
https://doi.org/10.1007/s11356-022-18969-7

RESEARCH ARTICLE

A stochastic approach for the assessment of suspended sediment 
concentration at the Upper Rhone River basin, Switzerland

Babak Vaheddoost1 · Saeed Vazifehkhah2 · Mir Jafar Sadegh Safari3 

Received: 8 September 2021 / Accepted: 26 January 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
This study addresses the link between suspended sediment concentration, precipitation, streamflow, and direct runoff com-
ponents. This is important since suspended sediment concentration in the streamflow has invaluable importance in the 
management of the river basin. For this, the daily streamflow time series in five consecutive stations at Upper Rhone River 
Basin, a relatively large basin in the Alpine region of Switzerland, daily precipitation at one station, and the twice a week 
suspended sediment concentration records at the most downstream station between January 1981 and October 2020 are used. 
Initially, the base flow and the direct runoff associated with streamflow time series are obtained using the sliding interval 
method. Elasticity analyses between streamflow and suspended sediment concentration together with correlation, autocor-
relation, partial autocorrelation, stationarity, and homogeneity are examined by the Augmented Dickey-Fuller and Pettitt’s 
tests, respectively. Then, various stochastic scenarios are generated using the autoregressive moving average exogenous 
method (ARMAX). It is concluded that the precipitation and direct runoff have fewer effects on the suspended sediment 
concentration at downstream of the river. Hence, the cumulative effect of the glacier or snowmelt and channel erosion may 
exceed the effect of rain blown washouts on the suspended sediment concentration at the Port du Scex station. It is found 
that the ARMAX model results are satisfactory and can be suggested for further application.

Keywords  Autoregressive moving average exogenous · Direct runoff · Streamflow · Suspended sediment · Upper Rhone 
basin

Introduction

The suspended sediment transport in the rivers is one of 
the significant factors which has a fundamental influence on 
hydraulic structures and is a key challenge for surface water 

exploitation (Kisi and Yaseen 2019). As an essential issue in 
the sediment transport process, the precise estimation of sus-
pended sediment concentration (SSC) is compulsory for the 
design of hydraulic structures. In addition, the impact of the 
river’s suspended sediment on the ecosystem, the pollution, 
and the quality of surface water resources gain a huge inter-
est (e.g., Frings and Kleinhans 2008; Martinez et al. 2009; 
Shadkani et al. 2021; Shojaeezadeh et al. 2018; Samadian-
fard et al. 2021). The inaccurate estimation of SSC however 
leads to several unwanted impacts on the available resources, 
time, energy, and manpower (Meshram et al. 2021; Harun 
et al. 2021).

The management, measurement, and determining sedi-
ment transport process in the rivers are among the common 
subjects in sediment studies. Likewise, the deposition of 
sediment in the rivers is the most common phenomenal and 
costly challenge which could lead to considerable environ-
mental, agricultural, and ecological problems. For instance, 
the sediment deposition in the dams would lower the active 
volume and increase its dead volume (Mohammadi et al. 
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2021). The SSC in rivers also has a significant impact on 
the drinking and agriculture water quality. For this, many 
scientists such as Jain (2001) believe that the association 
between the SSC, the water quality, and industrial water con-
sumption needs to be determined prior to the advanced water 
resources planning and management. Also, Safari (2020) 
outlined that to discover the stochastic nature of sediment 
transport, the nonlinear attributes of its drivers and their 
contribution should be investigated through experimental 
and numerical studies.

By far, the application of time series analysis on sedi-
ment transport phenomena has been studied through differ-
ent approaches (e.g., Andrews 1980; Walker and Hammack 
2000; Wang et al. 2008; Yang et al. 2011). For instance, 
Tian et al. (2019) assessed the temporal and spatial varia-
tion of runoff and the SSC in the upper Yellow River, China. 
They depicted the abrupt changes within the applied vari-
ables of the post dam construction era, indicating an increase 
(decrease) in the runoff periodicities owing to the low (high) 
frequencies generated afterwards. Restrepo Lopez et al. 
(2017) examined the suspended sediment discharge variation 
and flux in Colombian Caribbean rivers using the wavelet 
spectrum. They revealed no significant trend on the SSC; 
however, the period 2000–2010 has the highest variations. 
Han et al. (2019) evaluated the precipitation-runoff-sediment 
transport relationship in the Wuding river basin in China 
using a long-term time series (1955–2012) and emphasized 
the drastic changes in the relationship of mentioned vari-
ables due to the several dam constructions along the river. 
Esteves et al. (2019) evaluated the probable links between 
rainfall discharge and suspended sediment transport during 
the flood events in a 20-km2 mountainous Mediterranean 
catchment. The seasonality of suspended sediment concen-
tration is emphasized and it was suggested that a minimum 
of 5 years of consecutive dataset is needed to define a reli-
able relationship among the applied variables. Zakwan et al. 
(2021) assessed the applicability of the magnitude perfor-
mance analysis to derive the suspended sediment transport in 
the Drava river, Croatia. They found that by considering the 
discharge with a 1-year return interval, the annual maximum 
discharge transports about 90% of the total sediment concen-
tration of the lower Drava River. Sok et al. (2021) analyzed 
the temporal variation of suspended sediment concentration 
in Cambodia’s lower Mekong rivers and explained a decreas-
ing trend over the period 1993–2018.

The sediment transport phenomena in the Rhone River 
(both in France and Switzerland) gained enormous atten-
tion in recent years. For instance, Stutenbecker et al. (2018) 
quantified the process of sediment generation and their 
spatial distribution in the Upper Rhone basin (URB) using 

various fingerprint techniques and pointed out that a consid-
erable amount of glaciogenic sediments is currently linked to 
the retreating glaciers. From the geomorphological aspect, 
Schoch et al. (2018) tried to predict the location and spa-
tial distribution of sediment and bedrock cover in the URB 
and revealed since the Little Ice Age, the amount of relative 
sediment cover has increased in de-glaciated areas. Costa 
et al. (2018b) assessed the changes in hydro-climatic drivers 
and suspended sediment at the Upper Rhone basin during 
1975–2015. Their outcomes emphasized the dominance of 
erosive rainfall, ice melt, and snowmelt in the daily SSC pre-
diction. They emphasized the need for analyzing the inter-
actions between hydrological factors and sediment sources 
at URB in the future. Dabrin et al. (2021) assessed the 
suspended particulate matter transport at the Rhone basin 
(France) through different extraction methods including the 
fingerprinting method.

A literature survey indicates the lack of a study to exam-
ine a possible relationship between the total streamflow, 
direct runoff, and SSC in the URB. To this end, we have 
assessed the effect of rainfall washouts and sediments 
brought by direct precipitation over the Rhone River with 
sediments brought by the streamflow as a product of glacier 
or snow melts and channel erosion from the upstream. Then, 
by taking into consideration of the recent studies on SSC 
prediction at URB, this study aims to (i) evaluate the sedi-
ment concentration concerning direct runoff and streamflow 
in response to the monthly precipitation changes, and (ii) to 
conduct a multivariate stochastic approach in studying the 
suspended sediment concentration phenomenon at the URB.

Study area and data

The Upper Rhone basin (URB) is located between the Rhone 
Glacier and Lake Geneva in Switzerland with an approxi-
mate area of 5250 km2. Its altitude varies between 372 and 
4521 m with a mean of 2124 m, which hosts several peaks 
higher than 4000 m (Fig. 1). The Rhone River’s watershed 
is a closed intra-montane which is one of the largest inner-
orogeny watersheds in the European Alps that supplies 
around 75% of the total inflow and 85% of the supplied 
sediment to Lake Geneva (Loizeau et al. 2012; Klein 2016). 
The glacial erosion and mass wasting processes on steep 
hillslopes cause the supply and production of the sediment, 
which are largely controlled by precipitation, and snow and 
ice melt (Costa et al. 2018b). The URB was extensively 
influenced by anthropogenic impact. For instance, the Rhone 
River was channelized twice in the periods of 1863–1894 
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and 1930–1960 at the downstream area continued by the 
ongoing 3rd Rhone Correction Project.

The annual mean precipitation in the URB is about 
1400 mm with high spatial variability in response to the 
orographic effect (Costa et al. 2018a). The snowmelt and ice 
melt dominate the hydrological regime of the URB where 
the peak and low flows respectively take place in sum-
mer and winter. Mean discharge is about 320 m3/s during 

June–August and 120 m3/s during December–February, 
while the mean annual discharge is 181 m3/s.

The daily precipitation (P) data at Aigle station; the daily 
discharge (Q) data at the Reckingen, Brig, Sion, Branson, 
and Porte du Scex stations which are consecutively located 
at the most upstream to most downstream of the Rhone river; 
and twice a week recorded SSC data at the Porte du Scex 
station were acquired from the Swiss Federal Office of the 
Environment (FOEN). In this regard, the selected stations 

Fig. 1   Topographic map of the 
Upper Rhone basin with the 
applied gauging stations

Table 1   General statistical and 
geographical information of the 
applied time series

P, precipitation; Q, discharge; SSC, suspended sediment concentration

ID Station name Average Standard 
deviation

Frequency (unit) Upstream area Altitude Glaciation %

P Aigle 77.4 9.7 Daily (mm) - 381 -
SSC Porte du Scex 229.6 543.9 Twice a Week (mg/l) - 377 -
Q1 Reckingen 9.8 9.6 Daily (m3/s) 214 1311 12
Q4 Brig 42.0 43.1 Daily (m3/s) 906 667 19
Q3 Sion 109.7 96.7 Daily (m3/s) 3372 484 14
Q4 Branson 133.5 90.3 Daily (m3/s) 3728 457 13
Q5 Porte du Scex 181.0 128.4 Daily (m3/s) 5244 377 11
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(Fig. 1) and the statistical properties of the data measured at 
each station are given in Table 1, which will be used through 
analysis in the subsequent sections. Although the period of 
acquired data varied among the streamflow stations, the 
common January 1981 to October 2020 time period between 
the allocated time series was chosen for further investiga-
tion. The statistical properties of the time series including 
average, standard deviation, frequency of records, drainage 
area, altitude, and glaciation extent are listed (Table 1). The 
time series plot of the raw data, initially provided for P and 
SSC (Fig. 2a, b) as well as the streamflow time series (Q) for 
the applied stations are presented (Fig. 2c–g).

Methods

The methodology used in this study consists of three main 
sections including; data regulation, data analysis and a math-
ematical simulation. Respectively, the subsequent sections 
detail the applied methods. First, the time series of sus-
pended sediment concentration (SSC), streamflow (Q), and 
precipitation (P) are transformed into monthly time series 
(Fig. 3). The Q time series was converted to direct runoff 
(DF) and base flow (BF) time series to study the effect of 
precipitation. Then, the correlation analysis and sediment 
rating curves are obtained to study the spatial relationship 
between SSC and Q in the hydrometric stations and finally 
the allocated scenarios are used to generate the best simu-
lation model using the Autoregressive Moving Average 

eXogenous (ARMAX) method. The procedure is shown in 
the flowchart given in Fig. 3.

Data regulation

The daily streamflow data were used to separate base flow 
and direct runoff to study the immediate effect of precip-
itation on the total streamflow on a daily time scale. For 
this, the base flow separation is conducted using the sliding 
interval method (Sloto and Crouse 1996) that determines 
the minimum streamflow discharge over half of the inter-
val minus previous day streamflow [0.5(2 N*-1) days]. The 
sliding interval method can be illustrated with a moving 
bar 2 N* upward until it intersects with the daily stream-
flow hydrograph. The streamflow of any desired station is 
assigned to the median day within the assigned interval. 
Finally, the bar can be pushed over (being slid) to the next 
day and repeated over and over until the finalization of the 
procedure. Finally, each streamflow time series is evaluated 
as the total stream flow rate (Q), base flow (BF) separated 
with sliding interval method, and the direct runoff (DR) 
which is the residual between total streamflow and base 
flow time series at each interval (Fig. 4). According to the 
base flow separation analysis, more than 80% of the total 
streamflow in the river is the product of base flow. In order 
to clarify this issue, the base flow index (Vaheddoost and 
Aksoy 2018) as the percentage of ratio between BF to the Q 
is provided (Fig. 4).

Then, the daily precipitation data at the Aigle station and 
daily streamflow rate at Porte du Scex, Branson, Sion, Brig, 
and Reckingen stations, together with the daily suspended 
sediment concentration at the Porte du Scex station (refer to 
Table 1), are transferred respectively to the monthly average 

Fig. 2   Time series of (a) SSC at Porte du Scex station, (b) P at Aigle 
station together with the total streamflow in (c) Reckingen, (d) Brig, 
(e) Sion, (f) Branson, and (g) Porte du Scex stations

◂

Fig. 3   Flowchart of the applied 
methodology
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precipitation, average discharge rates, and the monthly total 
suspended sediment concentration for the common time 
January 1981 to October 2020 (478 months).

Data analysis

The correlation analysis is conducted based on Pearson’s 
correlation coefficient matrix applied to the ensemble of 
the time series. Therefore, the time series of precipitation, 
streamflow, and suspended sediment concentration are 
examined against each other to investigate the linear depend-
ence between allocated time series. Similarly, the auto-
correlation function (ACF) and the partial-auto-correlation 
function (PACF) of the individual time series are tested to 
conduct temporal analysis that is evaluated in the develop-
ment of ARMAX models which is discussed broadly in the 
section “The mathematical simulation.”

Finally, the sediment rating curve (SRC) as a conven-
tional method in SSC analysis is used (Asselman 2000; 
Mohammadi et al. 2021). It empirically represents the non-
linear exponential functional relationship between the SSC 
and Q. Several alternative equations for the SRC have been 
reported in the literature; however, the most widely used 
SRC relationship has a form of

where a and b are constant values obtained from the data. 
It has to be noticed that SRCs are developed in three shapes 
in this study, i.e., as a product of the Q-SSC relationship as 
well as the products of DR-SSC and BF-SSC.

The mathematical simulation

Initially, the elasticity analysis is used to examine the flex-
ibility of the models, their clustering capabilities, and the 
rate of influence for each predictor in space. It is commonly 
used in management practices to reveal the share of each 
predictor on prediction with consideration to its magnitude 
and significance. For this, usually a log-linear regression 
is used, while the outcome of such analysis details if the 
relationship between dependent and independent variables 
is inelastic (when the obtained coefficient |α|< 1, that the 
SSC has a small response to the variable), unit elastic (when 
|α|= 1, that the SSC has an exact response with the variable), 
or elastic (when |α|> 1, that the SSC is greatly under the 
influence of the variable). Interested readers may refer to 
Working (1943), Leser (1963), Intriligator et al. (1996), and 
Deaton and Muellbauer (1980a, b) for more details about the 
application of elasticity analysis in time series analysis. In 

(1)SSC = aQb

this respect, the elasticity analysis is conducted between the 
time series of monthly SSC and monthly Q as the dependent 
and the independent variables, respectively. A simple log-
linear elasticity regression can be determined as

in which the intercept β and coefficients α are the parameters 
of the regression and can be evaluated with a t-test which 
defines if the obtained value is statically significant or not 
(t-critical is ± 1.96 at 0.05 significance level). Thereby, the 
effect of a non-significant coefficient can be ignored in the 
analysis regardless of the sign and/or value obtained in the 
analysis.

On the other hand, the inconsistency and non-homogene-
ity associated with the variables could induce the hydrologic 
features to change over time (Salas et al. 1980). Therefore, 
it is suggested to check the stationarity and homogeneity of 
the applied hydro-climatic variables in advance (Salas et al. 
1980; Wang et al. 2009; Vazifehkhah and Kahya 2019). For 
this, the time series of the applied variables are checked for 
stationarity and homogeneity using the Augmented Dickey-
Fuller (ADF: Dickey and Fuller 1979) and Pettitt’s (Pettitt 
1979) tests respectively.

Then, the Autoregressive Moving Average eXogenous 
(ARMAX) method is used to evaluate a multi-variable sto-
chastic model fit in the simulation of the desired relationship 
between SSC, P, Q, and DR. For this, the SSC in the river 
stream is examined for the source of SSC brought either by 
precipitation, direct runoff washouts, or the upstream gla-
cier melt, snowmelt, or the channel erosion. For this, the 
ARMAX (p, q, b) consisting of order-p time lag (maximum 
2 in this study), order-q moving average of residuals (maxi-
mum 2 in this study), and order-b variables depending on 
the amount of contributing independent variable (maximum 
6 in this study based on the scenario) were proposed. In this 
respect, a related equation takes the form of

in which t stands for the time interval, β is the coefficient 
or intercept obtained for the kth exogenous input, ϕ is the 
coefficient of jth order auto-regressive term, θ is the jth order 
moving average of residual series, ε. Therefore, by consider-
ing a different combination of p, q, and b orders, different 
scenarios can be generated. Then, the performance of mod-
els is evaluated using Akaike information criterion (AIC) 
and the determination coefficient (R2) defined as
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Fig. 4   Time series of DR and BF in the selected stations (BFI, the 
base flow index as the percentage of ratio of BF to the Q)

◂

39866 Environmental Science and Pollution Research  (2022) 29:39860–39876



in which n, N, and σε are respectively the number of parame-
ters in the model, number of datasets, and standard deviation 
of the residual series. The AIC defines the parsimoniousness 
of the model, while R2 denotes the portion of the variance 
explained by the applied scenario.

Results

The following section details the results obtained in data analy-
sis or model development as detailed in the flowchart (Fig. 3).

Correlation analysis

The correlation coefficients between all of the time series (i.e., 
SSC, Q, P, DR, BF) are obtained to evaluate the nature of the 
relationship between suspended sediment concentration (SSC) 
in Porte du Scex station (most downstream station) and total 
streamflow in the same station (Q5), Branson (Q4), Sion (Q3), 

(5)R2 =

⎛⎜⎜⎜⎝

Covariance
�
SSC, ŜSC

�
�
�SSC

��
�
ŜSC

�
⎞⎟⎟⎟⎠

2 Brig (Q2), and Reckingen (Q1) stations; direct runoff (DR5, 
DR4, DR3, DR2, DR1) and base-flow (BF5, BF4, BF3, BF2, 
BF1) in the aforesaid stations; and the precipitation (P) in the 
Aigle station (at downstream). The outcomes of the correla-
tion analysis are in Fig. 5 which shows the SSC data in Porte 
du Scex is less correlated with the precipitation, while more 
correlated with total streamflow data over the applied stations 
(Fig. 1). The correlation coefficients between SSC and Q and 
BF (Fig. 5) are higher than DR on every station. On the other 
hand, it is seen that the correlation between Q and BF is higher 
than the correlation between Q and DR on every individual sta-
tion. Likewise, it can be understood that the BF has a greater 
quota in total Q and the nature of the river is permanent being 
fed by the snowmelt and/or groundwater.

Sediment rating curves

The sediment rating curve between SSC at Porte du Scex 
station and streamflow in five stations (Q5, Q4, Q3, Q2, Q1), 
and the SRCs for SSC and direct runoff (DR5, DR4, DR3, 
DR2, DR1) and base flow (BF5, BF4, BF3, BF2, BF1) are 
developed (Fig. 6). The SRC for SSC and total streamflow 
data at Porte du Scex station (Q5) yields an R2 of 0.73 dem-
onstrating the high applicability of the SRC for the applied 

Fig. 5   The correlation matrix 
of all variables including P, 
SSC, Q, BF, and DR related to 
selected stations
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cases. Developing the SRCs for SSC and streamflow at Bran-
son, Sion, Brig, and Reckingen stations (Q4, Q3, Q2, Q1) 
shows that SSC has also a reasonable relationship between 
upstream streamflow which is more tangible for Sion, Brig, 
and Reckingen (Q3, Q2, Q1). In this regard, the relationships 
between the SSC and Q3, Q2, and Q1 are higher in contrast 
to the Q5 and Q4. Therefore, it may be interpreted as the 
effect of erosion occurring in the hillslope, human activities, 
glaciers, and/or snowmelt, etc., at the upstream of the river. It 
is seen that the SSC at Porte du Scex station has higher corre-
lations with the BF and the Q compared to the DR. Similar to 
the results obtained for total streamflow, the SRCs established 
on BF for upstream stations give higher R2 in comparison to 
the downstream stations. It is noteworthy that the incline of 
the rating curves increases from upstream (Porte du Scex, 
Fig. 6e) to downstream (Porte du Scex, Fig. 6a) indicating 
that the Q and the corresponding BF and DR have a higher 
effect on the SSC in the downstream.

Elasticity of the data

The elasticity analysis results are also given (Table 2) with a log 
transformation revealing that the Q5 (same as for the SSC) has the 
highest effect on the SSC. Based on the regression performance of the 
performed elasticity analysis, the model explains 98.6% of the total 
variance (R2) in the SSC time series. For instance, a 1% change in Q5 
causes in a 0.64% change in SSC. A similar association between Q4 
and SSC can be observed while the Q1, Q3, and Q2 respectively have 
0.59%, 0.58%, and 0.25% effects on the SSC. However, when the 
t-value is considered (Table 2), the t-value associated with Q1 exceeds 
1.96 which indicates that the coefficients of elasticity obtained for 
Q1 are significant, while the remaining coefficients are not statisti-
cally significant and could be ignored in the elasticity analysis. For 
instance, the Q4 (Branson) owns a negative coefficient unlike the 
other stations, but due to the non-significant t-value it can be ignored 
or assumed with zero effect in the analysis.

As detailed above, the relationship between SSC and the predic-
tors (Q1, Q2, Q3, Q4, and Q5) is quite inelastic, but it still interpreted 
about 99% of the variance which urges the need for detailed investiga-
tion about the micro-hydrology and morphology of the basin in future. 
In other words, it can be concluded that the changes in the SSC are 
extremely related to the discharge rates, but the portion and the direction 
the relationship may differ due to the micro- and macro-hydrological 
events at the basin. In this respect, the relationship between SSC and the 
streamflow in the river is found to be quite complicated and nonlinear 
that needs to be simulated with a deterministic-stochastic approach that 
interprets the effect of time and space, simultaneously.

The mathematical simulation

To develop Autoregressive Moving Average eXogenous 
(ARMAX) best-fit equations, different scenarios are 

developed. The urge for using these scenarios relies on 
the examination of the role of DR, P, and Q on the SSC 
(i.e., BF is not expected to be the source of SSC when it 
cannot be recognized as the streamflow when DR exists). 
Therefore, the most relevant variable sets in the form of 
suggested scenarios would reveal the most reliable sce-
nario that is probably taking place. To this end, consider-
ing the obtained results (Table 2), the scenarios are sug-
gested as follows:

to define if the DR or the Q (BF is the same as Q due 
to the permanent nature of the river and not likely to be 
an alternative source in the production of the suspended 
sediment concentration) reveals the most relevant results 
associated with the SSC while jth time lag and random-
ness ε either in moving average or random walk is con-
sidered at time t. In other words, the proposed scenarios 
investigate the effect of upstream (glacier-melt, snow-
melt, channel erosion etc.), rainstorm washouts (at the 
downstream), dust brought by the immediate precipitation 
over the channel in the most downstream station, and the 
temporary deposition and/or motion of the sediment (lag 
times) on the total suspended sediment concentration at 
the Port du Scex station.

Since ARMAX uses autoregressive (AR) and moving 
average (MA) components for the SSC, the autocorrelation 
function (ACF; Fig. 7a) and partial autocorrelation function 
(PACF; Fig. 7b) of the SSC time series are applied to define 
the order of the AR and MA process in ARMAX models. 
Based on the analysis (Fig. 7), both AR and MA components 
exist while the nature of the phenomenon is based on the 
dragged sediment components before time t and also ran-
domness like the phenomenon itself.

The combinations of models and scenarios are generated 
(Eqs. 6–11) to study the effect of DR or Q on the SSC (Fig. 8 
and Table 3). The developed equations for the proposed sce-
narios are given as follows:
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According to the obtained results (Table 3) in terms of R2 
and AIC, the third scenario could be recognized as the best-
fit scenario model. Hence, the time series of the best mod-
els obtained from the six scenarios are presented (Fig. 9), 
which shows their acceptable performances in capturing 
the sediment concentration in the river streams. However, 
some recent extremes in the SSC values exceeded the predic-
tions. As also detailed previously (Fig. 8 and Table 3), such 
a model explains about 63% of the volatilities in the time 
series, while most of the deviations occurred due to outliers 
of the extreme events that could be probably in response to 
the high flows caused by the temperature increase and the 
sudden ice and/or snowmelts. What is more, and based on 
the obtained coefficients for the best model (Eq. 14), both of 
the exogenous variables (first parentheses of Eq. 14) and the 
stochastic variables (second parentheses of Eq. 14) alter the 
simulations. By considering the discharge rates in Eq. (14), 
the Q1 has the highest coefficient which also confirms the 
results of the elasticity analysis that were already explained 
(Table 2). Thereby, it could be interpreted that the most 
upstream parts of the URB are the main source (i.e., ice 
and snowmelt upstream) of the SSC at Rhone River, but the 
streamflow has a dominant effect against direct runoff in the 
production of SSC at the Port du Scex station. It is also con-
cluded from the lower P coefficient that the best-fit model 
conceptualizes a non-significant effect of precipitation over 
the SSC at the Port du Scex station, which is in line with the 
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correlation analysis results that were explained earlier. Alter-
natively, the weak relationship between the SSC and DR also 
emphasizes the less impact of the P (at Aigle) on the SSC 
(at Porte du Scex). For testing this hypothesis, temperature 

and precipitation time series at Grächen and Visp stations 
(located upstream of the URB) are compared with the SSC. 
In this respect, the correlation coefficients between SSC and 
temperature in Grächen and Visp stations respectively depict 
0.66 and 0.65, while the correlations associated with precipi-
tation in the same stations were respectively 0.26 and 0.20. 
Hence, the main source of the SSC in the upstream brought 
by Q is probably the glacier or snowmelt rather than rain-
fall washouts or dust brought by the precipitation. A similar 
result is obtained by the sediment rating curve in the Reck-
ingen station which depicts a higher correlation with the SSC 
at the Porte du Scex station.

As given in the scatter plot below (Fig. 10), the observed 
values contain more outliers that could not be simulated by 
the models. However, other properties of the distribution 
including median, average, quartile ranges, minima, and 
maxima are preserved adequately. In this respect, the results 
of the model fit can be considered acceptable enough for 
further application.

Discussion

The suspended sediment concentration studies in rivers 
could provide valuable information about the source of 
sediment transport for theoretical and practical uses. The 
amount of sediment being transported through the Rhone 
River to Lake Geneva is about 500,000 tons and reaches up 
to almost five million tons per year (Loizeau and Dominik 
2000), and therefore needs to be studied carefully to avoid 
probable hazards and damages to the infrastructure and the 
environment of the surrounding regions. The process of 
SSC transport into the Rhone River is a challenging issue in 
particular with the increase of extreme precipitation events 
and heatwaves. Although the most recent glacial cover in 
the URB is estimated to be around 11% (FOEN, 2021), the 
investigation of the SSC process in the mountainous URB 
which hosts some of the largest Alpine glaciers gains more 
importance. The hydrological regime of URB results in the 
rainfall-runoff interactions having a non-linear and complex 
mechanism. For instance, during the winter as the freezing 
level falls below 900 m above sea level for a long period 
where the mean altitude of the basin reaches up to 2100 m 
above sea level, snowfall is a dominant precipitation type. 
This fact is confirmed through the sediment rating curve and 

Fig. 6   Sediment rating curves related to suspended sediment concen-
tration (SSC) at Porte du Scex station and Q, BF, and DR at (a) Reck-
ingen, (b) Brig, (c) Sion, (d) Branson, and (e) Porte du Scex stations

◂
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the performed data analysis where SSC has a higher corre-
lation with the base flow rather than the direct runoff. The 
base flow could be recognized as the dominant contributor 
to the streamflow. Therefore, the source of SSC seems to be 
related to glacier or snowmelt, or channel erosion rather than 

washouts from the overland flow or the dust brought by the 
immediate precipitation. This hypothesis is then examined 
by comparing the SSC with temperature and precipitation 
time series at the Grächen and Visp stations in the upstream 
areas. Results denote that correlation between the SSC and 
temperature is more significant than the SSC and precipi-
tation; and therefore, the source of SSC is more likely the 
ice, glacier, or snowmelt at the upstream of the river. In this 
respect, as the temperature rises in March–May, the number 
of rainfall events increases which is followed by the decrease 
in the snow cover area over the basin. So, the simultaneous 
increase in discharge driven by the snowmelt in the rivers 
and channels, and the ice melt from the glaciers as well as the 
increase in the erodible area under rainfall, results in the peak 
SSCs in June–July. Therefore, the major glaciers of the URB 

Table 2   Elasticity analysis of the log-linear regression with R2 0.986

Parameter Coefficient t-value

Q1 0.594 3.736
Q2 0.254 1.291
Q3 0.581 1.437
Q4  − 0.636  − 1.476
Q5 0.637 1.903

Fig. 7   The ACF and PACF 
related to SSC time series

Fig. 8   Time series of observation versus ARMAX model
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that are located upstream of the Reckingen and Brig stations 
are probably the main source of SSC to the river throughout 

the year. This was also emphasized by Costa et al. (2018b) 
who showed the role of glaciers on the upstream regions of 

Table 3   Results of the conducted models based on the scenarios given in Eqs. (12–17)

Scenario Equation (12) Equation (13) Equation (14) Equation (15) Equation (16) Equation (17)

ARMAX (1,0,b) R2 0.602 0.609 0.626 0.465 0.519 0.559
AIC 6429.91 6420.93 6408.66 6571.76 6522.93 6487.16

ARMAX (1,1,b) R2 0.603 0.609 0.626 0.465 0.519 0.560
AIC 6430.23 6422.73 6409.69 6573.76 6524.47 6488.83

ARMAX (1,2,b) R2 0.606 0.612 0.629 0.473 0.524 0.562
AIC 6428.41 6421.67 6408.09 6568.16 6522.55 6488.71

ARMAX (2,0,b) R2 0.604 0.609 0.627 0.465 0.519 0.560
AIC 6429.39 6422.61 6409.01 6573.75 6524.14 6488.68

ARMAX (2,1,b) R2 0.607 0.611 0.629 0.467 0.531 0.562
AIC 6428.30 6422.90 6408.59 6573.38 6516.22 6489.52

ARMAX (2,2,b) R2 0.607 0.612 0.629 0.552 0.531 0.564
AIC 6429.84 6423.66 6410.04 6496.30 6518.33 6489.32

Fig. 9   The time series of the observed and the best-fit models

39872 Environmental Science and Pollution Research  (2022) 29:39860–39876



the URB as the main suspended sediment contributors of the 
Rhone River. However, the considerable glaciers’ existence 
in the URB and the amount of SSC which is contributed and 
being transferred to the main river through the current ero-
sion in the small valleys and channels make the phenomenon 
very complex which needs to be studied through various time 
series analysis techniques and methods. Although the amount 
of precipitation decreases in August–September, the ice and 
snowmelt from glaciers continue to feed the Rhone River 
which keeps the SSC values significant until the autumn and 
enhance the significant relationship of SSC with the base flow 
(i.e., low flow) throughout the year. This phenomenon gener-
ates several extreme values resulting in the outliers in the SSC 
time series causing a negative impact on the performance of 
the proposed models.

In order to find the possible relationship between DR and 
SSC, the sliding interval approach is applied and then the 
BF and DR time series are analyzed together with Q in five 
stations. Furthermore, P in one station (most downstream 
station) is incorporated into the analysis to study its pos-
sible impact on SSC. Correlation analysis among the vari-
ables illustrates the higher correlation between the SSC at 
Porte du Scex station and not only streamflow in the same 
station but also streamflow in other four upstream sta-
tions where correlation coefficients between SSC and, Q5 
and Q4 are found to be equal. But, the effect of Q1 (the 
most upstream station) on the SSC at Port du Scex station 
is higher than that of the remaining streamflows when Q5 
(in the same station where SSC is measured) is neglected. 
This fact can be justified by the effect of erosion in the area 

Fig. 10   Scatter plots and box-whiskers of the proposed best-fit models
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in which the considered sediment supply may be probably 
located upstream of the basin. It also confirms the findings 
of Schoch et al. (2018) who revealed the major contribu-
tion of glaciers on the upstream of the URB. Considering 
the relationship between the BF and DR with SSC, findings 
obtained in the SRCs analysis tend to support the correla-
tion analysis results where, interestingly, the SSC is found 
more correlated to the BF (standing for the low flow through 
the year instead of Q) in contrast to the DR. It can also be 
linked to the nature of the Rhone River that is a permanent 
river and may be fed by alternative sources such as natural 
springs, groundwater, ice, and snowmelt. Alternatively, in 
permanent rivers such as the Rhone River, the base flow 
provides more water than direct runoff. Therefore, the con-
tinuous channel erosion, temporary deposition and motion of 
the sediments through the river stream, and geometry of the 
river result in a higher correlation coefficient between base 
flow, as stands for the largest portion of the streamflow, and 
the suspended sediment yield.

Conducted elasticity analysis shows that streamflow at 
Porte du Scex station (Q5) is the most important contribu-
tor among the selected variable that induces the SSC where 
changing 1% in Q5 quantity causes a 0.64% change in SSC. 
But interestingly, the Q1 was found to be the most significant 
source of SSC downstream. Relying on the correlation and 
elasticity analysis and ACF and PACF, six different scenar-
ios are developed to construct the best-fit relationships for 
SSC computation by applying the ARMAX approach. Exam-
ination of different scenarios indicates that the scenarios 
which incorporate all upstream streamflow and precipitation 
variables generate better results. This agrees with foregone 
results that SSC in Porte du Scex station is greatly dependent 
on the upstream events rather than the most downstream sta-
tion. The results of SRC and ARMAX models also revealed 
a stronger relationship between the discharge at Reckingen 
station (located upstream of the URB) and SSC at the Porte 
du Scex station (downstream of the URB). Eventually, it 
can be concluded that in total agreement with the previous 
studies that the source of suspended sedimentation are the 
upstream stations that gain water from glaciers and ice melt.

Conclusions

The following conclusions are made from the conducted 
analysis detailed above.

The effect of upstream events surpasses the effect of DR 
and direct precipitation over the river channel in the evalua-
tion of the SSC at the most downstream station.

The temperature disturbances and the corresponding 
snow and ice melts upstream are likely to be the main source 
of SSC downstream, while the effect of channel erosion or 
bedded sediment is not clear. The morphology of the study 

area may support the finding where the largest Alpine gla-
ciers exist in the URB.

The applied ARMAX models are capable of interpret-
ing the relationship between SSC, DR, P, and Q while a 
similar application is suggested for further investigation. The 
models with more flexible and consistent behavior against 
extreme values, seasonality, and outliers would present a 
robust performance.

Overall, our results showed that future studies must incor-
porate the effect of glaciers and their retreat in suspended 
sediment concentration due to global warming which chal-
lenges the analysis process in the URB.
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