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Abstract. Measurement of SSC at a basin outlet yields a basin-integrated picture of sediment fluxes, however it does not give

a full spatial perspective on possible sediment pathways within the catchment. Spatially resolved estimates of suspended sedi-

ment concentrations (SSC) along the river network are needed to identify sediment sources and sinks, to track erosion gradients,

and quantify anthropogenic effects on catchment-scale sediment production, e.g. by dam construction or erosion control. Here

we explore the use of high-resolution Sentinel-2 satellite images for this purpose in narrow and morphologically complex5

mountain rivers, combined with ground station turbidity sensing for calibration, and supported by a lagrangian kayak-derived

river profile measurement. The study is carried out on the Vjosa River in Albania, which is one of the last intact large river

systems in Europe. We developed a workflow to estimate river turbidity profiles from Sentinel-2 images including atmospheric,

cloud cover, and deep water corrections, for the period May 2019 to July 2021 (106 images). In-situ turbidity measurements

from four turbidity sensors located along the Vjosa River provided ground truthing. A multivariate linear regression model10

between turbidity and reflectance was fitted to this data. The extracted longitudinal river turbidity profiles were qualitatively

validated with two descents of the river with a turbidity sensor attached to a kayak. The satellite-derived river profiles revealed

variability in turbidity along the main stem with a strong seasonal signal, with the highest mean turbidity in winter along the en-

tire length of the river. Most importantly, sediment sources and sinks could be identified and quantified from the river turbidity

profiles, both for tributaries and within the reaches of the Vjosa. The river basin and network acted as a sediment source most15

of the time and significant sediment sinks were rare. Sediment sources were mostly tributaries following basin-wide rainfall,

but also within-reach sources in river beds and banks were possible. Finally, we used the data to estimate the mean annual fine

sediment yield at Dorez at ∼ 2.5± 0.6 Mt/y in line with previous studies, which reveals the importance of the Vjosa River as

an important sediment source into the Adriatic Sea. This work presents a proof of concept that open-access high-resolution

satellite data has the potential for suspended sediment quantification not only in large water bodies but also in smaller rivers.20

The potential applications are many, from identifying erosion hotspots, sediment activation processes, local point sources, and

glacial sediment inputs, to sediment fluxes in river deltas, with a necessary future research focus on improving accuracy and

reducing uncertainty in such analyses.
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1 Introduction

The transfer of sediment from land to oceans plays an important role in the global denudational cycle (Gregor, 1970; Wold25

and Hay, 1990), the global biogeochemical cycles (Meybeck, 1994; Ludwig et al., 1996; Sanders et al., 2014), the functioning

of riverine and coastal ecosystems (Roy et al., 2001; Arrigo et al., 2008; Terhaar et al., 2021; Descloux et al., 2013), and the

evolution of rivers, deltas and other coastal landforms (Morton, 2003; McLaughlin et al., 2003; Seybold et al., 2009). Present-

day sediment export from the land surface to global oceans by large rivers is estimated at about 15.5-18.5 Gt per year, and

the dominant part of this flux is fine grain transport by washload and suspended load (Peucker-Ehrenbrink, 2009; Syvitski30

and Kettner, 2011; Cohen et al., 2022). This is about half of the estimated global annual soil erosion from the land surface

(Borrelli et al., 2017). Excessive amounts of fine sediment load in rivers leads to high water turbidity, which can be linked

to the degradation of coral reefs (Brown et al., 2017), impairment of freshwater and marine fish populations (Kemp et al.,

2011; Newport et al., 2021; Jensen et al., 2009), the clogging of river beds in gravel bed streams (Schälchli, 1992; Hauer et al.,

2019b), and low water quality in general. However, riverine suspended sediments provide an important balance of nutrients35

(phosphorous, nitrogen, and silica) to the coast and ocean (Nixon et al., 1996; Bernard et al., 2011). And recent silica deficiency

due to the reduction of suspended sediment inputs from river damming has been observed to exacerbate eutrophication by

reducing the role of diatoms in coastal food-webs, which indirectly feeds mesozooplankton (copepods) (Cotrim da Cunha

et al., 2007; Justić et al., 1995).

Although recent studies point to the importance of large rivers in the overall global sediment flux (Cohen et al., 2022),40

there is an increasing understanding that smaller mountainous rivers, with basin areas less than 10,000 km2 and draining

elevations higher than 1000 m, deliver disproportionately more sediment per unit drainage area than large rivers. These smaller

mountainous basins rich in sediment sources cover only about 10% of the land area draining into global oceans but account

for about 15% of the annual water discharge and 45% of the annual suspended solids reaching the oceans (Milliman and

Farnsworth, 2013). The smaller rivers are also more likely to be subject to human disturbance, either by trapping sediment45

behind dams, or by increased sediment inputs due to agriculture, mining, and intensive landuse (Syvitski et al., 2022). In fact,

in Europe, there are very few unregulated moderately-sized rivers, where natural fine sediment dynamics can be monitored and

studied. And it is estimated that over 1 million instream barriers fragment European rivers (Belletti et al., 2020).

This is also the case with the three largest rivers draining into the Adriatic Sea (Po, Adige, and Drini) which would have

accounted for 25% of the sediment discharged to the Adriatic prior to dam construction. The remaining 75% of the Adriatic’s50

sediment input comes from 32 rivers, their drainage basins all being less than 7000 km2 (Milliman et al., 2016). Prior to

dam construction, Albanian rivers contributed about 60% of the total sediment entering the Adriatic (Milliman et al., 2016)

with the Vjosa river discharging more than 8.3 Mt yr�1, with suspended load accounting for 80–85% of this flux or 6.6–7.1

Mt yr�1 (Ciavola, 1999). In addition to its importance as a sediment source, the Vjosa river represents one of the last intact

large river systems in Europe. Although the headwaters are dammed (potentially reducing the residual flow of the river) and55

there is one hydropower dam along one of the Vjosa tributaries (sediment source), the Vjosa features a largely unobstructed

fluvial morphology over the entire river corridor. Its geological diversity and longitudinal continuity in water flow and sediment
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transport processes from its headwaters to the Adriatic Sea represent an important reference system for dynamic �oodplains

that have already been lost all across Central Europe (Schiemer et al., 2018b). Due to the largely undisturbed catchment and

high surface runoff production, where about 70% of the total river �ow is estimated to come from surface runoff following60

rainfall (Hauer et al., 2021), �ne sediment is regularly mobilized on hillslopes and in the channels, giving rise to a natural

sediment regime with many sources and sinks within the river network.

Despite the importance of �ne sediment �uxes in rivers such as the Vjosa, the monitoring of sediment concentrations for

estimating sediment yields from river basins is extremely dif�cult when compared to hydrological monitoring of river stage and

discharge. There are basically three different options available: (a) direct measurement of suspended sediment concentrations65

(SSC) in streams by periodic water sampling; (b) continuous measurement of turbidity by permanently installed sensors and

estimation of SSC; and (c) estimation of SSC based on measurements of water surface re�ectance by calibrated remote optical

sensors (satellites, UAVs). In order to identify sediment sources and sinks along a river network, and not just sediment yields at

the outlet, we would need to monitor SSC at many points upstream and downstream of tributaries and other local sources. The

�rst two options, i.e. direct SSC measurements and in-situ measurements of turbidity would be impractical for this purpose70

because a large network of turbidity sensors or intensive SSC sampling would be needed. This is very labor intensive and

costly, also because of a lack of cheap alternatives for turbidity sensing (Gillett and Marchiori, 2019). The third option with

remote sensing of turbidity using satellite imagery has higher potential, as it is distributed in space, repeatable and affordable,

despite being less accurate.

Turbidity monitoring by remote sensing is based on the re�ectance of the water surface. The intrinsic color of natural waters75

is determined by a range of parameters, such as the concentrations of dissolved and suspended matter together with gross

biological activity, e.g. chlorophyll, suspended sediment, coloured dissolved organic matter (e.g., Novoa et al., 2015; Wang

et al., 2018; Ritchie et al., 2003). These components affect water surface re�ectance in a predictable way, which makes optical

satellite remote sensing of oceans, coastal areas, and large lakes/rivers possible. Satellite imagery with multispectral ranges is

even more useful for a range of water quality parameters (e.g., Wang and Sohn, 2018). Several studies have investigated the80

plausibility of relating the remotely sensed re�ectance signals from large water bodies with in-situ turbidity or SSC measure-

ments (Doxaran et al., 2002; Yunus et al., 2020; Wei et al., 2018; Schiebe et al., 1992; Wass et al., 1997; Vanhellemont and

Ruddick, 2015; DeLuca et al., 2018; Martinez et al., 2009). A majority of these studies have examined inland lakes, coastal

areas, or large rivers, and successfully obtained empirical relationships between re�ectance indices and turbidity/SSC mea-

surements (Yunus et al., 2020; Kaba et al., 2014). An advantage of this empirical method is that it does not a-priori prescribe a85

form for the relationship between turbidity and re�ectance and instead allows data to dictate what is the best �t. However, this

method is not physically-based and a new relationship must be established for each waterbody (potentially a new empirical

relationship for every reach within a river) since these relationships depend on the study site, sediment source material, and the

satellite imagery used (Yunus et al., 2020). In contrast to large water bodies, much less attention has been given to inland rivers,

because open-access satellite images often do not provide suf�cient spatial resolution. In rivers, satellite-based analyses are90

only possible if the spatial footprint (image resolution) is suf�cient to represent the river width. For example, SSC variations

could be captured with satellite imagery in the wide Amazon River (Fassoni-Andrade and de Paiva, 2019), and Gardner et al.
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(2021) built a database of river colour for 108,000 km of rivers in the USA where the river widths were >60 m, but applications

to less wide rivers are missing.

In this study, we explore the use of new remote sensing data from the high resolution satellite mission Sentinel-2 (10-m95

resolution) to estimate turbidity in the narrow and morphologically rich Vjosa River. To this end, we extracted turbidity data

along the entire main stem of the Vjosa River using Sentinel-2 imagery calibrated to in-situ turbidity measurements from 2019–

2021. We have two main aims in this research: First is to provide a work�ow that allows the estimation of longitudinal pro�les

in turbidity from Sentinel-2 imagery in morphologically complex rivers, i.e. rivers with large changes in width, depth and

channel planform. This allows us to quantify the natural variability in turbidity along the river system in different seasons from100

the two years of analysis. We support these long pro�le estimates with a lagrangian kayak-derived measurement of turbidity

on two different trips. Second is to identify possible �ne sediment sources and sinks in the catchment from the longitudinal

changes in turbidity due to tributaries and within individual river reaches, and to relate these changes to rainfall variability in

the catchment as a proxy for runoff. Finally, we check that the estimates of SSC and sediment yield at a gauged location on

the Vjosa River from our remote sensing derived turbidity estimates agree with past studies. The overall goal of this work is to105

provide a proof of concept for the estimation of water turbidity in rivers similar to Vjosa with Sentinel-2 imagery, and to show

the potential of identifying �ne sediment sources and sinks along river networks with such data.

2 Methods

2.1 Study area and data

The Vjosa river is one of the last intact large river systems in Europe, with the exception of a dam in the headwaters (Aoos110

Fig. 1) and another on the Langarica tributary (upstream of Permet Fig. 1). Its headwaters are located in the Pindos mountains in

Greece and it �ows for 272 km in the North-West direction through Albania before reaching the Adriatic sea (Fig. 1). The river

has a catchment area of 6706 km2 (Simeoni et al., 1997). Along its course, the Vjosa channel pattern changes signi�cantly,

from deep gorges, areas with large alluvial fans and islands, large gravel and sand bars, to meanders and a river delta at

the mouth (Hauer et al., 2021). The catchment is dominated by �ysch deposits (47%), limestones (25%), clastic sediments115

(17%), sandstones (8%), metamorphic rocks (2%), and igneous rocks (less than 1%) (Hauer et al., 2019a). It was also found

that the high loads of suspended sediments in the main stem are mostly derived from �ysch deposits, and the high loads of

coarse sediment are mostly derived from the limestone, clastic sediment and sandstone formations in the southern part of the

catchment (Hauer et al., 2019a). The coastal lowlands are characterized by a typical Mediterranean continental climate, while

in higher altitudes the climate resembles alpine conditions, but without glaciation (Schiemer et al., 2018b).120

The Vjosa (known as Aoos in Greece) consists of �ve major tributaries: Voidomatis, Sarantoporos, Drinos, Bence, and

Shushica. In this study, we focus on the main stem of the river from Konitsa to the outlet (Fig. 1).
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