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Indicators of suspended sediment transport dynamics in rivers
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ABSTRACT

Suspended sediment (SS) is a natural component of rivers, but elevated SS concentrations (SSCs) can impact aquatic ecosystems and engin-

eering infrastructures. However, a significant gap remains in predicting SSC dynamics, which are influenced by catchment and climate factors

that control sediment erosion, transport and deposition. The research aim is to develop and apply new SS transport dynamics indicators to

determine how SSC varies spatially and temporally at a continental scale. Daily SSC data (mg/l) from 1,425 gauging stations in the US were

used to calculate indicators of magnitude, frequency and timing (MFT). A filtering approach was applied to calculate frequency indicators that

capture SSC events of differing durations. Spatial patterns in indicators were examined and integrated using K-means clustering. High SSC

was identified at sites in dry and mountainous regions, but longer-duration SSC events were found in the northern US. The western coastal

region and Puerto Rico had consistent timings of high SSC (winter and autumn, respectively). SSC magnitude had a decreasing trend over

time across most of the US, but increasing trends were identified for the duration of SSC events. The use of MFT indicators is recommended

for future studies to support prediction of climate change impacts on SSC.

Key words: box statistics, conterminous US, Magnitude, Frequency and Timing (MFT), K-means clustering, magnitude, suspended sediment

dynamics indicators

HIGHLIGHTS

• Short-term variations in suspended sediment concentrations (SSCs) in rivers studied with new indicators.

• High-magnitude SSC was found in mountainous and dry regions and longer SSC events in the Upper Midwest.

• An increasing trend in the duration of SSC events was found, despite decreasing SSC magnitude.

• M95, rising rate, and duration and timing of SSC events (α¼ 0.6) are recommended as indicators for future studies.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and

redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
INTRODUCTION

Suspended sediment (SS) is an important part of river systems but is challenging to manage due to the high variability in SS
transport dynamics (Cohen et al. 2022), caused by a wide range of climate and catchment factors (Vercruysse et al. 2017). SS
concentrations and their temporal dynamics affect aquatic ecological communities and the geomorphic evolution of river

systems (Bilotta & Brazier 2008; Neachell 2014; Wharton et al. 2017; Poeppl et al. 2019) and influence decision-making
for water resources management, such as the control of intakes for water abstraction and hydropower operations to prevent
SS inflows into the systems (Tsyplenkov et al. 2021). With decadal trends in SS flux and increased uncertainties with climate

change (Moragoda & Cohen 2020), a deeper understanding of SS transport dynamics is needed.
SS transport dynamics studies focus typically on the calculation and analysis of sediment load, which is the mass of sedi-

ment transported per unit time (month or year) based on SS concentration and discharge data (Roman et al. 2012; Yilmaz

et al. 2018). Sediment load is useful for calculation of total flux of SS, and in conjunction with the hysteresis in SS rating
curves, it can be related to catchment hydrological and geomorphic processes (Horowitz 2003; Misset et al. 2019). Studies
on sediment load have identified the relative impacts of factors operating at different spatial and temporal scales, such as

different vegetation cover and erosion factors, e.g. gullies (Vercruysse et al. 2017), and relationships between the two main
drivers of SS transport, discharge and rainfall (Khan et al. 2016; Kemper et al. 2019). However, it remains difficult to identify
the spatio-temporal patterns in, and drivers of, shorter time scales of transport dynamics (days to months) due to the paucity
of data.

Most SS transport studies use data from a single temporal scale, often with substantial spatial and temporal gaps, which
limits our understanding of drivers (Francke et al. 2014; Vercruysse et al. 2017). A recent study has helped to address this
challenge through a multi-scale analysis of the variability in the rating curve relationship between SS transport and river dis-

charge, using turbidity as a surrogate (Wang & Steinschneider 2022). The approach allowed the identification of catchment
characteristics that affect the stability of turbidity-discharge relationships, such as stream network complexity, perennial snow
coverage, and saturation-excess overland flow. The incorporation of transport dynamic indicators into these multi-scale
://iwaponline.com/hr/article-pdf/54/8/978/1279719/nh0540978.pdf
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analyses, i.e. magnitude, frequency and timing (MFT) of events, as is done for other areas of hydrology and water quality, has

the potential to further specify the contribution of different factors to SS transport dynamics (Mize et al. 2018; Misset et al.
2019).

An MFT approach has the potential to generate a richer representation of temporal variability of SS transport, which can be

combined with analytical approaches, like multivariate data mining techniques, to relate to underlying environmental or
human factors (Vercruysse et al. 2017). Magnitude indicators, especially those that capture extreme values, like 95th percen-
tile, are useful to link with extreme values of precipitation, especially flows and sediment yield (Stryker et al. 2018; Whitfield
& Shook 2020). Indicators of frequency relate to both the number of events per unit of time and the duration of those events,

which can help to identify the underlying factors affecting the hydrological responsiveness of the catchment and sediment
generation and transport mechanisms. For example, long-duration SSC events can indicate large catchments and large
weather-related drivers, such as hurricanes or monsoons, while short events can relate to convective storms that might be

frequent (continental climate) or infrequent (arid climate) (Alexandrov et al. 2007; Yao et al. 2022). The timing of high
SSC can be influenced by factors such as climate or land use that influence the generation, mobilization and delivery of
SS (Rose & Karwan 2021). These underlying factors can be better understood when a hierarchy of temporal scales and fre-

quency is considered. Previous research has used monthly (Girolamo et al. 2015) and event-based scales (Nosrati et al. 2021)
to investigate sediment transport dynamics within watersheds (Kemper et al. 2019).

The study aim is to use an MFT approach to determine the spatial patterns and temporal trends in short-term (daily to

monthly) SS transport dynamics that exist at a continental scale. The objectives of the study are to (i) develop and evaluate
new indicators of SS dynamics based on MFT, (ii) determine how the new indicators are distributed across the continent and
identify spatial patterns and heterogeneity, and (iii) evaluate the indicators to provide recommendations for future studies.
Spatial patterns in SS indicators could provide insights into catchment and climate controls on SS generation and transport

that could inform environmental water management practices.
STUDY AREA AND DATA

The study area was the contiguous US and the islands of Hawaii and Puerto Rico, which has a diversity of climates, land-

scapes, and land use and land cover (LULC) (Liu et al. 2020) that could influence sediment transport regimes and SSC
dynamics. The US Geological Survey (USGS) provides daily SSC data at 1,667 monitoring sites on rivers, including in over-
seas territories. A text file format of the SSC data (Parameter code: 80154) was obtained from USGS (U.S. Geological Survey

2016) (Figure 1). This dataset is described as ‘sediment, suspended (milligrams per litre)’ and is derived from instantaneous SS
concentration collected from water samples using an approved sampling method (Edward & Douglas Glysson 1999), interp-
olated and flow-weighted to estimate a mean daily SSC for the monitored point (river cross-section; Porterfield 1972;
Sommerfield 2016).

Filtering and processing were kept to a minimum to retain the greatest number of sites to investigate spatial patterns in SSC.
Sites were selected that had greater than 365 days of record and a minimum of 200 days of SSC data. In total 1,425 sites were
selected with an average record length of 9 years (min¼ 1 year, max¼ 80 years) and SSC data covering an average of 83.6%

of days per site and period of record (min¼ 6.2% and max¼ 100% of available daily data). Please see the supplementary
material for more information on the sites, catchment areas, and length and completion of SSC records (Figure A-1).

Previous research identified limitations in USGS SSC data that can affect annual SS load calculations (Sommerfield 2016),

which has led some researchers to use turbidity as a proxy for SSC (Wang & Steinschneider 2022). A strong correlation was
observed between SSC and turbidity, with coherence in the timing and duration of SSC events, for a subset of these sites,
which were selected for further analysis in a study on catchment and climate drivers (Shin et al. In Revision). Those corre-
lations provided confidence in the use of the SSC data to develop and test the indicators, with the large number of SSC sites

providing greater coverage to explore potential spatial patterns in SSC transport dynamics.
METHODS

The methodology comprised several steps: (i) developing MFT indicators that characterise short-term variations in daily SSC;

(ii) evaluating covariation in the MFT indicators using multivariate approaches (Principal Component Analysis, PCA) to
reduce the number of indicators; (iii) visualising the spatial patterns in MFT indicators; and (iv) analysing their spatial varia-
bility using spatial statistics, clustering and temporal trends using trend analysis.
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Figure 1 | Locations and quality of daily mean SSC from USGS gauging stations: Symbol sizes are proportional to the duration of monitoring
record (min – 1 year, max – 80 years). Colour indicates completeness of the monitoring records (min – 6.2%, max – 100%): darker colour
represents greater data completeness. Top: continental US (1,329 sites), bottom left: Honolulu, Hawaii (35 sites), bottom right: Puerto Rico (61
sites).
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Indicators to describe SS dynamics

Indicators to describe SSC dynamics were developed on an average annual basis to capture variation in the MFT of SS
transport (Table 1 and Figure 2). All indicators were computed annually, and the annual time series was collapsed to
a single indicator for each site. Calculation of indicators was conducted in RStudio based on daily mean SSC (Posit team

2022).

Magnitude indicators

Magnitude indicators were developed to capture intra- and inter-annual changes in SSC (Figure 2). Average annual values
were calculated for each indicator in each water year (Oct–Sep). The magnitude of different percentiles (95th, 75th, 50th

and 25th) was calculated for each year of record and averaged across the number of years per record (M95, M75, M50,
M25). Rising and falling rates (i.e. positive and negative changes in SSC per day, respectively) were calculated by subtracting
the previous day values from current day values, as the time series consisted of daily data, and then averaged across the period

of record (rising rate – R.r., falling rate – F.r.). Peaks in the SSC record were identified from the rising/falling rate time series
by detecting positive to negative inflection points, with a maximum peak duration set at 7 days (Yu & Disse 2017). The
number of peaks per year was calculated and then averaged across the number of years per record. The date of each peak
was exported for use as a timing indicator, more information is given in the following. Finally, the standard deviation of

monthly minimum and maximum values was calculated (Sd.min and Sd.max, respectively).

Frequency indicators

Frequency indicators were developed to capture event-based SS transport dynamics: the duration of a high SSC event (event
duration), the number of SSC events per year (event count) and the number of SSC peaks within an event (peaks per event
://iwaponline.com/hr/article-pdf/54/8/978/1279719/nh0540978.pdf
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Table 1 | Indicators to describe temporal variations in SSC (daily mean) based on MFT

Symbols Indicators Description

Magnitude M95 95th percentile Avg. annual 95th percentiles of SSC
M75 75th percentile Avg. annual 75th percentiles of SSC
M50 50th percentile Avg. annual 50th percentiles of SSC
M25 25th percentile Avg. annual 25th percentiles of SSC
R.r. Rising rates Avg. annual daily increase in SSC
F.r. Falling rates Avg. annual daily decrease in SSC
Stdev.max Standard deviation of monthly

max values
Avg. annual values of standard deviation of monthly maximum SSC

Stdev.min Standard deviation of monthly
min values

Avg. annual values of standard deviation of monthly min SSC

Frequency D Duration of events Avg. annual duration of SSC events, in days, for four different
frequencies (α)

C.of.e. Count of events Avg. annual number of SSC events for four different frequencies (α)
P.p.e. Number of peaks per event Avg. annual number of peaks per SSC event for four different

frequencies (α)

Timing Month.max.sum Month of max total SSC Month with the maximum total SSC, summed across the time series of
record

Month.i.p.max Month of max number of
inflection points

Month with the maximum number of events, defined as inflection
points in the SSC timeseries

Figure 2 | Indicators of SS dynamics in rivers were developed based on the MFT of changes in SS concentration.
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(P.p.e.)) (Figure 2). The ‘baseflows’ package in R was used to identify where daily SSC values in a time series deviate over

time, in a process akin to baseflow separation for river flows (Ladson et al. 2013). The analysis draws filtering (e.g. baseflow)
curves with Lyne and Hollick’s filter (Equations (1) and (2)) and identifies contact points in the SSC data, where the SSC
timeseries data make contact with and then separate from the curve.

cf(i) ¼ acf(i� 1)þ (1þ a)
2

[c(i)� c(i� 1)] for cf(i) . 0

0 otherwise

8<
: (1)

cb(i) ¼ c(i)� cf(i) (2)

where cf(i) is a peak at the ith sampling. c(i) is the original concentration at the ith sampling. cb(i) is the baseline at the ith
sampling. a is the filter parameter controlling the shape of the baseflow line.
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Four α values (0.975, 0.9, 0.6, 0.2) were used to capture SSC events lasting a range of durations, from months to days (see

the results section for an example). A value of 30 days was used for the parameter ‘n.reflected’, based on initial testing and
previous studies (Ladson et al. 2015). While the filtering process worked well overall, it encountered problems when applied
to the longest frequencies due to the presence of data gaps in some sites. Consequently, frequency indicator values were not

able to be calculated for the 0.975 and 0.9 α values at 29 and 6 of the 1,425 sites, respectively.
The event duration was calculated based on the contact points identified in the ‘baseflow’ filtering, i.e. the dates when the

SSC data and filtering curves had the same value, subtracting the end date from the start date. The analysis was conducted for
all four α values (D0.975, D0.9, D0.6, D0.2). As α values become smaller, the filtering curves plot closer to the SSC curve, and

short-duration events are identified. The number of events per year was counted and then averaged across the number of years
per record (count of events – C.of.e.). The analysis was conducted for all four α values (C.of.e0.975, C.of.e0.9, C.of.e0.6,
C.of.e0.2). Finally, SSC peaks that occurred during an SSC event were counted, as described above in the magnitude indi-

cators (P.p.e.). The analysis was conducted for all four α values (P.p.e0.975, P.p.e0.9, P.p.e0.6, P.p.e0.2). Duration and
counts were recorded at the event end dates and averaged across the number of years.

Timing indicators

Two indicators of the timing of high SSC were developed and calculated, relating to magnitude and frequency (Figure 2).
First, the month with the highest SSC (i.e. magnitude) was identified by totalling the daily SSC values for each month

across the time series of records at 1,425 sites. Second, the month with the highest number of SSC peaks (i.e. frequency)
was determined by totalling the number of contact points (i.e. inflection points at local minima where SSC data and the filter-
ing curves have the same value for the date), as described in the frequency section above, for different α values (0.975, 0.9, 0.6,

0.2) for each month across the timeseries of record. Sites having the same monthly values in different seasons were removed
in the end to avoid selecting median month value (α¼ 0.975, 1,008 sites; α¼ 0.9, 1,085 sites; α¼ 0.6, 1,213 sites, α 0.2¼ 1,248
sites). The results were aggregated and reported based on the season: winter – December, January & February (DJF); spring –

March, April, May (MAM); summer – June, July and August (JJA); and autumn – September, October and November (SON).

Data analysis

Principal component analysis

A PCA was conducted with the SS transport dynamics indicators using ‘factoextra’ package in R as an initial data simplifica-
tion step (Hegde 2016). Indicators were selected for further analyses based on being associated with different axes to remove

indicators with high degrees of covariation. Following removal of sites with gaps in indicators, a total of 1,364 sites were
included in the analysis.

Trend analysis

A Mann–Kendall trend analysis from R package ‘Kendall’ was used to detect trends in all average annual magnitude and fre-
quency indicators, for each site (Kar & Sarkar 2021). Sites with significant trends (p value, 0.05) were identified and

selected for visualization and discussion.

Block statistics

Large-scale spatial patterns in the SS indicators across the study area were visualised with block statistics in Arc GIS 3.1.0
(Yang et al. 2021). Raster files were created for each indicator based on the location of each monitoring station (cell size:
0.087 radian). The coarse resolution raster output had an average of 1.17 sites per cell (min: 1 and max: 7). The outputs
of the block statistics were mean and standard deviation of indicators summarised over a larger area (20� 20 cells, rectangle),

resulting in a coarser-resolution raster. Block statistics were not conducted on the sites with statistically significant trends, due
to the low point density.

Clustering analysis

K-means cluster analysis was used to integrate the findings across the indicators to find general patterns that might relate to
natural and anthropogenic factors (Plexida et al. 2014; Celestino et al. 2018; Fang et al. 2021). K-means clustering was con-

ducted in ArcGIS Pro 3.1.0 using the multivariate clustering function. Magnitude and frequency indicators were
log-transformed (Tomlinson et al. 2018), and timing indicators were left untransformed. The number of clusters was informed
by Elbow and Silhouette methods (Masud et al. 2018), with a final decision based on interpretability (Ballabio et al. 2017).
://iwaponline.com/hr/article-pdf/54/8/978/1279719/nh0540978.pdf
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RESULTS

PCA

The PCA identified considerable covariance between SS transport dynamic indicators, suggesting that a reduced number of indi-

cators couldbeused forvisualizationandanalysis (Figure3).Magnitude indicatorswerealignedwithPCAaxis1,whichexplained
29.5% of the variance in the dataset. The strongest positive scores related toM95,M75 and rising rate (R.r.), while the only nega-
tive score was falling rate (F.r.), which was opposite to R.r. Frequency indicators were aligned closely with PCA axis 2, which

explained 22.3% of the variance in the data. Generally, the number of events (C.of.e.) had positive scores, while P.p.e. and
event duration (D)were negative. From this analysis, a selection ofmagnitude, duration and P.p.e. indicators were taken forward
in the analysis, subselecting those that occupy different dimensions of the PCA plots (M95, M25, D0.9, D0.6, P.p.e. 0.6). Note:

C.of.e. indicators were not taken forward as there was little differentiation between these vectors, and indicators with α¼
0.975were not used due to the previouslymentioned issuewith calculation of the indicatorswhen therewere gaps in SSC record.

Block statistics

Magnitude indicators

Spatial patterns of extreme high and low SSC were evident from the magnitude indicators (Figure 4). Both M95 and M25 had
similar spatial patterns across the continental US, with generally low values across most of the US, but with higher SSC in the
driest regions of the country and a single location in the Eastern Temperate Forest ecoregion, around Atlanta, Georgia

(Figure 4(a) and 4(c)). The highest extreme SSC values (M95) were found in the Rocky Mountains, Great Plains and southern
Figure 3 | PCA result of magnitude and frequency indicators for the mean annual indicators. Magnitude: M95, M75, M50 and M25 – daily SSC
at different percentiles; R.r. – rising rate; F.r. – falling rate; Sd.max and Sd.min – standard deviation of monthly max and min values. Fre-
quency: D – duration of events; C.of.e. – count of events; P.p.e. – Peaks per event. ‘contrib’: Contributions of variables. Please refer to the
online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/nh.2023.068.
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Figure 4 | Spatial distribution of M95 and M25 including standard deviation: M95 and M25 represent magnitude of 95th and 25th percentiles
(a and c), respectively. Stdev is standard deviation (b and d). Please refer to the online version of this paper to see this figure in colour: http://
dx.doi.org/10.2166/nh.2023.068.
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deserts (Figure 4(a)). A notable outlier is the extremely high SSC values in the Northwest, which relate to the Mount St. He-

lens eruption in 1984 (Figure 4(a) and 4(c)). Elevated M25 was found at similar locations as M95. However, some areas, e.g.
Rocky Mountains and deserts, had generally lower M25 relative to their high M95; while others, e.g. Great Plains had higher
M25 (Figure 4(a) and 4(c)). Standard deviation (Stdev) of magnitude values was generally low across the US and areas of high

Stdev were located in areas of high M95 or M25 (Figure 4(b) and 4(d)).

Frequency indicators

The use of multiple α values allowed the calculation of frequency indicators for SSC events occurring across a broad range of
temporal scales, with lower α values identifying shorter duration events (Figure 5). The largest α value (0.975) identified the
longest duration events, i.e. multi-month (Figure 5(a)), which ranged in length from 1 to 370 days (mean¼ 57.2) (Figure 5(b)).

An α of 0.9 identified events that lasted approximately one month in duration, ranging in length from 1.5 to 86.5 days (mean
¼ 22.3). The smaller α values identified events that lasted a single day to weeks. The duration of events for 0.6 ranged in length
from 1 to 57.9 days (mean¼ 9.56), while for 0.2, it ranged in length from 1 to 55.3 days (mean¼ 6.3) (Figure 5(b)). As the α

value decreased, the C.of.e. increased and number of P.p.e. decreased (Figure 5(c) and 5(d)).
The frequency indicators had different spatial patterns from the magnitude indicators, which also varied by α value

(Figure 6). The duration of events at α ¼ 0.9 were around 20–30 days for much of the US, with a cluster of longer durations
in the upper Midwest and scatter in locations in California, the Northwest, Rocky Mountains and Puerto Rico (Figure 6(a)).

Duration of events at α ¼ 0.6 showed greater spatial heterogeneity, with a cluster of short durations in the Appalachian
region, lasting 8–10 days, and similar locations of long durations, lasting 20–30 days, as for α ¼ 0.9. P.p.e. also had high spatial
variability, with slightly higher numbers in the inland and overseas territories (Figure 6(e)). Standard deviations were the high-

est in locations with the highest durations and P.p.e. (Figure 6(b), 6(d), 6(f)).

Timing indicators

Spatial patterns were observed in the SSC timing indicators, though these were more pronounced for magnitude than fre-
quency (Figure 7). The maximum SSC was consistently found in the winter months (DJF) in the West Coast (e.g.
California and Washington State; Figure 7(a), purple) and in the autumn (SON) for Puerto Rico (Figure 7(a), red). The
://iwaponline.com/hr/article-pdf/54/8/978/1279719/nh0540978.pdf
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Figure 5 | Impact of α value on the frequency indicators. An example of SSC timeseries (orange) illustrating the length of SSC events at
different α (Red¼ 0.975, Blue¼ 0.9, Purple¼ 0.6, Green¼ 0.2) (a). The start/end of events is located where the filtering curves make contact
with the SSC (i.e. pairs of the same letters in the same colours). Duration of event (b). Count of events (c). Peaks per event (d). Please refer to
the online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/nh.2023.068.
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Great Plains and Midwest regions had their greatest SSC in spring and summer (Figure 7(a), green and blue). The season with
the highest number of SSC events had greater variability across the US, with no clear spatial patterns (α ¼ 0.6; Figure 7(b)).

The choice of α value may potentially be important for this indicator; more sites had an autumn (SON) timing with higher α
values (e.g. longer duration events), while more sites had a summer (JJA) timing at lower α values (e.g. shorter duration events;
Supplementary material, Figures A2 and A3).

Trend analysis

The trend analysis shows a mixture of increasing and decreasing trends (Figure 8). When all sites are included in the analysis,

SSC values appear to be increasing over time, without any obvious spatial patterns in the magnitude of the trend (Figure 8(a))
or standard deviation (Figure 8(b)). However, when only statistically significant trends are shown, it becomes clear that there
is a generally negative trend in M95 (Figure 8(c)). Event durations show a more mixed distribution with both increasing and

decreasing durations for long (i.e. seasonal) and medium-length (i.e. monthly) events, though there is a greater number of sites
showing increasing trends in duration for D0.6 than D0.9 (Figure 8(d) and 8(e)). P.p.e 0.6 had a mixture of increasing and
decreasing trends (Figure 8(f)).
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Figure 6 | Spatial distribution of selected frequency indicators and standard deviation: Duration of events at α values of 0.9 (D0.9; a) and 0.6
(D0.6; c); peaks per event at α value of 0.6 (P.p.e.0.6; e). Stdev represents standard deviation (b, d, f). Please refer to the online version of this
paper to see this figure in colour: http://dx.doi.org/10.2166/nh.2023.068.
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Cluster analysis

K-means clustering was conducted using selected MFT indicators. Four clusters were selected based on the results of the

Elbow and Silhouette methods, balancing the benefit of a reduction of within sum of squares, but decreasing silhouette
width, and the interpretability of the clusters (Supplementary material, Figures A4). The clustering results show clear spatial
patterns at the continental scale (Figure 9(a)). A broad cluster of sites with high M50 and R.r. was found distributed across the

central US, spanning the Rocky Mountain, desert and Great Plains regions (Figure 9, cluster 4, yellow). Sites with a longer
duration of SSC events (α ¼ 0.6) were found across the US but appear to be clustered in the Midwest and California (Cluster
2, red), along with the Appalachian region. The timing of the maximum monthly SSC was later in the year for the islands and

the eastern US region (cluster 3, green), especially compared to the rest of the inland area, e.g. Midwest and broader Missis-
sippi basin (clusters 1 and 2, blue and red, respectively). For the season with the greatest number of events (max i.p. months),
the irregular patterns observed at continental scale (Figure 7(b)) were reflected in the clustering analysis (1,3 and 4, blue,
green and yellow, Figure 9).

DISCUSSION

This study analysed timeseries of SSC data from river monitoring stations using newly developed indicators of SS transport
dynamics based on MFT. Clear spatial patterns were observed for some indicators and indicator classes, which suggest that
these SSC indicators are driven by large-scale factors, such as climate or LULC. Other indicators had more complex, and
://iwaponline.com/hr/article-pdf/54/8/978/1279719/nh0540978.pdf
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Figure 7 | Seasons with the maximum SSC per month (magnitude; a) and the maximum number of SSC events at α of 0.6 (frequency; b):
Winter (DJF) - Purple, Spring (MAM) – Green; Summer (JJA) - Blue; Autumn (SON) – Red. Please refer to the online version of this paper to see
this figure in colour: http://dx.doi.org/10.2166/nh.2023.068.
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heterogenous spatial distributions, suggest more localised influences in SS transport dynamics. In this section, we summarise
these findings on the spatial patterns in SS transport dynamics indicators and make recommendations for their future use in
studies to determine the influence of catchment and climate factors.
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Figure 8 | Results of trend analyses: MK means Mann Kendall trend analysis: magnitude of 95th percentiles (M95), duration of events (D),
count of events (C.of.e.), and peaks per event (P.p.e.). The Box statistics results (a,b) provide MK trend analysis results from all daily time
series. Results of MK trend analysis on the indicator calculation are shown in c,d,e,f, calculated from average annual time series (p, .05) with
more sediment and blue colours, representing increasing/decreasing trends. Please refer to the online version of this paper to see this figure
in colour: http://dx.doi.org/10.2166/nh.2023.068.
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Of the SSC dynamics indicators, M95 had the most distinctive spatial pattern. M95 and the standard deviation of M95 were

low across most of the US (Figure 4). However, elevated values were observed in dry and mountainous regions, especially the
Rocky Mountain, North American desert and western Great Plains regions (Li et al. 2020a). The high SSC values detected
near Mount St. Helens are a clear illustration of the influence of volcanic and other tectonic events on SS transport dynamics,

which also impact local ecosystems (Uhrich et al. 2021). It highlights the importance of sediment retention systems near poss-
ible eruption areas (Hoess & Geist 2021). There was a strong correlation between the magnitude indicators (Figure 3), thus
future studies may only require the inclusion of a single magnitude indicator (e.g. M50 or M95), or perhaps a reduced number
with slightly different alignment along the PCA axes (e.g. M95 and M25), to investigate climate and catchment controls.

Frequency indicators had continental scale spatial patterns that were distinctly different to magnitude (Figure 6). SSC
events were longer in the upper Midwest and lower in the eastern US at all α values (Figure 6(a) and 6(c)). These results
could be caused by spatial patterns in climate and precipitation (Akinsanola et al. 2020). The duration of shorter events

(i.e. 1- to 2-week duration) had slightly more defined clusters than long-duration events, especially in the upper Midwest,
upper Great Plains and west coast (Figure 6(c)). P.p.e. was generally low across the US, and high values were widely distrib-
uted. However, there is a suggestion of a cluster of moderate to high values along the Mississippi River, especially in the upper
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Figure 9 | Clustering of MFT: Variables consist of log transformed median SSC (M50), rising rate (R.r.), event duration at α ¼ 0.6 (D0.6), peaks
per event at α ¼ 0.6 (P.p.e0.6) and months of maximum SSC (max sum months) and max number of SSC events (max i.p.) without trans-
formation, showing the spatial distribution of the clusters in the continental US (a) and the relative differences between clusters for each
indicator (b). Please refer to the online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/nh.2023.068.
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Midwest (Figure 6(e)), which may be due to short-duration intense precipitation in the summer (Alexandrov et al. 2007).
Again, the strong covariation between the duration indicators suggests that a single indicator (e.g. D0.6) may be appropriate
for further research (Figure 3).

The spatial pattern of the timing of SSC events suggests a strong climatic signal for magnitude but not frequency. The high-
est SSC values were found to occur almost exclusively in winter (DJF) in the west coast region of the US and in autumn in

Puerto Rico (Figure 7(a); purple). These results correlate to periods of high rainfall and availability of erodible materials
(Guirguis et al. 2019), for example, the late summer and autumn Atlantic hurricane season for Puerto Rico. The majority
of sites across the US had their highest SSC in spring and summer, but there was no clear spatial pattern, suggesting influ-

ences of local factors that affect sediment availability (LULC) overlain onto climatic patterns. For example, the sites with
summer (JJA, blue) could be caused by higher and more intense rainfall in this period, while the spring sites might be influ-
enced by agricultural management practices (e.g. ploughing and sowing). While some clusters of high frequency SSC events
om http://iwaponline.com/hr/article-pdf/54/8/978/1279719/nh0540978.pdf
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are apparent (e.g. upper Midwest in summer) that may relate to climate (e.g. convective storms), more research is needed to

determine the utility of this indicator (Figure 7(b)).
The trend analysis identified largely decreasing trends in magnitude (Figure 8(a) and 8(c)) in accordance with the overall

decreasing trend of SSC (Li et al. 2020b), which is believed to be due to SS management, e.g. soil conservation (Paolo &

Minella 2020). However, increasing trends were identified for duration and frequency indicators over large areas of the
country (Figure 8(d)–8(f)). Thus, while SSC magnitude is decreasing, periods of elevated SSC (relative to the annual average)
are lasting longer in rivers. These results align with a hypothesis that improved soil management is decreasing rainfall-induced
erosion and transport to river channels, resulting in a less anthropogenically influenced, flashy SS regime. The localised areas

of increasing magnitude might be due to changes of land uses (Murphy 2020). However, due to the limitations and uncertain-
ties in the daily SSC dataset (Sommerfield 2016), interpretation of new indicators about trend analysis requires consideration
of uncertainty.

The spatial patterns for MFT indicators were integrated in the cluster analysis, which, despite considerable heterogeneity,
showed some important large-scale spatial patterns (Figure 9). Sites in the Great Plains, central Rocky Mountain, and North
American Desert regions were associated with the highest M50, R.r. and P.p.e 0.6, which may be associated with LULC and

availability of erodible materials, perhaps due to agriculture. Sites with a low M50 and low R.r. with the greatest number of
SSC events in summer (i.e. a high month of max i.p. in the hydrological year) were found across the Midwest, Appalachian
and northern Rocky Mountain regions. Sites with a moderate M50 and R.r., low D0.6, and a timing of highest SSC in autumn

(green) were identified across the US, but a pronounced cluster was found in the Appalachian region, northern California and
in pockets on the west coast. The spatial patterns are likely due to a mixture of human impacts and LULC, e.g. higher impacts
of magnitude in the driest and mountainous regions, longer duration of events from urban areas, and P.p.e. from areas where
receives frequent precipitation events (Li et al. 2020b; Taszarek et al. 2020). For future studies we recommend the use of a

combination of magnitude (e.g. M50 or M95, R.r.), frequency (e.g. D0.6 and/or P.p.e 0.6) and timing (e.g. Max sum months
and Max i.p.), especially when climate is a factor.
CONCLUSIONS

New indicators of SS transport dynamics were used to characterise the MFT of SS transport dynamics. Large-scale patterns in
magnitude and frequency indicators were identified, which could be caused by climate and land use. Sites with the highest
SSC events (M95) were located in the desert and mountainous regions, while sites with the longest duration of SSC events

were found in the upper Midwest. Timing indicators showed varying patterns with clear dominant seasons for higher SSC in
the western US and Puerto Rico but a high spatial heterogeneity for the season with the most events (Max i.p.). The trend
analysis confirmed the decreasing trend in SSC magnitude reported by other studies but provides new evidence of increasing
trends for the duration of SSC events and the number of P.p.e. These indicators provide new insights into the spatial varia-

bility of temporal dynamics in SSC in rivers and can be used by studies to determine the catchment and climatic controls. We
recommend the use of an MFT indicator for future studies, particularly α ¼ 0.6 to capture short-term dynamics, which may be
useful coupled with M95 and R.r. for climate change impact studies. A deeper understanding of the drivers of SSC dynamics

will support the prediction of climate change impacts on SSC and develop mitigation measures to reduce the ecological and
societal impacts of SS transport.
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