g. Christian et al., 1997). High river discharge can also increase
suspended sediment in the turbidity maximum; while forcing this
turbidity maximum zone further away from the delta-lip by the
promotion of faster flow at lower tides. Similarly, amplification of
river flow velocity at low tide, especially during spring tide cycles,
will also increase river bed shear stress resulting in enhanced ero-
sion and flushing sediment from the delta top (Clare et al., 2016;
Eidam et al., 2019). The mechanisms involved may vary, but the
common theme is that the triggering of turbidity currents offshore
from river deltas appears to be strongly controlled by a com-
bination of both river discharge and tidal fluctuations. However,
univariate statistical analysis has not allowed the investigation of
multiple coincident environmental factors that combine (often in a
non-linear manner or with threshold behaviours) to trigger flows.
Moreover, 87% of the fluvial-marine sediment flux offshore from
river deltas worldwide occurs at river and tide-dominated systems
(Nienhuis et al., 2020). Therefore, understanding the controls of
both river discharge and tidal fluctuations on turbidity current gen-
eration can provide an insight for the transfer of sediment, and its
timing, between the land and ocean.
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Through analysis of 113 turbidity currents where timing and
runout distance is well constrained via direct monitoring, we use
a multivariate statistical approach to investigate the relative im-
portance of river discharge and tides, and how these combine, to
trigger turbidity currents. Instrument moorings were deployed in
the submarine channel at Bute Inlet, a glacial meltwater-fed fjord,
located in British Columbia, Canada (Fig. 1). Precise (up to four
second-resolution) turbidity current timing was recorded using six
Acoustic Doppler Current Profilers (ADCPs) from the Homathko
River Delta to the channel-lobe over two separate deployment
campaigns during 2016 and 2018 (Table S1). The speeds and in-
ternal structure of these flows were recently analysed by Pope
et al. (2022), but that study did not include assessment of flow
timing, frequency or triggers. The precisely-recorded flow timings,
along with monitoring of the river discharge and tidal elevation at
the time of flow initiation, are used to investigate turbidity cur-
rent triggering and runout. From this analysis, we develop and
validate a novel multivariate statistical framework for predicting
turbidity current timing at Bute Inlet using the dataset from 2018.
We then demonstrate its predictive power, by hindcasting turbidity
current activity (i.e. timing of turbidity currents and periods with-
out turbidity currents) in Bute Inlet during 2016 and on similar,
but unrelated, systems (Fraser River and Squamish Deltas; Fig. 1
inset). We finally discuss how our statistical approach may provide
a basis to predict the timing of turbidity current activity beyond
Bute Inlet, and where else the predictive model may be applicable.

2. Geographic setting

Bute Inlet lies within the Pacific Ranges of the Coast Moun-
tains of British Columbia, Canada. The coastal environment of the
region is macrotidal, predominantly semidiurnal, with a range of
5 m. Mountains exceeding elevations of 3000 m are common,
with many maintaining small ice caps and valley glaciers (Holland,
1976) within the drainage basins of the Homathko and South-
gate Rivers. The Homathko River has an average discharge of 250
m>s~!, but often exceeds daily discharge maxima of 1,000 m3s~7,
during the May to August freshet season due to glacial melt, de-
creasing to ~50 m3s~! in January to February. Peaks in discharge
typically also occur in late October to November following peri-
ods of intense rainfall. Estimates of maximum suspended sediment
concentrations for the Homathko River are 0.5-0.7 kgm™—3; such
concentrations are not sufficient for wholescale plunging of (hy-
perpycnal) river floodwater (Bornhold et al, 1994; Mulder and
Syvitski, 1995). The Southgate River has only been gauged since
June 2021, with measurements of discharge approximately 50% of
the Homathko River (Hage et al., 2022).

The delta fronts of the Homathko and Southgate Rivers are
characterised by a series of subaqueous channels, which converge
into two well-developed channels entering the fjord from opposite
sides (Fig. 1). These two channels join, forming a single submarine
channel that continues down-fjord for 40 km to a water depth of
660 m where the channel transitions to a depositional lobe (Con-
way et al., 2012; Heijnen et al., 2020). This submarine channel is
highly active with tens of turbidity currents frequently occurring
in the upper channel during the freshet (Bornhold et al., 1994;
Heijnen et al., 2022; Pope et al., 2022), and therefore acts as an
efficient mechanism for the transport and burial of organic car-
bon supplied by the Homathko and Southgate Rivers (Hage et al.,
2022).

3. Data and methods
3.1. Instrument deployment

Turbidity current monitoring data were acquired from two sep-
arate field campaigns in Bute Inlet during 2016 (11" June to 10t
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Fig. 1. Bathymetric map of the submarine channel in Bute Inlet, British Columbia, Canada. The locations moored ADCPs are shown (labelled M6 to M1) for both 2016 and
2018 deployments. The position of the Homathko River discharge gauge and site of tide predictions are also displayed.
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October) and 2018 (15™ May to 25™ September). Six moorings
(labelled M6 to M1 in Fig. 1) with downward looking ADCPs (with
frequencies of 300 or 600 kHz, see Table S1) were deployed along
the length of the submarine channel in each monitoring campaign,
the positions of which were consistent apart from the uppermost
mooring (M6) which was located ~2.5 km closer to the Homathko
River Delta in 2018 (Fig. 1; Pope et al., 2022). The four shallowest
ADCPs (M6 to M3) were suspended between two anchors placed
on either side of the channel (see two-point moorings in Clare et
al., 2020, for full details). The footprint of each ADCP sufficiently
covered the width of the submarine channel. Measurements of wa-
ter column velocity and backscatter were made at 4 or 6-second
resolution in 0.5-1 m vertical intervals (Table S1). In 2016, velocity
data was only recorded at M4, while M6 only made measurements
for the first 50 days (~40%) of deployment. Water damage during
deployment of M5 also meant no measurements could be made
with this instrument made during the 2018 deployment.

3.2. Measuring turbidity currents and potential triggers

A turbidity current event is identified from the ADCP data
by an abrupt increase in acoustic backscatter (i.e. increased sus-
pended sediment) and an increase in down-channel velocity (Pope
et al.,, 2022). Identification of a flow at sequential moorings down-
channel provides a minimum runout distance. The detection time
at M6 (the shallowest mooring) is taken as the timing of turbid-
ity current initiation to compare to potential triggering mecha-
nisms. We compare the timing of turbidity currents to: (1) Hourly
discharge data of the Homathko River obtained from Environ-
mental and Natural Resource Canada Station 08GD004 (https://
wateroffice.ec.gc.ca), located 10 km upstream from the Homathko
Delta. The Southgate River was not gauged during the period of
the study so therefore could not be analysed; and (2) Water level
estimates using tidal predictions for peak high and low tides at Or-
ford Bay (http://tides.gc.ca; Fig. 1). A time series was produced by
fitting a cubic interpretation to splice data into hourly measure-
ments.

3.3. Univariate statistical analysis

Non-parametric Mann-Whitney-Wilcoxon and Kolmogorov-
Smirnov tests are used to determine whether the distribution of
Homathko River discharge and tidal elevation are significantly dif-
ferent at the time of turbidity currents to intervals that do not
feature turbidity currents. Both tests have the advantage of not re-
quiring the distribution of data a priori. The Kolmogorov-Smirnov
test is sensitive to any differences (i.e. shape, spread or median) in
the two distributions, whereas the Mann-Whitney-Wilcoxon test is
sensitive to changes in the median. Statistically significant differ-
ences are defined when p < 0.05 (i.e. 95% significance level).

3.4. Logistic regression probability model

Logistic regression is suited to testing the relationship of a di-
chotomous outcome (i.e. the triggering of a turbidity current, or
not) with one or more predictor variables by applying the logit
transformation to the dependent variable (in this study the like-
lihood of a turbidity current; see Supplementary Material; Peng
et al., 2002). We use logistic regression to estimate the relative
contribution of Homathko River discharge and tidal elevations on
the generation of turbidity currents (Fig. 2). Understanding this
relationship in turn allows an estimation of turbidity current like-
lihood under given conditions of Homathko River discharge and
water level.

Turbidity current activity in Bute Inlet does not always align
with individual peaks in Homathko River discharge (Bornhold et
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al.,, 1994). Instead, turbidity current activity ‘switches on’ above
a minimum discharge threshold (Clare et al., 2016). Therefore,
the Homathko River discharge component of the logistic regres-
sion uses river discharge recorded during 2018 normalised to a
percentile of 20 yrs of Homathko River discharge measurements
(1999-2018). This normalised river discharge shows a greater data
spread than the raw observations when Homathko River discharge
is close to the ‘switch on’ threshold for turbidity current activ-
ity, while also decreasing the magnitude of large river discharge
peaks. Reducing these peaks ensures our model does not overesti-
mate turbidity current likelihood. This normalisation further allows
the model to be applied to other turbidity current systems. Turbid-
ity current activity is most favourable at low (spring) tide (Clare et
al,, 2016; Hage et al., 2019); however, water level in isolation is
a poor predictor of turbidity current activity (see Section 4.1). For
example, the same measurement of water level for different days
may represent different positions in the tidal cycle. We therefore
classify water level in a series of tidal modes for low (L), high (H),
high-low (hL) and low-high (IH) positions in the semidiurnal tidal
cycle. Each of these modes is defined as a 4 h period centred on
slack water (Fig. 2). To ensure these windows do not overlap, L and
H modes take priority, with hL and |[H modes shortened. Where
hL and IH modes overlap preference is taken to the closest tidal
peak, and removed from the other window. Dummy coding each
water level measurement then produces a categorical model input
(i.e. if hourly measurement is within the low tide window L =1,
and all other modes H, hL, IH = 0). This is then multiplied by
the corresponding tidal range (i.e. the distance between the closest
neighbouring low and high-water levels) such that a higher value
is observed during spring tides. We use these variables to apply a
five-predictor logistic model, such that:

e%+B1Q+pa2L+p3H+Bshl+psIH
1 + e@+B1Q+B2L+B3H+PahL+pslH’ (1)

p(T0) =

where, p(TC) is the estimate of turbidity current occurrence prob-
ability, o (or y-intercept) and the 8s are regression coefficients, Q
is the percentile normalised Homathko River discharge, and L, H,
hL and [H each refer to the tidal modes. Equation (1) is effectively
a two-predictor logistic model, as only one of the tidal modes will
have a non-zero value for a given measurement of water level.

Estimations of the & and B constants are calculated using the
timing of turbidity currents recorded at M6 (Fig. 1, 2) during 2018
using the maximum likelihood method (see Supplementary Mate-
rial). Here, each corresponding hourly measurement of percentile-
normalised Homathko River discharge and categorical tidal modes
throughout 2018 were assigned a value of p(TC) = 1, where a tur-
bidity current occurred within that hour, or p(TC) = 0, when a
turbidity current did not occur. As turbidity current activity is re-
duced, or switched off entirely, outside of the freshet (Bornhold
et al, 1994), and the instrument deployment period aligned with
the elevation of Homathko River discharge (Fig. 3B), the model as-
sumes that no turbidity currents occurred outside the monitoring
window. Once calculated, the probability of a turbidity current oc-
curring can be estimated for any measurement of percentile of the
normalised Homathko River discharge and categorical tidal mode
(Fig. 2).

We evaluate the logistic model by using a series of statistical
tests on the individual predictors and the overall model (Fig. 2).
The statistical significance of individual regression coefficients (i.e.
a and B constants) are tested using the Wald chi-squared ()?)
statistic. The statistical significance of the coefficients is deter-
mined when p < 0.05 and x? > 11.1 (the critical x? value for
a logistic model with five - the number of predictor variables
- degrees of freedom at the 95% significance level). To assess
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Fig. 2. Diagram to show the workflow to prepare river discharge and water level data, build and test the statistical significance of the logistic model, and then test on
other independent datasets. Labels 1-6 describe the workflow procedure. Q refers to percentile normalised Homathko River Discharge; L the low tide mode; H, high tide; hL
high-low tide; IH, low-high tide; and p(TC) the predicted probability of a turbidity current.

whether the overall model is an improvement over the null (i.e. rence with the actual timing of flows during the 2018 monitoring

where each parameter is equal to zero) we use the likelihood campaign in Bute Inlet. We measure the fit of the logistic model

ratio and Wa.ld‘tests. fl"he? null l}ypOthESlS 15 FEJECZted . pa.ra.m— using the Hosmer-Lemeshow test supplemented by the McFadden
eters are statistically significant if p < 0.05 and x“ > 3.84 (critical

_R2 .
%2 value for a single degree of freedom at the 95% significance pseudo-R” (Lemeshow and Hosmer, 1982; McFadden, 1974). For

level). The efficacy of the model calibration is assessed through more details on the tests used to evaluate the logistic model see
comparison of estimated probabilities of turbidity current occur- Supplementary Material.
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Model discrimination (i.e. ability to discriminate between
events and non-events) assesses the predictive power of the logis-
tic model (Fig. 2). For example, observations of turbidity currents
(Y =1) should be associated with high predicted probabilities and
periods of no turbidity currents (Y = 0) with low predicted prob-
abilities. The use of the logit function in logistic regression does
not explicitly classify observations as positive (i.e. the occurrence
of a turbidity current) or negative (i.e. non-events). We therefore
select a cut point (c), and classify calculated probabilities above ¢
as ‘positive’ (the occurrence of a turbidity current) and below as
‘negative’ (the absence of a turbidity current). The value of c is
determined by model sensitivity and specificity, where sensitivity
is the probability of predicting an observation as ‘positive’ given
that Y =1, and specificity is the probability of the model predict-
ing a ‘negative’ given the actual outcome was Y = 0. We therefore
choose a value of ¢ where model sensitivity and specificity are
equal. We use this ¢ value to assess the overall predictive power of

the logistic model i.e. the ability to correctly predict the monitored
timing of actual turbidity currents, or absence of flows as ‘positive’
or negative’ events. Model discrimination is further quantified us-
ing the concordance (or c-) statistic (see Supplementary Material).

3.5. Comparison of univariate and multivariate turbidity current
prediction

Turbidity current timing was predicted using the logistic model
(Eqg. (2)), as well as using the Homathko River discharge and wa-
ter level in isolation. We then compare predicted results with the
actual timing of turbidity currents. To do this, a series 95 values
(i.e. the number of turbidity currents measured during 2018) were
each randomly selected from the top 10t percentile of results
from the logistic model, Homathko River discharge, and lowest
10t percentile of water level observations. The Mann-Whitney-
Wilcoxon and Kolmogorov-Smirnov tests are used to compare the
distribution of Homathko River discharge and water level (both
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annual range and during events) with each series of predicted
outcomes. Here, a good prediction will show a statistically sig-
nificant difference (p < 0.05) between predictions to the annual
range of measurements (as shown in Section 4.1), and no statisti-
cally significant difference (p > 0.05) when comparing predictions
to the measurements of Homathko River discharge and water level
recorded during actual monitored turbidity currents. Offsets in dis-
tribution are further quantified as the difference between medians
(DBM) as a percentage of overall visual spread (OVS), where OVS
is the range from the lowest to highest interquartile (25" and 75t
percentile) range (Bailey et al., 2021).

3.6. Testing the logistic model on other datasets

To validate our model, we first apply the logistic equation with
coefficient values determined using the 2018 dataset in Bute Inlet
to Homathko River discharge, tidal elevation and turbidity current
timing recorded during a different period in 2016 (Fig. 2). We then
assess the application of the predictive model (Fig. 2) to other
sites using direct monitoring datasets from Squamish Delta, Howe
Sound, in 2011 and Fraser River-Delta in 2008. Both of these river
deltas are located in British Columbia, Canada (Fig. 1 insert). Previ-
ous work has demonstrated that turbidity current activity at both
these locations is similarly focused during the spring and sum-
mer freshet, with preferential triggering at low tide (Ayranci et al.,
2012; Clare et al., 2016; Hage et al., 2019; Hill and Lintern, 2021;
Hughes Clarke et al., 2012; Lintern et al., 2016).

Both the Squamish and Fraser River-Deltas have physiographic
similarities to Bute Inlet. Howe Sound is located ~180 km south-
east of Bute Inlet with the Squamish and Homathko Rivers having
comparable discharge, and grain sizes present on the delta fronts
(Hickin, 1989). Three channels incise the Squamish Delta front,
which extend seaward for ~2 km where each then terminates
in a broader depositional lobe. A 600 kHz ADCP measuring at a
30 second temporal resolution, moored at the termination of the
northern-most channel recorded precise timings of 22 turbidity
currents during a 147-day deployment from March to August of
2011 (Clare et al., 2016; Hughes Clarke et al.,, 2012). The Fraser
River is the largest river in western Canada, with a river discharge
is an order of magnitude greater than the Homathko and Squamish
Rivers. An instrumented platform, located 250 m seaward of the
Fraser Delta, was deployed adjacent to the main submarine chan-
nel from January to October 2008. Three turbidity currents were
directly monitored using a 150 kHz ADCP along with temperature,
pressure, salinity and turbidity sensors during this period (Ayranci
et al,, 2012). For each site we compare modelled predicted proba-
bilities with the timing of ADCP recorded turbidity currents using
percentile-normalised measurements of river discharge and water
level. Full details of data collection and preparation can be found
in Supplementary Material. Using the c¢ value calculated from the
2018 Bute Inlet dataset we quantify the predictive power of the lo-
gistic model as the probability of correctly predicting the ‘positive’
or ‘negative’ occurrence of turbidity currents.

4. Results
4.1. Turbidity current activity in Bute Inlet

A total of 113 turbidity currents were directly monitored in
Bute Inlet using ADCPs during the freshet of 2016 (N = 18) and
2018 (N = 95) as recently documented by Pope et al. (2022). Most
turbidity currents ran out for distances of 3.1-to-12.2 km along the
channel, with only 22% of turbidity currents recorded beyond this,
and only two (one per campaign) detected at the final mooring lo-
cated 44.1 km down-channel on the terminal lobe (Figs. 1; 3A; 4A).
During instrument deployment, all flows occurred when Homathko
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River discharge was above 230 m3s~!. Large peaks in the flood
hydrograph (>1500 m3s~! in 2016) were observed between Octo-
ber and November, relating to seasonal periods of intense rainfall
(Figs. 3B; 4B). However, ADCPs were not deployed during this in-
terval, and thus turbidity current activity relating to this seasonal
rainfall remains unknown. While there is a link between river
discharge and turbidity current activity, individual peaks in the
Homathko River discharge during the freshet did not always re-
sult in turbidity currents (Figs. 3B; 4B). Turbidity current timing
also shows a strong correlation with tides; 68% of flows occur at
peak low tide and 60% when tidal range is increased relating to
neap-to-spring tidal cycles (Figs. 3C; 4C). Univariate analysis fur-
ther quantifies the role of Homathko River discharge and water
level on turbidity current timing. Both variables show a signifi-
cant statistical difference between conditions during turbidity cur-
rents and periods where turbidity currents were absent (p < 0.05
in both Mann-Whitney-Wilcoxon and Kolmogorov-Smirnov tests).
However, there was no apparent correlation between minimum
turbidity current runout and water level, Homathko River dis-
charge, and the cumulative river discharge (i.e. considering this as
a proxy for sediment supply) between detected events (Fig. 5A-F).
However, it is important to note that results are skewed towards
shorter runout turbidity currents, with only three flows detected
after MS4.

4.2. Predicting turbidity currents at Bute Inlet based on 2018 data

To examine the combined effect of Homathko River discharge
and tides on turbidity current timing we fit the logistic regression
model (Eq. (1)) to the turbidity currents recorded in 2018 (here
N =94 as two turbidity currents occurred within an hour; i.e. the
resolution of Homathko River discharge and water level measure-
ments). Fitting the 2018 dataset to the model quantifies the roles
of the Homathko River discharge and water level such that:

eO.OQQ+0.36L—0.52H—0.23hL—0.251H—1141

1+ ¢0.09Q +0.36L—0.52H—0.23hL —-0.25IH-11.1" (2)

p(T0) =

where parameters are the same as listed for Eq. (1). Our logistic
analysis clearly reveals the controls played by both river discharge
and tidal elevation. For example, turbidity current occurrence is at
least 1.8 times more likely at low tide than any other position in
the cycle for a given tidal range; and for every percentile increase
in Homathko River discharge, the likelihood of a turbidity current
increases by 9%.

By quantifying the roles of river discharge and tides on turbidity
current generation (Eq. (2)) it is possible to predict the likelihood
of turbidity current occurrence for any given river discharge and
tidal conditions. Visual comparisons of between the output from
Eq. (2) and the timing of ADCP observed turbidity currents demon-
strates the good fit of the logistic model (Fig. 3D). For example,
ADCP recorded turbidity currents generally coincide with higher
predicted probabilities while periods of low predicted probabilities
feature an absence of observed turbidity currents (Fig. 3D).

Statistical tests demonstrated the significance of our logis-
tic model. For example, values of p < 0.05 and x2 > 11.1 (the
critical x? value; Table 1) for both the likelihood ratio and
Wald tests demonstrated the output of the logistic model had
a stronger predictive power than random chance. Similarly, the
Wald test showed the significance of each individual predictor
variable with all having values of p < 0.05 and x? > 3.84 (the
critical x2 value for a single variable; Table 1). The overall predic-
tive power of the logistic model was assessed by comparing the
frequency and timing between predicted turbidity current proba-
bilities and actual monitored turbidity currents during 2018. The
Hosmer-Lemeshow statistic (p > 0.05 and x2(8) below the criti-
cal value; see Supplementary Material) and McFadden pseudo-R?
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(R,%,IcF) value above 0.2 (Table 1) indicate the overall predicted
turbidity current frequencies were well calibrated to the actual
monitored outcome, with the model showing good predictive
power.

Model discrimination was assessed using a cut-point (c), above
which the logistic model predicts the occurrence of a turbidity cur-
rent, below the absence of a flow. Using the logistic model output
with timing of ADCP monitored turbidity currents for 2018, the
cut-point probability value (where sensitivity and specificity are
equal; see Supplementary Material section A.3.4 and Fig. S1) was
¢ = 0.0165. Using this cut-point the model was able to successfully
predict 81 of the 95 ADCP recorded turbidity currents during 2018
as ‘positive’ events (i.e. the predicted probability for these turbid-
ity currents was greater than c), with an overall model accuracy -
for predicting events and non-events - of 86% (Fig. 3D; Table 2) for
a year of Homathko River discharge and water level measurement
inputs during 2018.

4.3. Model validation against 2016 monitoring data in Bute Inlet

The logistic model, which was based on the observed turbidity
currents recorded in 2018, was then used to predict the proba-
bility of turbidity current occurrence in Bute Inlet from the 2016
monitoring campaign (i.e. data that were not used to train the
model). Using the predetermined regression coefficients from Eq.
(2), measurements of Homathko River discharge and water level
for 2016 were used to calculate turbidity current probabilities,
which could then be compared to the timing of ADCP monitored
turbidity currents recorded during the 2016 instrument deploy-
ment campaign in Bute Inlet. Using the same predetermined cut-
point (c =0.0165), 17 of the 18 turbidity currents recorded during
the 2016 instrument deployment were correctly predicted as pos-
itive. Overall the logistic model successfully predicted whether a
turbidity current would occur, or not, with 90% accuracy through-
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Table 1

Results of logistic regression analysis for turbidity current occurrence in Bute Inlet during 2018 with statistical
analysis of individual predictors and the overall model. The calculated values for the constant («) and each
predictor (8) coefficient along with standard error (SE), Wald's x2, degrees of freedom (df), p-value and
odds ratio (ef). Results of the likelihood ratio, Wald and Hosmer and Lemeshow model evaluations and the
McFadden pseudo-R? (RIZ\/IEF) displayed. For more details of statistical tests see Supplementary Material.

Predictor Coefficient SE Wald’s df p ef

x? [odds ratio]
Constant -11.1050 0.8394 175.0056 1 < 0.0001 N/A
Homathko River Discharge 0.0880 0.0093 89.6649 1 < 0.0001 1.0920
L*tidal range 0.3582 0.0696 26.4898 1 < 0.0001 1.4308
hL*tidal range -0.2279 0.1159 3.8687 1 0.0492 0.7792
IH*tidal range -0.2538 0.1295 3.8430 1 0.0500 0.7759
H*tidal range -0.5224 0.1720 9.2214 1 0.0024 0.5931
Test x? df p
Likelihood ratio 360.1719 5 < 0.0001
Wald 155.0093 5 < 0.0001
Hosmer & Lemeshow 7.0204 8 0.5344

R} =0.2945

Table 2

Predictive power of logistic model showing overall accuracy of turbidity current prediction of
using cut point ¢ = 0.0165 for training dataset (Bute Inlet 2018) and other test datasets. Sensi-
tivity is the probability of predicting an observation as ‘positive’ given that a turbidity current
was detected, and specificity is the probability of the model predicting a ‘negative’ given the
actual outcome was no turbidity current detection. Overall accuracy calculated as the mean of
sensitivity and specificity. TCs refer to turbidity currents.

Dataset TCs Predicted TCs Sensitivity F Overall Accuracy
[n] [c > 0.0165] (%) (%) (%)

Bute Inlet 2018 95 81 86.2 85.8 86.0

Bute Inlet 2016 18 17 94.4 85.4 89.9

Squamish Delta 2011 22 19 86.4 833 84.8

Fraser Delta 2008 3 3 100.0 84.2 921

out 2016 despite being trained on an independent dataset (Fig. 3D;
Table 2).

4.4. Multivariate predictions outperform univariate predictions

The predictions from the logistic model were then compared
to predictions from more simple univariate models made using ei-

ther the Homathko River discharge or water level measurements in
isolation to determine whether the multivariate approach is signif-
icantly more powerful. In isolation, river discharge and tidal water
level are found to be poor predictors of turbidity current activity
(Fig. 6). For example, when using Homathko River discharge alone
to predict turbidity currents, a univariate model cannot predict the
increased likelihood of a flow occurring at low tide, and hence
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For more details see Section 3.5.

misses a key mechanistic driver for flow triggering. In this case, the
distribution of water level for turbidity currents predicted using
Homathko River discharge alone showed no statistical difference
(p > 0.05) to the annual distribution of water level measurements
(Fig. 6; Table S2). Similarly, when water level alone was used to
predict turbidity current timing, the model omitted the enhanced
frequency of flows during short windows of elevated river dis-
charge, and yielded no statistical difference to the annual range of
river discharge (p > 0.05; Fig. 6; Table S2). However, the Homathko
River discharge and water level during the 95 predicted turbidity
currents using the logistic model showed no statistical difference
(p < 0.05) to the actual Homathko River discharge and water level
measurements during the ADCP recorded turbidity currents (Fig. 6;
Table S2). Therefore, the logistic model, which incorporates both
river discharge and tidal elevation, has a far stronger predictive
power than univariate predictions that consider those variables in
isolation.

5. Discussion
5.1. What explains the mismatches between reality and prediction?

Statistically, the logistic model shows strong predictive power
for turbidity current occurrence, although there are discrepancies
between predictions and observations. For example, a number of
turbidity currents detected (one in 2016, and 13 in 2018) dur-
ing the field deployments were not predicted by the multivariate
model (i.e. predicted probability > c). We therefore now discuss
why the model may not always correctly predict a turbidity cur-
rent. We suggest that at least two potential mechanisms could lead
to timing of a monitored turbidity current not being predicted
as positive by the logistic model. First, a lag period may occur
between elevated river discharge and delta-lip failure, such that
an event may occur following a peak, when discharge levels are
relatively low. Sediment can rapidly accumulate to prograde the
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delta-lip, or oversteepen the prodelta slope, during a short-lived
period of elevated discharge, but not necessarily lead to imme-
diate collapse. Instead these geometric effects or the generation
of excess pore pressures in the subsurface may precondition the
delta-lip to failure, with collapse occurring several hours to days
later (Carter et al, 2012; Clare et al, 2016). River discharge can
drop off during this lag phase, resulting in reduced predicted prob-
abilities of turbidity current occurrence. Second, there may be a
disconnect between river discharge and sediment input to the sub-
marine channel head. Homathko River discharge is used as a proxy
for sediment delivery to the delta-lip. When river discharge is el-
evated, the logistic model predicts increased likelihood of turbid-
ity current activity (Eq. (2); Figs. 3; 4). However, bedload and/or
suspended sediment flux do not increase linearly with discharge
(Hickin, 1989). Additionally, the mouth bar located at the top of
the delta can store large volumes of sediment which accumu-
lates outside the freshet (Wright, 1977). Thus, the greater sediment
availability (at the onset of the freshet) will increase the likelihood
of a turbidity current (Bailey et al., 2021). This may also contribute
to the longest runout (>40 km) turbidity currents recorded on
the rising limb of the freshet hydrograph in both 2016 and 2018
(Figs. 3B; 4B). As such, the use of Homathko River discharge in
the predictive model will result in an underestimation of turbid-
ity current probabilities during the onset of the freshet. Similar
predicted probability inaccuracies may also occur in late autumn.
Here, storm related river flooding can discharge 10% of the annual
suspended sediment load in a single day (Hickin, 1989). However,
instruments were not deployed during this period so such a link
cannot be tested with the available data.

The model also predicted turbidity currents during some pe-
riods in which no turbidity current was recorded. The logistic
model predicts a likelihood value for a turbidity current with at
least 2.8 km runout (i.e. runout to the most proximal mooring
in 2018). However, high predictive probability, nor any trigger-
ing variable is always indicative of longer turbidity current runout



L.P. Bailey, M.A. Clare, E.L. Pope et al.

Earth and Planetary Science Letters 604 (2023) 117977

1500 T

1000 -

500

Squamish River
Discharge [m® s™]

o

N

—_

o

Water Level
[m from mean]

'
N

'
w

m

hl ]
h'” l l“"

"HHH cll

o
w

O

021

p(TC)

Delta-Lip Failure
Turbidity Maximum

* %

Fig. 7. Time series of recorded and calculated measurements at the Squamish Delta during 2011 (Hughes Clarke et al., 2012; Clare et al., 2016). (A) Squamish River discharge.
(B) Deviations of water level from annual mean. (C) Estimates for predicted probability of turbidity current occurrence from Eq. (2) using measurements of Squamish River
discharge and water level recorded during 2011. Stars in A-C denote the timing of ADCP measured turbidity currents, size and colour show mechanism of initiation, with

instrument deployment period shown by highlighted zone.

(Fig. 5). Furthermore, observations of turbidity currents increase
exponentially with proximity to the Homathko Delta (Pope et al.,
2022). Similarly, up to seven individual turbidity currents were
recorded during a single low tide period at the Squamish Delta-
lip (Hughes Clarke, 2016). It is therefore plausible that turbidity
currents did occur in the most proximal part of the channel (or
on the prodelta itself) when predicted by the model, but did not
run out sufficiently far for detection by our ADCP moorings. Ad-
ditionally, despite high predicted probabilities, not every low tide
during the deployment phase resulted in turbidity current gen-
eration (Figs. 3C, D; 4C, D). It has been proposed that low wa-
ter sediment release from a turbidity maximum may also require
the presence of sufficient erodible, unconsolidated sediment layer
on the seafloor to generate a turbidity current. This layer may
be removed following a turbidity current, inhibiting flow initia-
tion at the following low tide (Hage et al., 2019). Our predictive
model does not account for prior turbidity current occurrence and
assesses flow likelihood independently based on triggering vari-
ables. As such, predicted probability in our model will remain
elevated, even in the hours following a detected turbidity cur-
rent.

5.2. Testing the predictive model at other deltas: Squamish and Fraser
deltas

In the absence of major external triggers (e.g. earthquakes or
large storms, Fig. S2), we are able to build a logistic model us-
ing variables linked to system preconditioning and flow initiation
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(river discharge and tidal state) to successfully predict >86% (Ta-
ble 2) of the turbidity current activity at Bute Inlet. We therefore
test our model using previous direct monitoring at the Squamish
River and Fraser River Deltas. Previous univariate statistical anal-
ysis demonstrated that Squamish River discharge and water level
had a significant control on turbidity current timing and rate; how-
ever, not all peaks in river discharge or low tide resulted in a
turbidity current (Clare et al., 2016). We test the application of
our logistic model (Eq. (2)) at Howe Sound by using Squamish
River discharge and water level measurements recorded during
2011 to predict turbidity current likelihood and compare to the
actual timing of the 22 ADCP recorded turbidity currents. Using
the same cut-point determined for the 2018 Bute Inlet dataset
(c =0.0165), the model correctly predicted 19 of the 22 turbidity
currents at Squamish as positive, with an overall model accuracy of
85% (assuming no turbidity currents occurred outside instrument
deployment; Fig. 7; Table 2). Similarly, Fraser River discharge and
water level measurements for 2008 were compared to the timing
of three monitored turbidity currents during the same year. On this
occasion, all three turbidity currents were successfully hindcast
as ‘positive’ (Table 2). The logistic model shows good predictive
power in, and can be applied to, systems where sediment supply
is seasonal and turbidity currents are principally triggered at low
tide. Furthermore, the ability to correctly hindcast turbidity current
activity at the Fraser Delta demonstrates the model is not nec-
essarily limited to smaller and bedload-dominant glacial-fed river
systems.
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5.3. Wider application to predict turbidity current activity in other
river-fed systems

In this section, we discuss the application of our logistic model
for turbidity current triggering by river discharge and tides to bet-
ter quantify particulate fluxes at other systems worldwide. We
suggest the model should have good predictive power for turbidity
current activity in other glacial meltwater-fed fjords, such as those
in Alaska, Greenland (Pope et al., 2019), Baffin Island (Normandeau
et al, 2019), British Columbia (Gales et al, 2019), New Zealand
(Strachan et al., 2016) and Patagonia (Dowdeswell and Vasquez,
2013; Vandekerkhove et al., 2020). Like Bute Inlet, these systems
are all seasonally supplied by the same type of glacial sediment,
have a similar geomorphology whereby deltas are sheltered from
oceanographic processes (therefore sediment is not remobilised)
and have a tidal influence. However, the validity may be compro-
mised depending on the presence of proglacial lakes in the water-
shed. The number of watersheds where proglacial lakes are present
is increasing (Shugar et al., 2020), and these features can trap sed-
iment upstream, therefore hindering the supply of sediment to the
marine nearshore environment and hindering turbidity current ac-
tivity (Normandeau et al, 2019). Our predictive model assumes
that river discharge is a proxy for sediment supply. This assump-
tion cannot be robustly applied to watersheds where sediment is
trapped upstream, here the use of the model would lead to an
overprediction of turbidity current activity.

Several challenges exist for the wider application of our lo-
gistic model to non-glacial fed river deltas that border the open
ocean. Deltas here may still be river discharge- or tidally controlled
(Nienhuis et al., 2020). For example, recent monitoring of turbid-
ity currents offshore the Congo River suggests that long runout
(200-1,200 km) turbidity currents are associated with major river
floods, with Spring tides being the ultimate trigger (Talling et al.,
2022). Our model does not, however, account for oceanographic
processes that affect continental margins that border open oceans
(e.g. waves, internal currents or cascading dense-water; Puig et al.,
2014). These processes will also likely influence turbidity current
timing and triggering, and may have the further complication of
supplying additional sediment through littoral cells (Bailey et al.,
2021). To predict turbidity currents at deltas bordering the open
ocean we must first understand the role of these additional forc-
ing mechanisms. There is therefore a compelling need to monitor
the timing of turbidity currents with greater precision, the oceano-
graphic conditions adjacent to submarine canyons or channels, and
to gather allied information on their runout distances, and a wider
range of sites worldwide.

6. Conclusions

Two field campaigns in Bute Inlet during the freshet of 2016
and 2018 recorded 113 turbidity currents in a submarine chan-
nel. Here, we analyse the role of river discharge and tides on
the generation of turbidity currents. In isolation, both elevation of
Homathko River discharge and low tides showed statistical signif-
icance as turbidity current triggering mechanisms when compared
to background conditions. The relative importance of each of these
triggering variables was statistically evaluated using logistic regres-
sion on the timing of turbidity currents during 2018. Here, turbid-
ity current occurrence was at least 1.8 times more likely at low
tide than any other position in the cycle for a given tidal range;
and for every percentile increase in Homathko River discharge, the
likelihood of a turbidity current increased by 9%. Additionally, this
logistic regression model was able to calculate turbidity current
probability for any given input of Homathko River discharge and
water level; successfully predicting 86% of turbidity current activ-
ity during 2018. We validate and demonstrate the good predictive
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power of our model by successfully predicting >84% of turbidity
current activity for the 2016 monitoring dataset in Bute Inlet, and
at other similar sites of direct monitoring (Squamish and Fraser
Rivers). We suggest that our model can be further extended to pre-
dict turbidity current activity at other glacial-fed fjord-head deltas
where river discharge can be used as a proxy for sediment deliv-
ery.
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