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Abstract: Sustainable reservoir use is globally threatened by sedimentation. It has been generally
recognized that inadequate consideration of reservoir sedimentation has caused the worldwide
decline of net storage. Numerical models are useful tools to simulate sedimentation processes and
can be used to derive efficient counter-measures and sediment management strategies. They can be
applied to both existing and potential future reservoirs to predict long-term sedimentation. In this
study, an application of a simple, robust, and stable numerical 1D model to Gebidem reservoir in
Switzerland accompanied by field measurements is presented. It focusses on seasonal and large-scale
reservoir sedimentation processes that occur continuously throughout the whole deposition season,
while episodic events like turbidity currents are not taken into account. The model simulates both
the delta formation of coarse sediments and the lake-wide sedimentation from homopycnal flows.
The model is used to assess the effects and significance of varying boundary conditions like inflow,
suspended sediment concentration, particle size distribution (PSD), or reservoir operation. It will be
demonstrated that future reservoir operation and PSD are as important as future runoff evolution.
Based on these findings, implications on future reservoir operation, also considering climate change,
are discussed. Finally, an outlook on pending research topics is given.
Keywords: reservoir sedimentation; climate change; numerical 1D model; periglacial environment;
delta formation; sedimentation from homopycnal flows

1. Introduction
Sustainable use of reservoirs is threatened by reservoir sedimentation. Global reservoir capacity
has peaked in 2006 and is declining since then [1], because sedimentation increases faster than the
installation of new reservoir capacity [2]. 0.8% of annual storage capacity are lost each year worldwide,
and 0.2% are lost each year in Switzerland on average [3]. Experience from the past shows that the
decline of global net reservoir storage is due to inadequate consideration of reservoir sedimentation [4].
Usually, estimated sedimentation rates of the planning phase differ from observed sedimentation
rates [5]. Furthermore, observed infill times (time until the reservoir is completely filled with sediments)
of periglacial reservoirs in Switzerland cover several orders of magnitude, indicating that reservoir
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model verification; (3) present the results of the model verification; (4) discuss the sensitivity of the
boundary conditions and the impacts of climate change and identify the main drivers of reservoir
sedimentation; and (5) draw the main conclusions of this study and recommend future research.
2. Methods
2.1. Field Measurements and Consequences on the Numerical Model
Three main reservoir sedimentation processes can be distinguished [43]:
1.
2.
3.

transport of coarse particles as bed-load along the topset of deltas;
transport of fine particles in homopycnal (non-stratified) flows;
transport of fine particles in stratified flows; for example, turbidity currents (hyperpycnal flows).

Only little field data regarding these sedimentation processes are available for Swiss periglacial
reservoirs. Hence, antecedent field measurements in the three Swiss periglacial reservoirs Lac
de Mauvoisin, Griessee, and Gebidem were realized to gain data for model verification [7].
A systematic combination of water sample analysis, laser in-situ scattering and transmissometry
(LISST), and acoustic Doppler current profiler (ADCP) was applied. They revealed predominantly
homopycnal flow conditions without significant changes of PSD or SSC within these reservoirs.
This does not deny the significance of turbidity currents, as relatively coarse sediment deposits close
to some dams prove the existence of such underflows. Nevertheless, these events are most likely
episodic in most of the periglacial reservoirs. The triggering boundary conditions (minimum density
excess required) and the corresponding return periods as well as propagation distances and sediment
transport capacities are usually not known. With this in mind, the numerical model presented herein
is restricted to the continuous processes of delta formation and sedimentation from homopycnal flows.
The field measurements indicated that periglacial reservoirs feature six challenges that should be
mastered by the numerical model:
1.
2.
3.
4.

5.
6.

flow transition (hydraulic jump): supercritical flow may appear at the inflow due to tributaries
with steep bottom slope, whereas subcritical flow establishes in the reservoirs;
highly unsteady boundary conditions: large gradients in lake levels (several meters per day) and
water and sediment inflows are observed in periglacial reservoirs;
large ranges of PSD: particles from clay (<0.002 mm) to gravel (2–60 mm) are being conveyed
into the reservoirs;
two transport modes: both bed-load and suspended-load transport occur simultaneously,
resulting in Gilbert-type delta formation of coarse particles and sedimentation from homopycnal
flows of fine particles;
strongly varying geometry: large gradients in bed level and width;
long simulation periods: seasons to decades are needed to investigate sedimentation processes.

These challenges can be accomplished by a depth- and width-averaged 1D model. Reservoirs
impounded by narrow gorges, as they are often found in periglacial valleys, are suitable for 1D models
because longitudinal (stream-wise) transport processes are dominant and cross-sectional changes of
SSC or PSD can be neglected if large-scale processes on the reservoir scale are of interest. Further, 1D
models have the advantage of relatively low computational effort compared to 2D or 3D models and
are thus favorable for long-term simulations.
2.2. Numerical Model
The numerical model was implemented into the software BASEMENT [44]. The Saint-Venant
equations are discretized by a finite volume method. Fluxes of mass and momentum are computed
using the Riemann solver of Roe [45] according to the formulation of Beffa [46] in an explicit scheme.
The Manning–Strickler equation is applied as closure for friction.
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Sediment transport is split up into bed-load transport modelled with the transport formula
of Meyer-Peter & Müller [47] and suspended-load transport modelled with a convection equation,
considering that diffusion can be neglected due to dominant convective transport. The QUICKEST
scheme of Ref. [48] was used with a limiter to avoid negative SSC in locations of flow transition to
ensure mass conservation.
Exchange between suspended- and bed-load was modelled with the approach of Xu [49]
based on shear stresses. The erosion coefficient and (dimensionless) sedimentation coefficient were
taken as suggested by the author based on calibration for the Lauffen reservoir (Germany); that is
7.5 × 10−4 kg/(m2 ·s) and 0.005. Furthermore, linear erosion rates were assumed. Flow and sediment
transport are solved in an uncoupled manner, thus a relatively low Courant number of 0.5 was applied
to enhance stability and mass conservation in locations of flow transition. The erosion depth in the
model is limited to the initial bed level of the cross sections (which corresponds to the bed rock level),
i.e., deposited sediments can be eroded again, but no incision lower then initial bed level is possible.
Control volumes are represented by cross sections taken from bathymetry measurements and
converted into rectangular cross sections while maintaining bed level and flow area. Rectangular cross
sections are again needed to enhance stability and mass conservation in locations of flow transition.
Furthermore, they speed up the simulations because of analytical conversion between flow area and
water level. The thalweg of measured cross sections equals the bed level of rectangular cross sections.
The flow area at full supply level was maintained, which defined the width of the rectangular cross
section. The maximum flow depths are maintained as well, because of identical thalweg in both
measured and rectangular cross sections in combination with measured lake levels. The spacing
between cross sections is 20 m.
2.3. Study Area
The model was verified for Gebidem (WGS84: 46.37114, 8.00259), a reservoir located in the
Bernese Alps in the canton of Valais in southern Switzerland. Gebidem is a unique case regarding
reservoir sedimentation, because it has a small infill time of only 20–30 years (Figure 1). Furthermore,
boundary conditions like inflow and lake level are recorded at high temporal resolution (daily) and
occasional measurements of sediment input allow reliable estimates of PSD and SSC. Bathymetry
measurements are carried out each year. High sediment loads lead to both delta formation and
sedimentation from homopycnal flows, which have been documented by multi-beam echo-soundings
(Figure 2). Gebidem reservoir features a gross capacity of 9.2 hm3 (N.B.: 1 hm3 equals 106 m3 ),
of which 5.8 hm3 constitute the active storage between the full supply level at zmax = 1436.5 m a.s.l.
(N.B.: m a.s.l. stands for “meters above sea level” with reference point “Pierre du Niton” in the Lake
Geneva) and the minimum operating level at zmin = 1400 m a.s.l. [50]. With a total annual inflow of
429 hm3 , the capacity-inflow-ratio amounts to 0.02 [51]. According to [18], the average trap efficiency is
46%, using the empirical relation for fine-grained sediments. Due to the small infill time, the reservoir
is flushed annually (except in 1978, 2015, and 2017).
2.4. Boundary Conditions
The inflow to Gebidem reservoir is measured at a gauging station 400 m upstream of the
reservoir [52] and lake levels are recorded by the dam operator (Electra-Massa AG). Inflow discharge
(Qw ) was set as upstream boundary of the model and mean daily lake levels (zl ) were imposed at the
downstream boundary. To save computation time, the time period was restricted to June–September,
as the majority of the annual water inflow occurs within these four months (for example, 89% in
2015), and it was shown that longer time periods lead to almost identical results. Winter season can
be neglected, as there is hardly any inflow due to below mostly zero temperatures in the catchment.
The inflow of water and the lake levels used for calibration are shown in Figure 3.
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0.001 to 0.00057 and the exponent from 1.8 to 2.1. This exponent would come closer to 2.2, which has
been proposed in other studies for pro-glacial and pro-Alpine streams [14,57]. The reason for the
diverging SSC-Q relationships can be found in the different weather conditions of 2014 and 2015:
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from 1.8 to 2.1. This exponent would come closer to 2.2, which has been proposed in other studies for
pro-glacial and pro-Alpine streams [14,57]. The reason for the diverging SSC-Q relationships can be
found in the different weather conditions of 2014 and 2015: midsummer 2014 (July and August) had a
record deficit of sunshine hours (28% below long-term norm) as well as record precipitation (200–300%
above long-term norm) since the beginning of measurements (in 1864), whereas 2015 was the warmest
year since then [58]. The SSC-Q relationship does not account for all temporal variations, as it is based
on discharge only. At Gebidem, subglacial sediment evacuation is an important sediment source,
as 64% of the catchment are covered by glaciers (Figure 1) and the non-glaciated area between glacier
terminus and reservoir is relatively small. The SSC-Q relationship neglects the origin of the sediments
completely; i.e., it does not distinguish whether high sediment loads arise from strong erosion due to
heavy rainfall or large subglacial sediment transport induced by intense glacier melt. The sediment
dynamics will be different, however [56]. A study on the upper Rhône catchment demonstrated that the
SSC-Q relationships were not capable of reproducing probability distribution functions of SSC because
they neglect physical processes that govern seasonal patterns of SSC, especially in summer [17]. Instead,
a non-linear multi-variate rating curve performed fairly well, although it does not use discharge at
all, but includes the input variables mean daily rainfall, ice melt, snow melt over unregulated areas,
and release from reservoirs, which are governing the changes in SSC.
3.2. Effects and Significance of Boundary Conditions
First, the sensitivity of the temporal resolution of the upstream boundary conditions was
investigated. Future boundary conditions, such as runoff, usually originate from climate change
scenario simulations which have a relatively coarse temporal resolution. For Gebidem reservoir,
monthly runoff predictions are available for the scenarios SRES-A1B, RCP2.6, RCP4.5, and RCP8.5 [59]
until the year 2100 [60,61]. The temporal resolution of the water and sediment input can be changed
from daily-averaged values as for the calibration and validation periods to monthly-averaged values as
for predictions if the SSC-Q relationship is recalibrated. Then, both trap efficiency and sedimentation
pattern remain the same. Such a recalibration of SSC-Q relationship can be done when the sediment
input is known, which requires an estimate of future sediment conveyance. The simplest approach is
the one proposed by Ref. [15], linking runoff volume and suspended sediment input directly. For the
SRES-A1B climate change scenario, annual runoff volumes at Gebidem are expected to increase until
2040, when annual runoff volumes are up to 26% higher than today. After this “peak water” [62],
annual runoff volume will decline and be 5% lower than today by the end of the century (i.e., in 2100).
According to Ref. [15], an increase in discharge of 26% leads to an increase of sediment input of
31%, whereas a reduction of 5% leads to a reduction of sediment input of 6% (i.e., changes in runoff
volume and sediment input are close to be linear). Corresponding deposition volumes are 0.23 hm3
(in 2040) and 0.17 hm3 (in 2100), which is close to the current values. Another option would be
to up- or downscale current hydrographs by 26% or 5%, respectively, and apply the calibrated
SSC-Q relationship. Corresponding changes in sediment input would be +93% or −13%, respectively,
and deposition volumes of 0.34 hm3 (in 2040) and 0.15 hm3 (in 2100) would result. These changes are
much larger because of the non-linear nature of the originally calibrated SSC-Q relationship (SSC is
proportional to Q1.8 ).
Second, the same sensitivity analysis was repeated for the downstream boundary condition.
If monthly-averaged lake levels are used instead of the daily-averaged ones, then trap efficiency will
still be 41%. The deposition pattern looks completely different, however (Figure 6a): Whereas only
753 m3 of sediment are deposited on the delta topset (i.e., between 0 and 840 m from the inflow) at the
end of the simulation for the daily-averaged lake levels (Figure 5a), as much as 47,736 m3 are deposited
for the monthly-averaged lake levels. This highlights the importance of lake level fluctuations, as these
“partial flushings” lead to a relocation of sediments. Drawdowns to the minimum operating level
free the active storage from sediments and move them into the inactive storage. The homopycnal
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sedimentation remains unchanged. Future reservoir operation defines lake levels and must be taken
into account to correctly model sedimentation patterns.
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reservoir unless flushing operations are carried out. Numerical models are needed to evaluate which
grains will be transported as bed-load or suspended-load, because the transport mode depends not
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mainly governed by PSD, because it defines the amount of wash-load, which is transported through the
reservoir, whereas all other sediments will settle in the reservoir. The coarser particles may be relocated
when the lake level is lowered, but usually never leave the reservoir unless flushing operations are
carried out. Numerical models are needed to evaluate which grains will be transported as bed-load
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Depending on the future evolution of the SSC-Q relationship and the PSD, larger depositions have to
be expected. Larger and more frequent peak SSC will intensify turbidity currents that lead to
modified sedimentation patterns, as their deposits are usually located in the vicinity of the dam.
New problems like blocked outlet structures may require new solutions, such as venting of turbidity
currents, keeping fines in suspension with subsequent turbine venting, sediment sluicing with
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to be expected. Larger and more frequent peak SSC will intensify turbidity currents that lead to
modified sedimentation patterns, as their deposits are usually located in the vicinity of the dam. New
problems like blocked outlet structures may require new solutions, such as venting of turbidity currents,
keeping fines in suspension with subsequent turbine venting, sediment sluicing with partial reservoir
drawdown during floods or sediment bypass tunnels, which allow to divert highly sediment-laden
river water around the reservoir. This would improve the interrupted sediment continuity and
improve downstream ecology, although not necessarily being economically feasible. Around 2040,
yearly-averaged runoff will peak at Gebidem reservoir, followed by a continuous decrease. The positive
economic effects mentioned above will cease, while negative effects from sediment input will likely be
reduced as well.
4. Conclusions
4.1. Summary and Outlook
Impacts of climate change on continuous seasonal and large-scale periglacial reservoir
sedimentation have been identified by the use of a numerical 1D model. The model is able to
simulate suspended-load and bed-load transport as well as their interaction with five grain fractions
throughout a whole reservoir. This has been verified for Gebidem reservoir, a typical Swiss periglacial
reservoir. It has been further demonstrated that the continuous processes of delta formation and
sedimentation from homopycnal flows can be captured. The ratio of simulation period to computation
time of ca. 450 convincingly demonstrates the efficiency of such a 1D model. This allows for long-term
simulations over seasons to decades and a large set of model runs which, amongst others, is a
prerequisite for Monte Carlo simulations to assess uncertainty in a probabilistic framework. Long-term
simulations have already been performed for other reservoirs to predict future sedimentation patterns,
e.g., for a potential future reservoir at Gorner glacier in Switzerland [67]. In Gebidem reservoir, such
simulations cannot be made, however, because the reservoir would be filled within a 20–30 years only,
which inherently makes long-term simulations impossible (without integrating flushing operations);
however, Monte Carlo simulations would be possible, for example, to study the global sensitivity of
uncertain parameters.
Impacts of climate change are obscured by the sensitivity of the boundary conditions. This can
be demonstrated for the future sediment input. On one hand, sediment input can be estimated using
annual runoff volumes and correlating them with suspended sediment input, as suggested by [15].
On the other hand, hydrographs can be up- or downscaled, so that they lead to the respective annual
runoff volumes, but maintain fluctuations like peak discharge. The sediment input is then calculated
using a calibrated SSC-Q relationship like in Ref. [14]. At peak water in 2040, the annual runoff volume
will be 26% higher than today. The first approach would result in a deposition volume of 0.15 hm3
(136% of the deposition volume in 2015), whereas the second approach leads to a deposition volume
of 0.54 hm3 (491% of the 2015 deposition volume). PSD is another sensitive boundary condition,
non-linearly affecting deposition volumes: Distorting the original PSD with a factor of 2.0 and 0.5,
respectively, leads to deposition volumes of 0.17 hm3 (155% of the deposition volume in 2015) and
0.08 hm3 (73% of the 2015 deposition volume), respectively. These numbers highlight that runoff
projections alone do not allow reliable estimates of future reservoir sedimentation, because future
sediment input and PSD are of paramount importance as well. Most likely, both are affected by
climate change and will not remain constant over the next decades. Last but not least, future reservoir
operation may change as well: The minimum operating level might be adapted or the gradients of
lake level fluctuations might be reduced or increased due to adjusted reservoir use following changes
in the energy market. This has impacts on the sedimentation patterns, especially on delta formation,
which is mainly governed by the frequency of drawdowns to the minimum operating level.
PSD defines the amount of sediments that contribute to delta formation, homopycnal
sedimentation and wash-load. In contrast to homopycnal sedimentation and wash-load, delta
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formation of the coarse particles is independent of the hydraulic conditions. Hence, trap efficiency
is not only a function of PSD, but also of hydraulic conditions. This is only partially accounted for
in Ref. [18], which is solely focusing on suspended sediment transport. The numerical model allows
the reservoir-specific partitioning into “coarse” particles that contribute to delta formation and into
“fine” particles contributing to sedimentation from homopycnal flows as well as the cut-off of “finest”
particles that are wash-load. Furthermore, the longitudinal mass fluxes of suspended sediments can
be used to determine the sedimentation patterns, which are far more accurate than the empirical
approaches [19–21]. Sedimentation patterns arising from sedimentation from homopycnal flows are
essential, because they can lead to critical aggradation at intake and outlet structures and thereby
endanger operating safety. This type of deposition requires specific monitoring, because it cannot be
monitored visually (unlike delta formation) and therefore may remain undetected over a long time.
It has been shown that reservoir operation defines the pivot point (the topset-foreset break of the
delta) and therefore the delta evolution. Reservoir drawdowns to the minimum operating level can be
interpreted as “partial flushings” which lead to a relocation of sediments inside the reservoir, because
topset deposits are moved by means of bed-load due to the change of flow regime from lacustrine
to fluvial. The active storage will be emptied and full capacity for production is restored. Reservoir
operation should not be defined by market conditions and electricity production alone, but also by
sediment management strategies. Additional discharge due to melting glaciers may provide additional
degrees of freedom in reservoir operation. Delta formation can be controlled by reservoir operation
and can easily be monitored, as the delta front can be visually detected at minimum operating level.
4.2. Recommendations for Future Research
Impacts of climate change on runoff have been examined for Swiss periglacial reservoirs. However,
it is not known how PSD and SSC-Q relationships will be affected by the atmospheric warming. It has
been demonstrated that the PSD and SSC-Q relationship are as important as the runoff projections
regarding trap efficiency; reservoir operation and the induced lake level fluctuations are governing the
sedimentation pattern. These effects are non-linear, which emphasizes the importance of sound
boundary conditions. Unfortunately, long-term series of PSD and SSC records are missing for
most periglacial reservoirs. Runoff projections alone are not sufficient to predict future reservoir
sedimentation, thus more field data are needed. Once this information will be acquired, numerical
models will be able to simulate future reservoir sedimentation, as it has been shown.
The numerical model itself can be improved further by implementing sediment transport by
stratified flows (for example, turbidity currents). Even if these events are episodic in periglacial
reservoirs, they might be important for sedimentation patterns inside the reservoirs and consequently
trigger operational issues. Coarse-grained turbidites close to the dam of some periglacial reservoirs
are clear evidence of sediment transport by gravity-driven underflows. Until peak water has been
reached, higher SSC may occur and return periods of turbidity currents may consequently be lower.
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