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ARTICLE INFO ABSTRACT
Keywords: Climate change in combination with land use alterations may lead to significant changes in soil erosion and
Turbidity sediment fluxes in streams. Optical turbidity sensors can monitor with high frequency and can be used as a proxy
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Streams

Monitoring

for suspended sediment concentration (SSC) provided there is an acceptable calibration curve for turbidity
measured by sensors and SSC from water samples. This study used such calibration data from 31 streams in 11
different research projects or monitoring programmes in six Northern European countries. The aim was to find
patterns in the turbidity-SSC correlations based on stream characteristics such as mean and maximum turbidity
and SSC, catchment area, land use, hydrology, soil type, topography, and the number and representativeness of
the data that are used for the calibration. There were large variations, but the best correlations between turbidity
and SSC were found in streams with a mean and maximum SSC of >30-200 mg/], and a mean and maximum
turbidity above 60-200 NTU/FNU, respectively. Streams draining agricultural areas with fine-grained soils had
better correlations than forested streams draining more coarse-grained soils. However, the study also revealed
considerable differences in methodological approaches, including analytical methods to determine SSC, water
sampling strategies, quality control procedures, and the use of sensors based on different measuring principles.
Relatively few national monitoring programmes in the six countries involved in the study included optical
turbidity sensors, which may partly explain this lack of methodological harmonisation. Given the risk of future
changes in soil erosion and sediment fluxes, increased harmonisation is highly recommended, so that turbidity
data from optical sensors can be better evaluated and intercalibrated across streams in comparable geographical
regions.
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1. Introduction

The processes of soil erosion by water, sediment transport and
deposition contribute to forming the natural landscape. At the same
time, erosion is a major challenge in many catchments and can lead to
downstream water quality problems, with increased riverine sediment
yields and siltation rates in streams, lakes and coastal areas (Thodsen
et al., 2008; Bussi et al., 2016; Gusarov 2020; Wenng et al., 2021). Land
use change, such as seasonal changes in arable land or inter-annual
forestry activities, has been identified as a major source of erosion
(Marttila and Klgve, 2008; Panagos et al., 2015). The transition from an
economy based on fossil fuels, to a bioeconomy with increased need for
biomass, could result in more clearcutting of forests and more intensive
exploitation of the rural landscape (Marttila et al., 2020; Rakovic et al.,
2020; Skarbgvik et al., 2020). Coupled with these pressures, in some
regions of North-Western Europe, climate change predictions include
increases in both total rainfall and the intensity of precipitation events
(Arheimer and Lindstrom, 2015; Hanssen-Bauer et al., 2015; Aygiin
et al., 2020; Christensen et al., 2022), both of which are likely to
accelerate erosion (Jones et al., 2009; Laudon et al., 2017). Overall,
these changes can lead to exacerbated erosion from both land and riv-
erbanks, rapidly changing landscapes and, hence, an increased need to
monitor erosion rates and suspended sediments (SS) in stream networks.
Such monitoring needs to both document the present environmental
state and to detect impact of policies and actions to mitigate or
ameliorate the water quality conditions (Westerhoff et al., 2022).

Suspended sediment concentrations (SSC) in streams are noted for
their high fluctuations, and infrequent grab water sampling can there-
fore result in inaccurate estimates of the maximum and average SSC, and
erroneous load calculations (Brauer et al., 2009; Koskiaho et al., 2010;
Marttila and Klgve, 2010; Cassidy and Jordan, 2011; Skarbgvik et al.,
2012; Bieroza et al., 2014; Villa et al., 2019; Leigh et al., 2019). Indeed,
the use of an average SSC in the European Union’s (EU) repealed
Freshwater Fish Directive (FFD—EC, 1978) was identified as a problem
due to time-averaged data not accounting for high magnitude but
episodic SSC (e.g., Collins and Anthony, 2008).

The EU Water Framework Directive (WFD; EC 2000) has led to an
intensification of water quality monitoring in many European countries,
and the need for cost-effective monitoring methodologies is therefore
increasing (Brauer et al., 2009). Sediment concentration analyses are
based on various sampling methodologies, including discrete (time-
point) grab sampling, composite (over time) sampling, and high tem-
poral resolution sampling using an autosampler or analyser, each of
which differ in terms of effort relative to data utility (Jordan et al., 2007;
Skarbgvik et al., 2012; Skarbgvik, 2013; Marttila and Klgve, 2015).
Infrequent grab sampling can fail to detect important events of high
concentrations, composite sampling does not yield a good measure of
maximum values, and high-frequency water sampling (manually or
using automatic samplers) is often expensive since it necessitates using
high-capital cost equipment and maintenance, and/or numerous labo-
ratory analyses. In this context, sensor technology represents a potential
solution, where the associated opportunities (or uncertainties) are yet to
be fully explored (Rode et al., 2016). Turbidity is a water quality
parameter related to the opaqueness (cloudiness) of water that can be
measured by optical sensor technology (Lawler and Brown, 1992; Gip-
pel, 1995; Marttila et al., 2010). The optical properties of turbidity
sensors are in either the white or infrared light spectrum (Omar and
MatJafri, 2009) and can be incorporated into benchtop or in situ
equipment. The principle applied involves scattering light through a
water sample or body, and the detected intensity of the backscattered
light or light absorbance is proportional to turbidity, following
calibration.

In situ turbidity sensors incorporating data loggers can monitor
frequently at comparatively low operating costs, and investigations have
demonstrated that turbidity measured by sensors can be used as a proxy
for both SSC and particle-associated substances, such as phosphorus,
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some heavy metals and hydrophobic organic substances (Stubblefield
et al., 2007; Horsburgh et al. 2010; Ochiai and Kashiwaya, 2010;
Marttila et al., 2013; Riigner et al., 2013; Bieroza and Heathwaite, 2015;
Lannergard et al., 2019; Thodsen et al., 2019; Kamari et al., 2020). High-
frequency sensors can also be useful in detecting the capability of
amendments to decrease soil erosion, or in establishing catchment
sediment budgets and nutrient losses from agricultural catchments
(Ekholm et al., 2012; Kronvang et al., 2013; Bieroza et al., 2019).

However, the correlations between turbidity and SSC can range from
excellent to poor (Lannergard et al., 2019; Stutter et al., 2017; Wenng
etal., 2021; Kaste et al., 2022), depending on such issues as the presence
of dissolved solids, organic matter, soluble coloured organic com-
pounds, high iron concentrations, algae, and other microscopic organ-
isms, and on the size, shape and composition of particles (Gippel, 1995;
Stubblefield et al., 2007; Jones et al., 2011; Marttila and Klgve, 2012).

The concentrations of both SSC and turbidity in streams have been
linked to catchment characteristics such as topography, geology, soil
type and land use (Anderson, 1954; Russell et al., 2001; Ankers et al.,
2003). However, it has not been shown if the relationship between SSC
and turbidity is also impacted by such factors. Moreover, while several
studies have evaluated the correlation between turbidity measured by
sensors and SSC (or particle-associated substances) from water samples
in single streams, no studies appear to have compared such correlations
between different types of streams across monitoring programmes and
geographical regions. The usefulness of comparing water quality data
within regions of similar climatic characteristics has been demonstrated
during the implementation of the EU WFD. Here, geographical inter-
calibration groups have determined harmonised environmental goals
and threshold values for several quality elements in water bodies of
similar typology within comparable geographical regions (EC 2018).

With the overall aim of investigating methods and experiences of
using turbidity sensors as proxies for SSC across a wide range of stream
and catchment conditions, this study used existing monitoring and
catchment characteristics data from 31 streams, covering 11 different
research projects or monitoring programmes in six North-Western Eu-
ropean countries: Denmark, Finland, Ireland, Norway, Sweden and the
UK (Northern Ireland and Scotland). The main hypothesis was that the
linear relationship between turbidity levels from sensors and SSC from
water samples would vary between sites, but that the goodness of fit and
the slope of the calibration curves would be comparable in stream wa-
ters and catchments with relatively similar characteristics. If this was
found to be true, it could be a first step towards a typology of streams for
which the turbidity-SSC relationships would be comparable.

2. Methods and materials
2.1. Questionnaire on the experiences of using sensors

To obtain information about different experiences of sensor use,
including their opportunities and challenges, a questionnaire was
distributed that each of the nine institutes completed (See Supplemen-
tary material). The questionnaire not only included questions related to
the purpose of sensor monitoring in the respective institutes, but also on
a national level. Where there was doubt about whether sufficient in-
formation had been obtained, questions were put to relevant represen-
tatives of national management to gain additional information and
insight. The questions also related to sensor types and manufacturers,
practical issues and constraints, and details on the methods used,
including calibration methods.

2.2. Data material

Data were collected from 31 rivers and streams (termed streams
hereafter) in six countries, from a total of 11 different research projects
or monitoring programmes. The selection of streams was determined by
available data on turbidity measurements from sensors and SSC from
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water samples. Each stream also had a larger set of turbidity data
without matching SSC. In the following method and analysis, the data
series on turbidity measured by sensors and SSC measured in water
samples, which are used to correlate sensor turbidity data with
laboratory-based SCC, are referred to as the calibration series (abbre-
viated C-series), while all available sensor turbidity data are referred to
as the entire data series (abbreviated E-series).

Catchment characteristics applied in this study are shown in Fig. 1,
while the levels of turbidity and SSC in the stream waters are shown in
Table 1. For soil type and topography, streams were divided into four
and three groups, respectively, as illustrated in Fig. 1, but three large
catchments (above 17 000 km?) were omitted since they had high var-
iations of both soils and topography. For hydrological characteristics,
the base flow index (BFI) was used. It is a measure of the ratio between
long-term baseflow and total stream flow, and thereby represents the
contribution of groundwater to stream flow (Gustard et al., 1972). The
assumption was that a larger proportion of groundwater would result in
less eroded SS and organic debris in the streams, both of which could
influence turbidity.

A more comprehensive overview of stream and catchment charac-
teristics is provided in Supplementary Material Table S1 and S2.

2.3. Quality assurance of the data

Since the data for this paper are gathered from 11 different research
projects or monitoring programmes, an overview of the methods and
quality assurance procedures used is provided below, while the details
are shown in the Supplementary Material (Tables S3-S6). The informa-
tion is based on the questionnaire.

2.3.1. Water sampling methodologies
For the calibration of turbidity, both manual grab sampling (29 sites)
and automated samplers (14 sites) were employed (Table 2). In two of
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Table 1

Variation in stream water properties and number of samples of SSC for cali-
bration, for the 31 streams. C-series: Calibration series; E-series: Entire turbidity
series; mean: average of the 31 datasets.

Stream water properties C-series E-series
Range (mean) Range (mean)
Turbidity mean (NTU/FNU) 2-411(79) 2-129(28)
Turbidity maximum (NTU/FNU) 4 — 2984 (556) 51-3762
(1477)
SSC mean (mg/1) 2-230 (49)
SSC maximum (mg/1) 10 -1512
(467)
Number of samples for SSC analysis, for 9-443 (119)
calibration
The R? of turbidity vs. SSC (named ¢-R?) 0.01-0.96
(0.65)

Slope of calibration curve for streams with R? 0.27-3.4 (1.01)

above 0.45

the 14 sites that used automatic sampling, procedures were lacking or
there was uncertainty about the procedures for preventing the automatic
sampler from drawing bed sediment or particles in saltation. Some
monitoring programmes only sampled during high water discharge
events (2 sites), whereas others sampled at regular intervals (25 sites),
and some at both (11 sites). Sampling frequency varied from every four
hours to monthly.

The depth at which sampling was carried out below the water surface
varied from 10 to 50 cm. Seven sampling sites were in sections of
streams with high turbulence, thereby ensuring a relatively homoge-
neous mix of suspended sediments of varying grain sizes, whereas 18
sampling sites were in sites of low turbulence. At six of the sampling
sites, the water from the stream was pumped into a monitoring shed
where the sensor was placed. This ensured a relatively homogeneous
mix of suspended sediments in the samples, but it does not follow that
the suspension was representative of the streams, as this would depend

| |
Catchment area Smallest Mean Median Largest
km? 0.26 3244 102 42 000
1 f
;’"‘d use( ) / Agriculture Forest Peatland Other \
5 range (mean ) i . . o
No of streams above "\ a 1927 b 1050 1) e 6;77 fio) 2 6;-9 &
50% of the land use \\; 1/
i
Main soil type >25 % clay soil  Silty sandy  Morain Peat impacted \\
ISVCWE' 1 2 3 4 /
o of streams \ 10 5 8 5
\, '1//
Topography ! ! ! \
Score’ Mainly flat Undulating Hilly \
No of streams 1 2 3 //
9 13 6 A
1 f
HydrologY Smallest Median Mean Highest
Baseflow index 0.25 0.40 0.46 0.83
| K
A .
Countries A
/ Denmark Finland Ireland Norway Sweden UK UK/IE D\
No of streams >
2 6 6 7 8 1
/
)/

Fig. 1. Range of characteristics of the 31 catchments used in the study. (* For soils and topography, a numerical score was given for use in data analyses, but
catchments >17 000 km? were omitted due to high variability of these two characteristics.)
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Table 2
Overview of differences in sampling methodologies for the 31 datasets.

Details of sampling method for the calibration
series

Number of sites (of a total of 31)

Use of automatic samplers 14
Use of hand grab samples 29
Event sampling (during high water discharges) 15
Sampling site: High turbulence of water 7%
Sampling site: Low turbulence of water 18

Yes: 14
Uncertain: 2
No automatic sampler used/no
pumping of water: 15
Range: 10 to 50 cm (Missing
information: 8 sites).
Sensor placed in monitoring shed; water is 6
pumped in
Sampling intervals (number of sites)

Established procedures to prevent the automatic
sampler from drawing bed sediment or
particles in saltation

Depth of sampling below surface

Every 4h (1)

Weekly (1)
Every 14 days (13)
Between 14 and 21 days (1)

16 times a year (2)
Monthly (7)

Only during events (2)
No regular interval (2)
No information (2)

" Remaining sites unanswered.

on the location of the inlet pipe, as well as the velocity of the water being
pumped.

2.3.2. Analytical methods

Individual countries had also used different analytical methods to
determine SSC, as outlined in detail in the Supplementary Material
(Table S5). All but three streams used glass fibre filters (GF), followed by
drying and weighing. The pore size of a GF filter is usually given as an
average from the manufacturers and the filters used in these studies had
an average pore size that varied between 0.2 and 1.5 um. The three
exceptions were the Finnish streams Aurajoki, Savijoki and Laajoki,
where Nuclepore polycarbonate filters with a pore size of 0.40 ym were
used.

2.4. Quality assurance of the sensor turbidity data

The procedures for quality control of the sensor data also differed

Table 3

Quality assurance procedures for turbidity data.
Procedure* 1 2 3 4 5 6 7 8
Number of sites: 17 1 7 5 31 24 18 24

* Description of procedure (procedures 1-2 are prior to use; 3-4 are mainte-
nance; and 5-8 are post-treatment of the data).

1. Control factory calibrations in the lab prior to deployment against moderate and high
concentrations of the range of the certified standards from the manufacturer.

2. Run calibration standard ranges in the lab for sensor performance across a range of
introduced humic substances matrix.

3. Control against standard solutions in the field (e.g., 100 NTU certified reference
standard out in the field during every site visit and exposing the sensor to this
reference solution). Control the reading against previous readings of the standard over
time to check for drift.

4. Analyse the calibration samples in the lab for both SS mg/L and for turbidity, using an
additional standard calibrated bench-top meter in the lab (to compare with the in-situ
sensor).

5. Control whether high turbidity values could be explained by biofilm or organic
material disturbing the signal.

6. Control that data do not exceed the maximum turbidity concentrations specified by
the manufacturer.

7. Control whether maintenance (cleaning) affects data.

8. Control high turbidity values against water flow and control other outliers.
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between sites in the study (Table 3). However, no participant had
automatic procedures for quality control. Procedures prior to use varied,
but the factory calibration was often controlled in the laboratory before
deployment in a stream (17 out of 31 cases). Some post-treatment of
data was carried out in all sites. The data were controlled for turbidity
peaks that could be caused by biofilm or organic material disturbing the
signal (31/31). Furthermore, turbidity values exceeding the range
defined by the manufacturer (24/31) and a change in signal after
maintenance (18/31) gave cause to remove measurements. The majority
checked turbidity spikes against water flow to define outliers (24/31).
Few studies applied pre-defined rules for identification of outliers (7/
31).

2.4.1. Type of sensors used

A variety of in situ sensors from different manufacturers were used in
this study (specified in Supplementary material, Table S6). They can be
approximately grouped into two main types: (1) 24 sites used sensors
where turbidity was quantified by the intensity of light back-scattered
by the water at 90° where the light source was infrared light (860 nm)
and (2) seven sites used sensors with UV-vis spectrometry, where a
range of wavelengths are measured optically. The light attenuates due to
turbid material in the water and the spectrometer manufacturer has
defined global algorithms that interpret the light spectrum due to
turbidity in water. Thus, the sensor provides “raw” turbidity values. The
“raw” turbidity values can then be related to either (1) local conditions
with linear regression between the sensor “raw” values and water
sample-based turbidity values or (2) turbidity standards measured in the
lab.

Turbidity comprises two different units: NTU (Nephelometric
Turbidity Units) and FNU (Formazin Nephelometric Unit). NTU is used
in the method described by a US EPA standard (US-EPA 1993), while
FNU complies with the European ISO 7027-1 (2016). The main differ-
ence is that sensors with NTU use a white light (~390 nm - 700 nm),
while FNU uses infrared light (780 nm — 1 mm). However, suppliers tend
to use these terms interchangeably and do not always follow the above
principles. For this reason, this paper does not distinguish between the
units NTU and FNU but uses the common unit NTU/FNU. Comparing
differences in sensor types was beyond the scope of this paper, and we
refer to other authors on this issue (e.g., Merten et al., 2014; Hoff-
meister, 2017; Rymszewicz et al., 2017, and Bjorklof et al., 2018).

2.4.2. Data analyses
The linear relationship between turbidity and SSC is shown in (Eq.

(€9)}
SSC=aT +b (€D)]

where T is turbidity, a is the slope of the linear relationship (also named
curve-slope/c-slope in the text), and b is the intercept.

The R? for each stream was derived from MS Excel and this corre-
lation is hereafter termed the curve-R? or c-R2

A multiparameter analysis was performed with R software (R Studio
Team, 2022) to find correlations (Pearson r) between the different pa-
rameters in Fig. 1 and Table 1, as well as the slope of the linear rela-
tionship between SSC and turbidity. A principal component analysis
(PCA) was performed on the same dataset, using the SIMCA software.

R was also used to carry out the following tests of turbidity and SSC
in each stream:

e Pearson p-value, which is a parametric test for an association be-
tween two variables

e Shapiro test (or Shapiro-Wilk’s test; Shapiro and Wilk 1965), which
is a test of the normality of a data population (results shown in the
Supplementary material).

In addition to the differences in methodology and quality assurance
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procedures outlined above, the following uncertainty issues were
investigated relating to the correlation between turbidity (sensor) and
SSC (water sample): the number of samples available for calibration of
turbidity vs SSC (in other words, the number of samples in the
calibration/C-series); the representativeness of the turbidity data in the
C-series as compared to the E-series; and the impact of high-value
outliers.

3. Results
3.1. Experiences from using sensors

The results of the questionnaire on experiences from use of turbidity
sensors may shed some light on why the methodologies used by the 11
different monitoring programmes or projects were rather different.

First, we found that using sensors as a regular part of national
monitoring programmes was not common. In Denmark, Finland, Scot-
land and Northern Ireland, sensors were not yet part of such pro-
grammes, although strategies to introduce sensors existed in Denmark
and Finland. Sweden has used sensors at regular monitoring stations
since 2017 and these are currently used at seven sites (Folster et al.,
2019). In Norway, turbidity sensors were tested in three of the rivers in
the national River Monitoring Programme in 2013-2016 and are
currently being used in another four (out of 20) rivers in this programme
(Kaste et al., 2022). In comparison, Ireland, has used turbidity sensors as
part of the national Agricultural Catchments Programme since 2009,
with regular monitoring of six agricultural streams using both sensor
and traditional technologies. Overall, this relatively low uptake of in situ
sensors in regular monitoring programmes can explain the lack of
comparisons of sensor data from different regions.

Second, we found that scientists had often used sensors in single or a
few streams, and that any comparisons of sensor turbidity data between
streams had been conducted within the same project, using the same
methodologies. Hence, the present study seems to be unique in
comparing data from different projects and programmes, and across
countries.

In more detail, the questionnaire showed that turbidity data were
often used to improve sediment load calculations (Bieroza et al., 2014)
and to better understand catchment erosion, sediment sources/budgets
and sediment transport processes (Stutter et al., 2017; Kamari et al.,
2018; Bieroza et al., 2019; Wenng et al., 2021; Lannergérd et al., 2021).
Some had also used the data to support catchment modelling studies
(Piniewski et al., 2019), or to monitor threshold values in streams
(Skarbgvik and Roseth, 2014).

The questionnaire further revealed that a main advantage of sensors
can also be a drawback, since frequent sampling results in large amounts
of data that must be quality controlled and stored in a sensible way for
future use. Moreover, different research groups tend to develop their
own databases and software to store and process high frequency data,
customised to a specific experimental design or instrument. Hence, not
only methods, but also data storage routines, could benefit from
increased harmonisation.

Maintenance required to ensure the quality of the turbidity sensor
recordings can be a challenge, especially since substances can cover the
lenses, such as deposited sediments, organic material, insects and bio-
film. Automatic wipers were often found not to be sufficient, and
frequent manual cleaning was necessary in many projects. Moreover, in
these North-European countries, winter use of sensors could pose a
problem. The respondents reported that frost or ice drift could break the
glassware and destroy the instruments. At some sites, operation was
postponed during winter (Bieroza et al., 2019), in others the sensors
were submerged deeper in the water, whereas in others again, heating
cables were employed (Skarbgvik and Roseth, 2014).
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3.2. Data assessment

The 31 North-Western European streams varied in terms of catch-
ment size, land use, topography, soil types and hydrology, as well as
mean and maximum levels of turbidity and SSCs (Fig. 1 and Table 1).
Individual graphs of the relationship between turbidity and SSC for each
stream, based on the correlation(C)-series are given in Supplementary
material (Figure S-1). Only five of the 31 data series were normally
distributed, as indicated by the Shapiro test (Supplementary Material;
Table S7). This was not surprising since streams will typically have
relatively few episodes of high turbidity and SSCs, compared to the
longer periods of low to medium concentrations. To assess the impli-
cations of data sets with few high concentrations, the 10% highest values
of SSC were removed from the C-series, and the subsequent new set of c-
R?s was compared with the c-R2s of the complete C-series. The c-R% was
then reduced in 23 of 31 streams, which confirms the importance of
capturing a sufficient number of samples during high concentrations to
establish the turbidity-SSC relationship.

For most streams, the mean turbidity in the C-series was higher than
in the entire turbidity series (E-series) (Fig. 2a), probably reflecting that
11 of the C-series had been sampled during high discharge events
(Table 2). However, the data used for calibration seldom included the
maximum turbidity of the E-series (Fig. 2b); in fact, only four of 31C-se-
ries had collected SSC data during the highest recorded turbidity level,
and the slope of the maximum turbidity for the two series was 0.34,
which is far from a 1:1 relationship.

The variation in the representativity of the turbidity in the C-series as
compared to the E-series may partly be linked to the number of available
samples in the C-series (Table 1). For almost all streams with more than
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Fig. 2. Mean (a) and maximum (b) turbidity compared for the calibration se-
ries (C-series) and the entire turbidity series (E-series). The dotted line is the
linear trend line of the data; the solid line is the 1:1-relationship. Units for all
axes: NTU/FNU.
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approximately 70 samples, the c-R? was above 0.6 (Fig. 3).

3.3. Variations in curve-R% and curve-slope

There were large variations in the calibration between turbidity and
SSC in the 31 streams, both in terms of the goodness of fit and the slope
of the curves (Fig. 4; Suppl. mat. Figure S-1). The c-R%s varied from 0.01
to 0.96, and the c-slope varied from —0.03 to 3.4. There was a slight
relationship between the c-R? and the c-slope, as the Pearson r between
these were 0.48 (Fig. 5), with low c-slopes tending to have a low c-R2.

3.4. Correlation of turbidity and SSC vs. stream and catchment
characteristics

The multiparameter analysis (Fig. 5) revealed that the following
parameters might affect the c-R?, having Pearson r’s above 0.4: turbidity
levels and SSC in the streams, soil types (Supplementary Material
Figure S2), land use in the catchments, and the BFI.

There was a correlation between maximum turbidity of the E-series
and soil type (Pearson r = -0.59), implying that the turbidity was, in
general, highest in catchments with predominantly clay, silty and sandy
soils, and lowest in moraine and peat soils. Land use correlated with the
predominant soil type (e.g., Pearson r = 0.65 for the proportion of
agriculture and soil type), and the maximum turbidity of the E-series
correlated with an increasing proportion of agricultural land (Pearson r
= 0.55). The relationship between the c¢-R? and the proportion of agri-
cultural land and forested land were 0.49 and —0.45, respectively. The
BFI showed a weak correlation with the ¢-R? (r = 0.42), and at the same
time correlated with the percentage of agricultural land in the catch-
ments (r = 0.52), whereas the Pearson r between BFI and the proportion
of forest land was —0.42. This can indicate that the connection between
BFI and the c-R? can be explained by different groundwater influence in
deeper soils in agricultural catchments and more shallow soils in
catchments dominated by forest. The topography of the catchments,
divided into three approximate classes, had little detectable influence on
turbidity levels, SSC or the c-RZ Hence, overall, the ¢-R? was best in
streams with high turbidity and SSC, and in catchments with fine-
grained soils, high groundwater inputs and high proportion of agricul-
ture. The principal component analysis (Supplementary material
Figure S3) indicated the same pattern and thereby confirmed these
results.

The Pearson p-values for the c¢-R? (turbidity vs. SSC) in all but five
streams were 0.000. Higher p-values (and therefore poorer correlations)
were found in catchments with predominantly forest cover (Keuhko-
senneva; p 0.67; Kilaén, p 0.28 and Storelva, p 0.017), in Derg, which
had the highest proportion of wetlands/peatlands (p 0.001), and in
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Fig. 3. The relationship between the number of samples in the calibration se-
ries and the c-R? (the goodness of fit between turbidity and SSC).
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Sagan (p 0.008) with 51 % forest cover. Overall, the p-values thereby
reflect the above results, but the Pearson p showed less detail than when
using the c-R2.

The correlations between the c-R? and turbidity levels and SSCs
(from the C-series), were not linear, as illustrated in Fig. 6 (a-d). In
streams with a maximum concentration below 200 mg/1 SSC, the c-R>
ranged from O to 0.96, whereas in streams with a maximum SSC above
200 mg/1, all except one had ¢-R%s higher than 0.6 (Fig. 6a). Similarly,
all but three streams with a mean SSC above approximately 30 mg/1 had
a c-R% above 0.8, while the remaining three had c-R%s above 0.6
(Fig. 6b). There were similar thresholds for streams with a maximum
turbidity of about 200 and a mean turbidity of about 60 NTU/FNU
(Fig. 6 ¢, d).

3.5. Slope of the calibration curves vs. stream and catchment
characteristics

In the analyses of the slope of the linear calibration curve, the seven
streams with c-R? below 0.45 were omitted, since these curves and
therefore their slopes were rather uncertain. For the remaining dataset
(n = 24), the steepness of the curves showed high variation, ranging
from 0.27 to 3.4. One-third of the streams had linear curve slopes above
1, whereas two-third had slopes below 1; in other words, in most streams
the turbidity (NTU/FNU) was higher than the SSC (mg/1). There was a
slight correlation (Pearson r 0.48) between the linear curve slope and
the c-R? (cf. Fig. 4), which might be linked to relatively low maximum
SSC in some streams with low curve slopes. This, again, was most likely
linked to a correlation (Pearson r 0.58) existing between the ¢-R? and the
maximum SSC. Apart from this, however, the slope of the correlation
curves did not correspond with any of the stream water or catchment
characteristics included in the study. The PCA analysis (Supplementary
material Figure S3) confirmed this result.

4. Discussion

The analyses of data from the 31 different streams indicated that
correlations between turbidity and SSC above a ¢-R? of 0.6 were found in
streams with high SSC and turbidity values, draining catchments with a
high proportion of agricultural land, with predominantly clay, silty and
sandy soil types. The two exceptions had either correlation series where
the maximum turbidity levels were several thousand units below the
turbidity maximum of the entire turbidity series (Swedish Skivarpsan);
or in a catchment with predominantly sandy soils (Scottish Baldardo). In
the 13 forested streams draining coarser moraine and peatlands, six had
a c-R? above 0.6 and seven had a c-R? below 0.6.

The c-R? was in general above 0.6 in streams with a mean and
maximum SSC above approximately 30 and 200 mg/1, and mean and
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maximum turbidity above approximately 60 and 200 NTU/FNU,
respectively. These values can therefore serve as indicative threshold
values for when optical turbidity sensors will have a good potential to
serve as proxies for SSC. However, there were large variations, and these
relationships are therefore not unambiguous. Furthermore, the propor-
tion of agriculture in a catchment can be a suitable criterion in small,
headwater streams, but is probably less accurate in larger streams, as it
will depend on where the monitoring station is located. An example is
the Norwegian Hobglelva River, with only 20 % agriculture in the
catchment, but where the water quality and suspended sediment con-
ditions at the location of the monitoring station are predominantly
impacted by agriculture (Skarbgvik et al., 2022).

Villa et al. (2019) also noted that the goodness of fit between
turbidity and SSC (both of which were analysed in the laboratory from
water samples) was better in agricultural streams than in forested
streams. The reason could be linked to the grain size distribution of the
suspended sediments, since there is documentation of a relationship
between grain size distribution and turbidity (Downing, 2006; Landers
and Sturm, 2013; Merten et al., 2014). Unfortunately, too few data on
grain size distribution were available for carrying out any statistical
analyses, but our simpler approach of using main soil type appears to
reflect the same, as the correlation between turbidity and SSC improved
in soils with finer grain sizes. It has been observed that the grain size
distribution can be different during rising and falling hydrographs
(Lenzi and Marchi, 2000; Malutta et al., 2020), thereby changing the
turbidity signals in these two flow regimes, and that this can affect the
readings of optical turbidity sensors (Downing, 2006). In 10 of the
studied streams, event sampling during high water discharges was
employed, and in some of them, hysteresis between water discharge and
suspended sediments or turbidity had already been documented (Stutter
et al., 2017 for Baldardo; Bieroza et al., 2019 for Hestadbacken; and

Wenng et al., 2021 for Skuterud and Mgrdre). In the streams with SSC
and turbidity values below the indicative thresholds suggested above,
but that still had R%s above 0.5, event sampling had not been carried out.
Many of these streams were among the largest streams in the investi-
gation (Fig. 6). It is possible that the better c-R? in these streams could be
linked to the absence of sampling during increasing and falling hydro-
graphs at high water discharge events. Moreover, large streams often
have less flashiness than smaller ones (Baker et al., 2004) and therefore
possibly also less changes in grain size as a result of rising and falling
hydrographs, but this remains to be confirmed.

Our hypothesis that the slope of the calibration curve between
turbidity and SSC could be linked to similar stream and catchment
characteristics did not hold true for the available data. None of the
studied parameters could explain the slope of these curves. However,
Kamari et al. (2020) compared turbidity by sensor with particulate
phosphorus in three streams in South-West Finland and found that the
linear relationship was comparable for streams located near to each
other. These were streams draining the same type of clay-rich soils, and
where the same sensor types, sampling and analytical methods had been
used throughout. The latter is important, as the data in the current study
derived from different projects and programmes with a high variability
in methods and sensor types. Indeed, another study by Kamari (un-
published) suggested that the different filter types used to analyse SSC
may have an impact. A test was performed by filtering parallel suspen-
sions from the Finnish Aurajoki stream through two different filter types.
The suspensions filtered through glass fibre filters yielded a slope of the
calibration curve between turbidity (x-axis) and SSC (y-axis) of 0.4 (R2
0.8), whereas the same slope using Nuclepore filters was 0.9 (R? 0.9).
For the current study, a systematic test to check this further was not
possible, since only three streams used Nuclepore, and the pore sizes of
glass fibre filters differed between sites and were furthermore often
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stated as an average and not a fixed value. Nevertheless, it would
certainly be beneficial to investigate more closely how different filter
types could affect the SSC and thereby the relationship between
turbidity and SSC.

Another uncertainty was that the 31 sites had turbidity sensors based
on differing monitoring principles, since 24 sites used sensors with light
backscattered by the water at 90° and seven sites used sensors with
spectrometry. The average c-R? for the two sensor types did not differ
(0.65 and 0.64, respectively), but the slopes of the linear curves did,
with an average of 0.94 (90°) and 0.55 (spectrometry). Since consider-
ably fewer sites used spectrometry, it was not possible to draw firm
conclusions, although other studies have shown that different sensors
can yield rather different turbidity values for the same suspensions
(Merten et al., 2014; Hoffmeister, 2017; Rymszewicz et al., 2017;
Bjorklof et al., 2018). This further demonstrates the need for increased
harmonisation of sensor monitoring techniques.

There were also other differences in methodologies and quality
control procedures in the 11 research projects and monitoring pro-
grammes, as noted in the methods section. Such differences complicate
the comparison of turbidity-SSC relationships across streams. The ad-
vantages of comparing data in comparable stream types and regions
have been demonstrated during the implementation of the Water
Framework Directive (EC 2018). Turbidity and SSC are not obligatory
quality elements in this directive but, with predicted climate and
bioeconomy-induced land use changes (Marttila et al., 2020; Rakovic
et al., 2020; Skarbgvik et al., 2020; Farkas et al. 2023), it will become
increasingly important not just to monitor changes in turbidity and SSC
in single streams, but to do so in a harmonised way, so that changes can
also be detected and evaluated for regions (Bieroza et al., 2021).

However, unless such harmonisation can show better fits of the
calibration curves between turbidity and SSC in streams with similar

characteristics, calibrations will need to be carried out for each stream.
In this study, the c-R? improved for streams that had >70 water samples
analysed for SSC. While a sampling strategy with fewer samples, but
with samples that cover the full range of the SSC and turbidity levels,
might be sufficient, it appears from the studied data that achieving
representative data series could be difficult with fewer samples. There is
also a risk that fewer samples for calibration could result in potentially
influential data yielding a ‘false’ good ¢-R2. Our study also revealed that,
while several of the programmes for grab water sampling aimed to cover
high water discharge events, only two of 31 calibration series managed
to include the highest turbidity observed in the entire turbidity series
(Fig. 3), while two more were within 12% of the maximum turbidity.
These four sites used automatic water samplers. This illustrates the
difficulty of collecting water samples during the most extreme events
but, at the same time, it clearly demonstrates the usefulness of optical
turbidity sensors. However, although such sensors are frequently uti-
lised in research projects, they were only part of a few national moni-
toring programmes in the six countries that took part in the study. A
higher uptake of these instruments in national programmes (Bieroza
et al. 2020; Kaste et al. 2022) might be important to improve harmo-
nisation of methodologies, since managers may experience a more
pressing need to compare soil erosion, sediment sources and sediment
yields over larger regions than normally conducted in research projects.
Considering that turbidity sensors have already been used for decades by
catchment researchers, the great variation in methodologies and quality
control procedures seen in this study does indeed call for better coor-
dinated action. Our findings are also a clear warning for application of
other types of sensors/analysers in water monitoring, used as proxies
for, e.g., nitrate, chlorophyll a, or phosphate, and where it is deemed
necessary to intercalibrate results from different streams.
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5. Conclusions

Climate change combined with expected land use alterations because
of the transition to a bioeconomy could lead to significant changes in soil
erosion and sediment transport in streams. Monitoring such changes
should be a matter of high importance, but it is well documented that SS
concentrations and load estimates based on grab sampling can over- or
underestimate true annual SS fluxes or conditions. Hence, frequent
monitoring using optical turbidity sensors offers a potentially good so-
lution. Despite this, only a few national monitoring programmes in the
six countries in this study regularly used optical turbidity sensor meth-
odology, and this can be part of the explanation for the high variability
found in methods and quality control procedures.

Most studies of turbidity in streams have concerned single cases, and
few investigations have involved several cases based on different
research or monitoring programmes. This study has compared data and
experiences from 11 different monitoring programmes/research pro-
jects in 31 streams and six countries, to explore the correlations between
turbidity and SSC, and to identify similarities or differences that could
give researchers and managers new insights. The main conclusions are:

e The best correlations between turbidity and SSC were found in
agricultural streams draining catchments with predominantly clay,
silty or sandy soils, and in correlation series with a mean and
maximum SSC above approximately 30 and 200 mg/], and a mean
and maximum turbidity above approximately 60 and 200 NTU/FNU,
respectively. However, there were considerable variations. Poorer
correlations were found in forested or peatland streams, and in
catchments with coarser soil types.

Data series with >70 samples for calibration between turbidity and
SSC had an overall goodness of fit higher than an R? of 0.6 between
turbidity and SSC.

The slopes of the calibration curves varied considerably and did not
correlate with any of the studied stream or catchment characteristics,
but this could be linked to the use of different filters in the analytical
method for detecting SSC, different turbidity meters, as well as other,
yet undetected explanations.

Monitoring and analytical methods, as well as quality assessment
procedures and calibration methods, varied considerably between
the 11 different studies, which points to an urgent need for more
harmonised methods.

The results underpin the recommendation to prepare a separate
calibration curve between turbidity and SSC for each individual
stream, at least as long as methods differ, and until more knowledge
can be gained from monitoring programmes using similar
methodologies.
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