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Abstract. Suspended sediment export from large Alpine
catchments (> 1000 km?) over decadal timescales is sensi-
tive to a number of factors, including long-term variations
in climate, the activation—deactivation of different sediment
sources (proglacial areas, hillslopes, etc.), transport through
the fluvial system, and potential anthropogenic impacts on
the sediment flux (e.g. through impoundments and flow reg-
ulation). Here, we report on a marked increase in suspended
sediment concentrations observed near the outlet of the upper
Rhone River Basin in the mid-1980s. This increase coincides
with a statistically significant step-like increase in basin-wide
mean air temperature. We explore the possible explanations
of the suspended sediment rise in terms of changes in wa-
ter discharge (transport capacity), and the activation of dif-
ferent potential sources of fine sediment (sediment supply)
in the catchment by hydroclimatic forcing. Time series of
precipitation and temperature-driven snowmelt, snow cover,
and ice melt simulated with a spatially distributed degree-
day model, together with erosive rainfall on snow-free sur-
faces, are tested to explore possible reasons for the rise in
suspended sediment concentration. We show that the abrupt
change in air temperature reduced snow cover and the con-
tribution of snowmelt, and enhanced ice melt. The results
of statistical tests show that the onset of increased ice melt
was likely to play a dominant role in the suspended sediment
concentration rise in the mid-1980s. Temperature-driven en-
hanced melting of glaciers, which cover about 10 % of the

catchment surface, can increase suspended sediment yields
through an increased contribution of sediment-rich glacial
meltwater, increased sediment availability due to glacier re-
cession, and increased runoff from sediment-rich proglacial
areas. The reduced extent and duration of snow cover in the
catchment are also potential contributors to the rise in sus-
pended sediment concentration through hillslope erosion by
rainfall on snow-free surfaces, and increased meltwater pro-
duction on snow-free glacier surfaces. Despite the rise in air
temperature, changes in mean discharge in the mid-1980s
were not statistically significant, and their interpretation is
complicated by hydropower reservoir management and the
flushing operations at intakes. Overall, the results show that
to explain changes in suspended sediment transport from
large Alpine catchments it is necessary to include an under-
standing of the multitude of sediment sources involved to-
gether with the hydroclimatic conditioning of their activation
(e.g. changes in precipitation, runoff, air temperature). In ad-
dition, this study points out that climate signals in suspended
sediment dynamics may be visible even in highly regulated
and human-impacted systems. This is particularly relevant
for quantifying climate change and hydropower impacts on
streamflow and sediment budgets in Alpine catchments.
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1 Introduction

Erosion processes and sediment dynamics in Alpine catch-
ments are determined by geological, climatic, and anthro-
pogenic factors. Geological forcing is one of the main
drivers of sediment production and landscape develop-
ment, through crustal thickening, deformation and iso-
static uplift, and glacier inheritance (e.g. England and Mol-
nar, 1990; Schlunegger and Hinderer, 2001; Vernon et al.,
2008). Glacier inheritance influences sediment production
and transport as demonstrated by a strong spatial association
between sediment yield and past and current glacial cover
(Hinderer et al., 2013; Delunel et al., 2014). Almost contin-
uous temperature-driven glacier recession in the European
Alps since the late 19th century (Paul et al., 2004, 2007; Hae-
berli et al., 2007) has maintained large parts of the landscape
in early stages of the paraglacial phase, where unstable or
metastable sediment sources (Ballantyne, 2002; Hornung et
al., 2010) can maintain high sediment supply rates. Anthro-
pogenic impacts on sediment yields are more recent, and on
a global scale largely related to land-cover change through
intensified agriculture and the trapping of sediment in reser-
voirs (e.g. Syvitski et al., 2005). Land-use changes mainly
impact fine-sediment production (e.g. Foster et al., 2003;
Wick et al., 2003), while river channelization, flow regula-
tion, water abstraction, and sediment extraction have caused
a general reduction in sediment yield and consequently led
to sediment-starved rivers worldwide (Kondolf et al., 2014).
In Alpine catchments, in addition to trapping in reservoirs,
sediment transfer is also disturbed by flow abstraction at hy-
dropower intakes. The reduction of sediment transport capac-
ity downstream of intakes and the periodic flushing of locally
trapped sediment has severe impacts on the sediment budget
(e.g. Anselmetti et al., 2007) and downstream river ecology
(e.g. Gabbud and Lane, 2016).

Here we focus on the dominant role of climate in sediment
production and transfer in Alpine environments (e.g. Huggel
et al., 2012; Zerathe et al., 2014; Micheletti et al., 2015;
Palazén and Navas, 2016; Wood et al., 2016). The premise
behind this work is that to explain impacts of changes in cli-
mate on Alpine catchment suspended sediment yield, it is
necessary to consider both transport capacity and sediment
supply. Sediment supply depends on many factors, most im-
portantly the spatial location of sediment sources (e.g. lithol-
ogy, distance to outlet, connectivity) and the specific pro-
cesses of sediment production (e.g. hillslope erosion, glacial
erosion, release of subglacially stored sediment, channel bed
and bank erosion, mass wasting events) and transport (e.g.
hysteresis).

In this study we look at specific sediment sources and the
hydroclimatic conditioning of their activation (e.g. precipita-
tion, runoff, and air temperature) with a process-based per-
spective with the aim to infer the possible effects of changes
in hydroclimate, such as increases in temperature and/or pre-
cipitation intensity on suspended sediment dynamics. We
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identify four main sediment sources typical of Alpine envi-
ronments: glacial erosion, hillslope erosion, channel bed or
bank erosion, and mass wasting events (e.g. rockfalls, debris
flows). Climatic conditions, specifically precipitation and air
temperature, contribute to the activation of these four sed-
iment sources through different processes and at different
rates. Erosive processes of abrasion, bed-rock fracturing, and
plucking at the base of glaciers provide proglacial areas with
large amounts of sediment (Boulton, 1974). Due to glacial
erosion, discharge from subglacial channels has high sus-
pended sediment concentrations (e.g. Aas and Bogen, 1988).
Temperature-driven snow and ice melt in spring and summer,
as well as intense rainfall on snow-free surfaces, may lead
to entrainment from proglacial areas provided they are con-
nected to the river network (Lane et al., 2016). Hillslope ero-
sion driven by overland flow and rainfall erosivity may be ex-
acerbated in Alpine catchments by permanently or partially
frozen ground (Quinton and Carey, 2008). In summer and au-
tumn, when Alpine catchments are largely free of snow, in-
tense rainfall may erode large amounts of sediment and trans-
port it in rills and gullies to the river network. Intense rainfall
is also responsible for triggering mass wasting events, such as
debris flows and landslides, where a large mass of sediment is
delivered to the channel network instantaneously (e.g. Ben-
nett et al., 2012). Flow conditions (e.g. shear stress, stream
power) then determine the sediment transport capacity and
in-stream sediment mobilization along rivers, and hence its
transfer to downstream locations.

The close link between precipitation, air temperature,
runoff, and the activation—deactivation of sediment sources
in Alpine catchments becomes critical in the context of cli-
mate change. Alpine regions represent a sensitive environ-
ment in relation to current rapid warming. In Switzerland,
together with glacier recession, a reduction in snow-cover
duration and mean snow depth has been observed during the
last 30 years (e.g. Beniston, 1997; Laternser and Schneebeli,
2003; Scherrer et al., 2004; Marty, 2008; Scherrer and Ap-
penzeller, 2006). Although current effects of climate change
are less clear for precipitation (Bronnimann et al., 2014) than
for temperature, a sharp reduction in the number of snowfall
days has been observed at many meteorological stations in
Switzerland (Serquet et al., 2011).

The upper Rhone River Basin draining into Lake Geneva
in Switzerland is at the centre of our investigation. The
basin has experienced a rise in air temperature that coincided
with a rise in suspended sediment concentrations in the mid-
1980s. Our main objective is to explore the presence of the
signal of a warmer climate in the suspended sediment dy-
namics of this regulated and human-impacted Alpine catch-
ment. In this work, we refer to fine sediment as the sed-
iment transported in suspension. To investigate the poten-
tial causes of the observed increase in suspended sediment
concentration, we conceptualize the upper Rhone Basin as a
series of spatially distributed sediment sources that are ac-
tivated or deactivated by hydroclimatic forcing. In addition
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Figure 1. Map of the upper Rhone Basin with topography (DEM resolution is 250 x 250 m), glacierized areas, and river network. The inset
shows the position of the upper Rhone Basin in Europe (blue). Locations of gauging stations used in this analysis are shown as triangles.
Massa and Lonza sub-basins used in the calibration and validation of the ice melting component are highlighted.

to discharge (transport capacity), we consider four main hy-
droclimatic variables: (a) ice melt runoff (IM), which evac-
uates accumulated fine sediment, the product of glacial ero-
sion, through subglacial channels (e.g. Swift et al., 2005);
(b) snow-cover fraction (SCF), which influences ice melting
onset, impacts ice-melt efficiency through albedo, and may
result in more rapid erosion and sediment production through
an increased glacier basal velocity (e.g. Herman et al., 2015);
(c) snowmelt runoff (SM) from snow-covered areas, which
may generate downstream hillslope erosion and channel ero-
sion (e.g. Lenzi et al., 2003); and (d) effective rainfall (ER),
defined as liquid precipitation over snow-free areas, which
leads to hillslope erosion, mass wasting, and also, due to en-
hanced discharge, channel erosion (e.g. Bennet et al., 2012;
Meusburger and Alewell, 2014). Our aims are the following:
(a) to estimate daily basin-wide ice melt, snow-cover frac-
tion, snowmelt, and effective rainfall over the Rhone Basin
for the last 40 years; and (b) to analyse these variables with
the goal to provide statistical evidence for possible reasons
for the rise in suspended sediment concentrations in the mid-
1980s.

2 Study site description

The upper Rhone Basin is located in the southwestern part
of Switzerland, in the central Swiss Alps (Fig. 1). It has a
total surface area of 5338 km? and an altitudinal range of
372 to 4634 ma.s.l. About 10 % of the surface is covered by
glaciers, which are mostly located in the eastern and south-
eastern part of the catchment (Stutenbecker et al., 2016). The
Rhoéne River originates at the Rhone Glacier and flows for
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about 160 km through the Rhone valley before entering Lake
Geneva a few kilometres downstream of the gauging station
located at Porte du Scex (Fig. 1). Basin-wide mean annual
precipitation is about 1400 mm yr~! and shows strong spatial
variability driven mostly by orography and the orientation of
the main valley. The hydrological regime of the catchment,
typical of Alpine environments, is strongly influenced by
snow and ice melt with highest discharge in summer and low-
est in winter. Mean annual discharge is 180 m3 s~!, which
corresponds to about 1060 mm yr~! and an annual runoff co-
efficient of 75 %.

The catchment has been strongly affected by anthro-
pogenic impacts during the last century. The main course
of the Rhone River has been extensively channelized for the
purposes of flood protection: levees were constructed and the
channel was narrowed and deepened in the periods 1863—
1894 and 1930-1960 (first and second Rhone corrections).
Due to the residual flood risk that affects the main valley,
a third project was started in 2009 with the main objectives
to increase channel conveyance capacity and river ecologi-
cal rehabilitation (Oliver et al., 2009). In addition, signifi-
cant gravel mining operations are carried out along the main
channel and many tributaries. Since the 1960s, several large
hydropower dams have been built in the main tributaries of
the Rhone River. The total storage capacity of these reser-
voirs corresponds to about 20 % of the mean annual stream-
flow (Loizeau and Dominik, 2000). Flow impoundment, wa-
ter abstraction, and diversion through complex networks of
intakes, tunnels, and pumping stations have significantly im-
pacted the flow and sediment regime of the catchment. Flow
regulation due to hydropower production has resulted in a
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Table 1. List of the variables analysed: observed SSC and hydroclimatic variables originating from measurements (Q), spatial interpolation
of measurements (7', P), simulations of the snow and ice-melt model (SCF, SM, IM), or a combination thereof (ER). Information on the
source and the spatial and temporal resolution are reported for each variable.

Variable Data source Resolution
T Daily mean temperature (°C) on a ~ 2 km x2 km grid provided by MeteoSwiss basin-averaged, daily,
1975-2015
P Daily total precipitation (mm dayfl) on a ~2km x2km grid provided basin-averaged, daily,
by MeteoSwiss 1975-2015
(0] Daily mean discharge (m3 s~1) at three stations (Porte du Scex, Blatten, Blatten bei daily, 1975-2015
Naters) provided by FOEN
SSC Suspended sediment concentration (mg L—1) at Porte du Scex provided by FOEN 2 times per week, 1975-2012
SCF Snow-cover fraction [0—1] simulated by the Snowmelt model on a 250 m x250 m grid,  basin-averaged, daily,
and calibrated with MODIS satellite data for the period 2000-2009 1975-2012
SM Snowmelt rate (mm day_l) simulated by the Snowmelt model on a 250 m x250m grid  basin-averaged, daily,
1975-2012
M Ice-melt rate (mm day_1 ) simulated by the ice-melt model on a 250 m x250 m grid, and  basin-averaged, daily,
calibrated at Blatten and Blatten bei Naters 1975-2012
ER Effective rainfall (mm day_l) (rainfall on snow-free pixels), estimated from P, T and  basin-averaged, daily,
SCF on a 250 m x250 m grid 1975-2012

considerable decrease in discharge in summer and increase
in winter (Loizeau and Dominik, 2000). That said, the con-
struction of dams and the start of hydropower operation has
coincided with a drop in the suspended sediment load of the
main Rhone River measured at Porte du Scex in the 1960s
(Loizeau et al., 1997; Loizeau and Dominik, 2000).

Two sub-catchments of the upper Rhone Basin are used
for the calibration and validation of the ice-melt model: the
Massa and the Lonza sub-catchments (Fig. 1). The Massa is
a medium-sized basin (195km?) with a mean elevation of
2945 ma.s.l. More than 60 % of the surface is glacierized,
and the remaining surface is classified mostly as rock and
firn (Boscarello et al., 2014). The basin includes the Aletsch
Glacier, which is the largest glacier in the European Alps
with a length (1973) of around 23.2km and a surface area
(1973) of approximately 86 km? (Haeberli and Holzhauser,
2003). The Lonza is a relatively small basin located to the
west of the Massa with an average elevation of 2630 ma.s.l.
It has a total drainage area of roughly 77.8 km? and almost
36 % of its surface (1991) is covered by glaciers.

3 Methods

Our objective is to explore the potential effect of climate
on suspended sediment dynamics in the upper Rhone Basin
during the period 1975-2015. To this end, we analyse ob-
served and simulated hydroclimatic and sediment-transport
variables as listed in Table 1: mean daily temperature T, to-
tal daily precipitation P, mean daily discharge Q, suspended
sediment concentration SSC, daily snow-cover fraction SCF,
snowmelt SM, ice melt IM, and effective rainfall over snow-
free areas ER. Some variables originate from observations
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(Q, SSC) or spatial interpolation of observations (7', P), oth-
ers from simulations by spatially distributed snow and ice-
melt models (SCF, SM, IM), or from a combination thereof
(ER). The snowmelt model is described in Sect. 3.1, the ice-
melt model in Sect. 3.2, and their calibration in Sect. 3.3. We
first interpolate the input datasets of precipitation and tem-
perature on a 250 m x250 m grid resolution by the nearest-
neighbour interpolation method. Second we run the snow
and ice-melt model on the daily timescale over the period
1975-2015. In a third step, we analyse the variables (Ta-
ble 1) as mean monthly and mean annual values averaged
over the basin area. To quantify changes in the hydroclimatic
variables and in suspended sediment concentration, we ap-
ply standard statistical tests for change detection described
in Sect. 3.4. A description of all datasets used in this analysis
is reported in more detail in Sect. 4.

3.1 Snowmelt model

We use a snowmelt model to predict SM and SCF over the
entire basin, because snow station measurements are sparsely
and irregularly distributed and a physical consistency be-
tween precipitation and air temperature as climatic driving
forces and snowmelt and snow cover as response variables is
needed. The spatially distributed temperature index method
(degree-day model) was used due to its simplicity, low data
requirements, and demonstrated success on daily temporal
scales over large basins (e.g. Hock, 2003; Boscarello et al.,
2014). The degree-day approach also matches the coarse spa-
tial (250 m x 250 m) and temporal (daily) resolution of our
analysis and the areal averaging on the basin scale. Models
based on energy balance, or enhancements of the degree-day
approach, represent physical processes better and could be
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used when higher spatial and temporal resolution and accu-
racy are needed (e.g. Pellicciotti et al., 2005).

The snowmelt model includes snow accumulation and
melt. On the grid scale, precipitation P (mmday~') is first
partitioned into solid and liquid form based on (a) daily min-
imum T, (°C) and maximum air temperature Trax (°C) and
(b) a rain—snow threshold temperature Trs (°C). If minimum
air temperature Tpi, is above the threshold temperature Trs,
all precipitation falls as rainfall R; if the maximum air tem-
perature Thax is below the threshold temperature Trs, all pre-
cipitation falls as snow S; otherwise precipitation is a mix-
ture of solid and liquid form, partitioned proportionally to
the temperature difference

R=cpP
, ()
S=(1—cp) P
where
Cp = 1, Tmin > TRrs
Cp = 0, Tmax < Trs )
Tmax — Ti
Cp = LRS: Tnin < Trs < Tmax

Tmax - Tmin

The daily snowmelt rate SM; (mm day ') is estimated from
a linear relation with air temperature:

SM; = ksnow (Tmean — Tsm)»  Timean > Tsm 3)
SMi =0, Tinean < Tsm ’

where Tinean (°C) is the mean daily air temperature, Tsy (°C)
is a threshold temperature for the onset of melt, and kgpow 1S @
melt factor (mm day_1 °C~1). Snow depth (SD), in millime-
tres snow water equivalent, for time ¢ is then simulated from
a balance between accumulation and melt at every grid cell
i

SD; (t) = SD; (t — 1) + S; () — SM; (¢). 4)

The snow-cover fraction, SCF, for a chosen area containing
i=1,...,N gridsis

1 N
SCE®) =+ > HISD;(1)], &)
i=1

where H is a unit step function: H =0 when SD =0 and
H =1 when SD > 0. The area of integration N can be
the entire catchment, sub-basins, elevation bands, etc. For
the entire catchment, we estimate mean daily snowmelt SM
(mm day~!) as the arithmetic average over all grid melt rates:

1 N
SM(1) = > SM; (). (6)
i=l1

The threshold temperatures for defining the precipitation
type, Trs, and the onset of melt, Tsy, depend on many fac-
tors such as atmospheric boundary layer conditions, tem-
perature, and humidity, among others. Different parameter-
izations and temperature values are available in the litera-
ture (Wen et al., 2013). Depending on region, altitude, and

www.hydrol-earth-syst-sci.net/22/509/2018/

modelling approach, rain—snow temperature thresholds show
a range of variability from —5°C (Collins et al., 2004) to
more than 6 °C (Auer, 1974). For the upper Rhone Basin we
assume a constant rain—snow temperature threshold Trs =
1 °C, resulting from a calibration and validation of the phys-
ically based fully distributed hydrological model Topkapi-
ETH in the catchment (Fatichi et al., 2015). To reduce de-
grees of freedom, the threshold temperature for the onset of
melt Tsy is set equal to 0°C, which is a typical value for
Alpine regions (e.g. Schaefli et al., 2005; Corbari et al., 2009;
Boscarello et al., 2014). The calibration of the snowmelt
model consists of estimating only the melt factor kg,ow With
methods described in Sect. 3.3. In addition, we apply a sen-
sitivity analysis on the three parameters kgnow, TRS, and Tsm,
as described in the Supplement Sect. S1.

3.2 Ice-melt model

Similar to snowmelt, ice melt is also simulated with a tem-
perature index (degree-day) model on grid cells that are iden-
tified as glacier covered. The daily ice melt IM; (mm day_l)
on glacier surfaces that are snow-free is estimated as

IMi = kice (Tmean - TIM)
IM; = 0 Tinean < Tim

Tinean > Tim

; )

where Tinean (°C) is the mean daily air temperature, Tiv (°C)
is a threshold temperature for the onset of ice melt, and kice
(mm day_1 °C~1) is the ice-melt factor. For the entire catch-
ment, we estimate mean daily ice melt IM (mm day ') as the
arithmetic average over all ice-covered grid cells as follows:

1 N
IM(7) = ¥ ZIMi (1). (®)
i=1

The threshold temperature for glacier melting Ty is set equal
to 0°C. Ice melt occurs only if the glacier cell is snow
free. The snow cover simulated by the snowmelt model in
Sect. 3.1 is thus essential for estimating ice melt. The cali-
bration of the ice melt model consists of estimating only the
melt factor kjce as described in Sect. 3.3.

3.3 Calibration and validation of snowmelt and
ice-melt models

We perform the calibration and validation of the snow and
ice-melt model parameters in sequence, since the snow-
covered surface is required for ice-melt estimation on
glaciers. The snowmelt factor kgyow is calibrated based on
comparisons with snow-cover maps. Snow-cover observa-
tions are split into two periods: 1 October 2000-30 Septem-
ber 2005 for calibration and 1 October 2005-31 Decem-
ber 2008 for validation, for a total number of 217 calibration
and 143 validation days. Snow-cover maps at 500 m x500 m
resolution are distributed by proximal interpolation to the
snowmelt model 250 m x250 m computational grid. Maps of
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snow depth simulated with Eq. (4) are first transformed into
simulated snow-cover fraction SCF™ with Eq. (5) and are
afterwards compared with snow-cover fraction derived from
the observations SCF°Ys.

The objective function for calibration is based on a com-
bination of mean absolute error and true skill statistic. The
mean absolute error MAE is estimated as

[ . -
MAE=-3>" ‘SCFf; s —SCFm|, ©)

where n is the number of MODIS image maps. MAE cap-
tures the overall ability of the model to reproduce the snow-
cover fraction accurately. The true skill statistic (TSS) is a
spatial statistic that measures the grid-to-grid performance
of the model in capturing snow—no-snow presence. It is com-
puted as the sum of sensitivity SE (correct snow predictions)
and specificity SP (correct no-snow predictions) computed
from contingency tables (e.g. Wilks, 1995; Mason and Gra-
ham, 1999; Corbari et al., 2009) in each image j and aver-
aged over the n MODIS maps in the simulation period:

n

1 1
Tsszzj;TssF;Z(SEﬁspj). (10)

j=1

Because TSS includes both sensitivity and specificity, it cap-
tures both predictions of snow-covered and snow-free ar-
eas. It takes on values between O and 1, where 1 indicates
perfect performance, and is a widely applied metric for as-
sessing spatial model performance (e.g. Begueria, 2006; Al-
louche et al., 2006). We combine both goodness-of-fit mea-
sures (MAE and TSS) into an objective function OF, by giv-
ing more weight to MAE. Finally, we evaluate the objective
function OF over b = 5 different elevation bands in order to
better capture the topographic gradients in snowmelt distri-
bution in the Rhone Basin:

5 5
OF = ZOF;, = Z —0.6MAE,, + 0.4TSS,. (11)
b=1 b=1

This objective function is maximized in calibration. The ra-
tionale of using both MAE and TSS in evaluating perfor-
mance is to give weight to both basin-integrated snow cover
as well as to grid-based predictions. Indeed, the same value
of snow-cover fraction can result in two different spatial ar-
rangements of snow-covered pixels, and a correct spatial dis-
tribution of snow-covered and snow-free areas is relevant for
this analysis insofar as it affects the activation and deacti-
vation of specific sediment sources. The weights assigned to
MAE and TSS in Eq. (11) are the outcome of sensitivity tests
with the model. After calibration, we also estimate the Nash—
Sutcliffe efficiency (NS; Nash and Sutcliffe, 1970) and the
mean square error MSE to quantify the performance of the
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model:

n . 2

(SCF‘;'JS - SCF;Im)
NS=1-12 —. (12)
(SCF‘}bS — SCF)
j=1
1 n obs sim 2

MSE = ;ijl(SCFj — SCF? ) , (13)

where SCF is the average observed snow-cover fraction dur-
ing the calibration—validation period.

We calibrate the ice-melt factor k;ce with the data of the
sub-basin of the river Massa (Fig. 1), on the basis of daily
discharge measurements, and focusing only on months when
the ice-melt contribution is not negligible (June—October).
The gauging station is located upstream of the Gebidem dam,
therefore discharge is not influenced by reservoir regulation
and represents undisturbed natural flow. Calibration is per-
formed on the period 1 January 1975-31 December 2005,
while validation covers the remaining 10 years of available
data, i.e. the period 1 January 2006-31 December 2015. We
then validate the model on the Lonza sub-basin with the same
procedures and goodness-of-fit measures.

The optimal value of ke is found by minimizing the mass
balance error MBEg computed for the period June—October:

> (Ve vm)
Z V,‘O S _ ‘/[Slm
MBEg =100 (14)

ny
obs
2.V
i=1

where ny is the number of calibration years, Vl."bs and Vfim
(mm year~!) are the observed and simulated discharge vol-
umes per unit area reaching the outlet of the catchment dur-
ing the period June—October of each calibration year i:

nd
bs __ bs
ver =3 05, (15)
j=1
] nd ] nd
VIm =" %M = 3 (R; +SM; +IM). (16)
j=1 j=1

Here, nd is the number of observation days from June to
October, Q‘]’.bS (mm day ') is the daily discharge per unit area
observed at Blatten Bei Naters (Blatten), R;, SM;, IM; are
respectively the total daily rainfall, snowmelt, and ice melt
aggregated over the Massa (Lonza) basin. Rainfall (R) and
snowmelt (SM) are simulated with the snow accumulation
and melt model in Sect. 3.1, while ice melt (IM) is simulated
with the ice-melt model in Sect. 3.2.

It should be noted that in this study we neither consider
glacier evolution, i.e. changes in ice thickness due to accu-
mulation and melt, nor glacier ice flow. Neglecting glacier

www.hydrol-earth-syst-sci.net/22/509/2018/



A. Costa et al.: Temperature signal in suspended sediment export 515

retreat raises the possibility that we overestimate the ice-
melt contribution over the study period. To quantify the po-
tential effect of glacier retreat, we compare our simulations
with time series produced from the Global Glacier Evolution
Model (GloGEM), a model accounting for both the mass bal-
ance and glacier evolution (Huss and Hock, 2015). For com-
parison, we use total monthly runoff generated from glacier-
ized surfaces of the upper Rhone Basin, simulated with Glo-
GEM for the period 1980-2010. GloGEM computes the
mass balance for every 10 m elevation band of each glacier,
by estimating snow accumulation, snow and ice melt, and
refreezing of rain and melt water. The response of glaciers
to changes in mass balance is modelled on the basis of an
empirical equation between ice thickness changes and nor-
malized elevation range parameterized as proposed by Huss
et al. (2010). Normalized surface elevation changes Ah, are
derived for each elevation band from mass balance changes
(mass conservation). Starting from initial values derived by
the method of Huss and Farinotti (2012), ice thickness is up-
dated at the end of each hydrological year by applying the
relation between normalized elevation range %, and normal-
ized surface elevation change Ah,. The area of each glacier
is finally adjusted by a parabolic cross-sectional shape of the
glacier bed (Huss and Hock, 2015). GloGEM is calibrated
and validated over the period 1980-2010 with estimates of
glacier mass changes by Gardner et al. (2013) and in situ
measurements provided by the World Glacier Monitoring
Service.

3.4 Statistical testing for change

We use the non-parametric Pettitt test (Pettitt, 1979) for the
detection of the time of change (year-of-change) in the air
temperature data. We then test the other variables (SSC, P,
0, SM, SCF, IM, and ER) for changes in the mean (and
variance) by splitting the time series into two periods before
and after the identified year-of-change, and by applying two-
sample two-sided ¢ tests for the equality of the means (and
variances). The null hypothesis of no change is tested at the
5 % significance level. The ¢ test is a parametric test com-
monly used in hydrology to assess the validity of the null
hypothesis of two samples having equal means and unknown
unequal variances. We apply the 7 test to all hydroclimatic
variables averaged on the annual and monthly timescales
with the same year-of-change to determine which hydrocli-
matic variables, and therefore the activation or deactivation
of which sediment sources, are possibly responsible for the
observed changes in suspended sediment concentration.

In our catchment, SSC is sampled intermittently (twice
per week). This might have an effect on the change detec-
tion analysis of the hydroclimatic variables. We estimate this
potential effect by considering the hydroclimatic variables
SM, IM, ER, and Q only on days corresponding to SSC-
measurement days. We compare these new time series with
the original ones by estimating the cumulative distribution

www.hydrol-earth-syst-sci.net/22/509/2018/

functions of the variables and by testing changes of mean
monthly and annual values over time. We consider only the
positive (non-zero) part of the distributions. Results are re-
ported in Sect. 5.4.

4 Data description
4.1 Precipitation and air temperature

For precipitation and air temperature we use spatially dis-
tributed datasets provided by the Swiss Federal Office of Me-
teorology and Climatology (MeteoSwiss). Total daily precip-
itation and mean, minimum, and maximum daily air temper-
ature are available on a ~2km x2km resolution grid for
Switzerland (MeteoSwiss, 2013a, b). All four datasets are
developed by spatial interpolation of quality-checked data
collected at MeteoSwiss meteorological stations (Frei et al.,
2006; Frei, 2014). We apply the statistical analysis of change
to basin-averaged values of precipitation and temperature
and not to individual grid point values, which might be po-
tentially affected by substantial interpolation errors. More-
over, the variability in time of the number of stations involved
in the spatial interpolation may induce non-homogeneities
in the datasets. This is particularly relevant when analysing
long-term changes as in the case of this study. Therefore, we
verify the effects of potential non-homogeneities by using an
experimental dataset developed by MeteoSwiss specifically
for this research, based on a constant number of stations (294
for precipitation and 48 for temperature) for the period 1971-
2013. We applied the statistical tests for detecting changes
both on the original and the experimental datasets of P and
T. Results of the statistical tests on the two datasets coin-
cide. This confirms that temporally variable number of me-
teorological stations employed to build the product does not
influence the changes detected in the original dataset.

4.2 Discharge and suspended sediment concentration

We use daily discharge data measured by the Swiss Fed-
eral Office for the Environment (FOEN) at three gauging
stations: Porte du Scex (available since 1905), Blatten Bei
Naters (available since 1931) and Blatten (available since
1956) (Fig. 1). For suspended sediment concentration, two
in-stream samples per week collected by FOEN at Porte du
Scex are available since October 1964 (Grasso et al., 2012).

In this work, we focus on sediment transported in suspen-
sion. Previous analysis on the grain size distribution of sus-
pended sediment at the outlet of the upper Rhone River re-
ports a bimodal distribution, with mode diameters equal to
13.7 um (silt) for the finer fraction and 39.6 um (silt) for the
coarser grains (Santiago et al., 1992). The composition of
grains cover a wide range of values, including clay (16.9 %),
silt (64.7 %), and sand (18.4 %). The mean suspended sed-
iment size is reported to be equal to 17.7 um (silt), and the
largest grains transported in suspension during summer high-
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flow conditions are in the range of coarse sand (> 500 um)
(Santiago et al., 1992).

4.3 Snow cover and glacier data

We use snow-cover maps derived from satellite imagery for
the upper Rhone Basin over the period 2000-2008 processed
in previous research (Fatichi et al., 2015). We use the 8-day
snow-cover product MOD10A?2 retrieved from the Moderate
Resolution Imaging Spectroradiometer (MODIS) (Dedieu et
al., 2010) for the calibration and validation of the snowmelt
model. MOD10A2 is provided at a 500 m x500m spatial
resolution, where cells are classified as snow covered, snow
free, inland water, or cloud covered. In order to reduce the
impacts of clouds in estimating snow-cover fraction, maps
with cloud cover greater than 30 % are excluded from the
dataset, resulting in a total number of usable images equal to
360, i.e. on the average 40 days per year.

The surface covered by glaciers is assigned based on
the GLIMS (Global Land Ice Measurements from Space)
Glacier Database (Fig. 1). Ice-covered cells identified based
on the GLIMS data of 1991 show that more than 10 % of
the upper Rhone Basin as covered by ice with a total glacier
surface of almost 620 km?.

4.4 Digital terrain model

We use a digital elevation model (DEM) with 250 m x250 m
resolution (854009 cells in total; Fig. 1), obtained by resam-
pling a finer model (25 m x25 m) provided by SwissTopo in
the ETH geodata portal (GeoVITe). The DEM is used as a
mask for extracting climatic inputs and for elevation infor-
mation in the snowmelt modelling.

5 Results
5.1 Calibration of snowmelt and ice-melt models

The snowmelt factor, calibrated following the procedure
described in Sect. 3.3, is kgnow = 3.6 mmday ! °C~!. The
snowmelt model reproduces well the seasonal fluctuations of
snow-cover fraction (SCF) in the basin, with Nash—Sutcliffe
efficiencies (NS) close to 0.90 and low mean square errors
(MSE). The model maintains good performances also in the
validation period showing a slight reduction in the goodness-
of-fit measures (Table 2). The temporal variability in SCF is
also well simulated on the basin scale. Although the com-
parison between observed and simulated SCF is affected by
the discontinuous nature of the MODIS data (8-day resolu-
tion), Fig. 2 shows that the model with a single constant kgpow
for the entire catchment reproduces the snow-cover dynam-
ics reasonably well for all of the studied elevation bands. At
lower elevations, the model tends to slightly underestimate
SCF in autumn and overestimate it in winter. The model
performs better at higher elevation bands, even at the very
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Table 2. (a) Calibrated snowmelt factor kgpow and goodness-of-fit
measures for validation and calibration periods: Nash—Sutcliffe ef-
ficiency (NS), mean square error (MSE), true skill statistic (TSS),
sensitivity (SE), and specificity (SP) for the entire upper Rhone
Basin; and (b) calibrated ice-melt factor kjce and goodness-of-fit
measures: mass balance error computed on June—October (MBEg)
and on the entire year (MBEp ) for the Massa and Lonza sub-basins.

(a) ksnow = 3.6mmday—!°C~!
Calibration Validation
NS 0.88 0.86
MSE 0.01 0.01
TSS 0.54 0.46
SE 0.77 0.76
SP 0.73 0.70
(b) kice = 6.1 mmday 1 °C~!
MBEg (%) MBE4 (%)
Calibration Massa 6.10 7.22
Validation Massa 6.77 9.19
Validation Lonza 11.35 10.09

highest elevations with permanent snow cover (Fig. 2; bot-
tom). The spatial distribution of snow cover is satisfactory,
with average values of sensitivity and specificity greater than
0.7 (Table 2). Goodness-of-fit measures indicate that, on av-
erage, more than 70 % of snow-covered and snow-free pix-
els are correctly identified. The true skill score, which com-
bines both metrics, results in values around 0.5 (Table 2).
Snow-cover-duration maps averaged over the period 2000—
2008 for MODIS observations and simulations show a good
spatial coherence (Fig. 3). In summary, we conclude that the
snowmelt model represents the spatial and temporal dynam-
ics of snow cover in the Rhone Basin satisfactorily. Results
of the sensitivity analysis on kgyow, TRs, TsM are reported in
the Supplement (Sect. S1).

The ice-melt factor, calibrated following the procedure de-
scribed in Sect. 3.3, is kice = 6.1 mmday~! °C~!. Calibra-
tion and validation results are summarized in Table 2. In
Fig. 4 we show the seasonal pattern of basin-averaged IM,
SM, and R simulated with the calibrated snow and ice-melt
model, together with discharge Q observed at the outlet of
the two highly glacierized sub-catchments Massa (Fig. 4a)
and Lonza (Fig. 4b). The fit of the simulated (computed
as IM+SM + R) to the observed discharge is good, with
mass balance errors about 7 % for the Massa and 8 % for the
Lonza.

Although in our hydrological model we do not include
glacier evolution, the annual runoff volumes (SM +IM + R)
from glacierized areas during the period 1980-2010 corre-
late well with the results of GloGEM (Fig. 5a). Measures of
performance confirm the agreement between the two mod-
els: the correlation coefficient is equal to 0.86 and the Nash—
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Figure 2. Comparison between observed (red circles) and simulated
(light blue lines) snow-cover fraction (SCF) of the upper Rhone
Basin for five different elevation bands. Simulations are computed
with calibrated snowmelt factor kgpow = 3.6 mm day_1 oc—1,

Sutcliffe efficiency is equal to 0.67. We also capture quite
well the seasonal pattern of runoff generated from glacierized
areas (Fig. 5b). Perhaps most importantly, GloGEM simu-
lations show that total annual runoff is increasing through-
out the period and there is no evidence for decreasing ice-
melt rates. This confirms that, although glaciers of the up-
per Rhone Basin are retreating, melt-water discharges from
glacierized and proglacial areas are increasing during the
1980-2010 period. As expected, total runoff from glacier-
ized surfaces and ice melt is highly correlated (Fig. 5a; cor-
relation coefficient = 0.95), thus indicating that the increase
in total runoff is due to an increase of the ice-melt compo-
nent. Indeed, non-parametric Mann—Kendall tests indicate an
increasing trend with 5 % significant level. Trend slopes, es-
timated with the Theil-Sen estimator, confirm the agreement
between the two models: we find a total increase of runoff of
~27.65 millonm? year—? with GloGEM and ~ 21.71 mil-
lionm? year—2 with our model. We also computed the basin-
averaged mass balance accounting for snow accumulation

www.hydrol-earth-syst-sci.net/22/509/2018/

(a) (b)

3

Figure 3. Map of average snow permanence during the period
2000-2008, expressed as the fraction of time in which pixels are
snow-covered (snow cover duration fraction, SCDF[0-1]): (a) ob-
servations (MODIS) and (b) simulations.
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and snow and ice melt for each hydrological year. The
mean mass balance over the period 1980-2010 is equal to
—0.78 +0.22 myear~! of water equivalent, which is within
the uncertainty range of recent studies (Fischer et al., 2015).
In summary, although we do not account for glacier retreat,
our model results agree well with state-of-the-art glaciologi-
cal models that include glacier evolution. Both comparisons
with GloGEM and our basin-averaged mass balance indicate
that we are not significantly overestimating ice melt during
the period 1975-2015.

5.2 Temperature, precipitation, discharge, and SSC in
the Rhone Basin

Mean annual air temperature shows a clear and statistically
significant increase in 1987 (p value < 0.01). A two-sample
t test for equal means (p value < 0.01) confirms an increase
in mean daily temperature greater than 1 °C (Fig. 6a). Statis-
tical tests on monthly means reveal that the 1987 temper-
ature jump is mainly in spring and summer months from
March to August, while changes in the autumn and winter
months are not statistically significant (Fig. 7a). For the pe-
riod March—August, mean monthly temperatures have risen
by about 1.7 °C on the average.

The change in air temperature around 1987 coincides with
statistically significant changes in mean annual suspended
sediment concentration (Fig. 6¢). After the abrupt warming,
mean annual suspended sediment concentrations are roughly
40 % larger than before: average values have risen from
1724+ 6.86mgL~! before 1987 up to 242+ 14.45mgL~!
after 1987, where the ranges express the standard error of
the mean. This change can be ascribed to statistically sig-
nificant (p value < 0.01) increases in summer (July—August)
concentrations (Fig. 7¢). Suspended sediment concentration
is also characterized by much larger interannual variability
after 1987 than before: the standard deviation of mean an-
nual SSC increases from ~32mgL~! before 1987 up to
~78mgL~! after (Fig. 6¢). A statistically significant in-
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Figure 5. Runoff (snowmelt + ice melt + rainfall) generated from glacierized areas within the upper Rhone Basin, simulated with GloGEM
and with the snowmelt and ice-melt models (degree-day) for the period 1980-2010: (a) total annual values; (b) mean monthly values. (a) also
depicts the time series of total annual ice melt simulated with the ice-melt model.

crease in the variance is confirmed with a two-sample F test
at 5 % significant level.

While the upper Rhone Basin underwent an abrupt warm-
ing around 1987, mean annual precipitation (Fig. 6b) and
mean monthly precipitation (Fig. 7b) did not change signif-
icantly in time. Likewise, mean annual discharge does not
show any statistically significant change in 1987 (Fig. 6d).
Mean monthly discharge (Fig. 7d) is characterized by a
small statistically significant increase in winter (November—
February) runoff, most likely due to increased snowmelt and
possibly changes in hydropower generation.

5.3 Hydroclimatic activation of sediment sources

Mean annual simulated snowmelt (SM) shows a decreasing
tendency during the last 30 years (Fig. 8a). The reduction
in snowmelt after 1987 occurs mostly in summer and early
autumn (Fig. 9a) mainly due to poor snow cover (Fig. 9b).
However, except July and September, the changes in all
months are within the 95 % confidence interval. The increase
in snowmelt in March and April is due to warmer tempera-
tures in spring. Results are coherent with the temporal evo-
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lution of simulated snow-cover fraction, which is also grad-
ually decreasing (Fig. 8b), especially in spring and summer
(Fig. 9b). Statistical analysis reveals a step-like reduction of
more than 10 % for mean annual values of snow-cover frac-
tion in 1987 (p value < 0.01).

Although mean annual and monthly precipitation were
shown not to change significantly in the mid-1980s, effective
rainfall (ER) on snow-free areas has increased, especially
in early summer (Figs. 8d, 9d). Effective rainfall increases
in conjunction with decreases in snow-cover fraction, and a
statistically significant jump is identified in 1987 (p value
<0.01) (Fig. 8d). However, although snow-cover fraction
is significantly lower throughout the entire melting season,
only June and especially July show statistically significant
increases in ER after 1987 (Fig. 9d).

Our results show that the temporal evolution of ice melt
is consistent with suspended sediment concentration rise.
Although the change is rather gradual on the annual scale
(Fig. 8c), the step-like increase in ice melt is evident in the
ice-melting season (May—September) and reaches highest
magnitudes in July and August (Fig. 9¢) in conjunction with
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Figure 6. Observations for the period 1965-2015 of (a) basin-averaged air temperature, (b) basin-averaged daily precipitation, (c) suspended
sediment concentration measured at the outlet of the basin, and (d) daily discharge per unit area measured at the outlet of the basin. Mean
annual values are shown in grey and the 5-years moving average is shown with a bold line.

rises in suspended sediment concentration in those months
(Fig. 7c).

The simultaneous increase in ice melt and decrease in
snowmelt suggests that the abrupt warming has led to im-
portant alterations of the hydrological regime. To quantify
this alteration, we compute the relative contribution of rain-
fall, snow, and ice melt on the sum of these three components
in July and August. The average relative contribution of ice
melt has almost doubled after 1987 (from ~ 12 to ~ 22 %;
Fig. 10), while the relative contribution of snowmelt has re-
duced by more than 30 % (from ~ 52.5 to ~ 35 %; Fig. 10).
This indicates the substantial effect of the sharp temperature
rise on the basin hydrology.

5.4 Effect of intermittent SSC sampling

The empirical cumulative distribution functions of total daily
basin-averaged SM, IM, ER, and Q, computed on all days
(“all non-zero days”) and only on days corresponding to
SSC measurements (“SSC-measurement non-zero days”) is
shown in Fig. 11. Although extremely high and low val-
ues may indeed be missed by the non-continuous sampling,
cumulative distributions of SM, IM, ER, and Q on “SSC-
measurement non-zero days” and on “all non-zero days” are
similar. This indicates that, although SSC is measured at a

www.hydrol-earth-syst-sci.net/22/509/2018/

fixed interval, the sampling captures accurately the process
variability. In addition, results of the statistical tests on mean
monthly and mean annual values of all analysed hydrocli-
matic variables are unchanged. We therefore conclude that
our results are not significantly influenced by the discontinu-
ous nature of the SSC sampling.

6 Discussion
6.1 Snowmelt and ice-melt models

The value of the snowmelt factor kgow (3.6 mm day_1 °c—1
is in agreement with previous studies carried out in this re-
gion. In the upper Rhdone Basin, Boscarello et al. (2014)
found a snowmelt factor equal to 4.3 mmday ! °C~! based
on previous studies on the Toce basin in Italy (Corbari et
al., 2009). Calibration of a semi-lumped conceptual model
for the three tributary catchments of the upper Rhone Basin
— Lonza, Drance, and Rhone at Gletsch — led to snowmelt
factors equal to 6.1, 4.5, and 6.6 mm day_1 oc—1, respec-
tively (Schaefli et al., 2005). Differences in kgyow between
this and previous studies are attributable to the different tem-
poral resolution of models, lengths of calibration datasets,
type and thresholds of precipitation partitioning, climatic in-
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Figure 7. Monthly differences between the period after and before the year-of-change (1987-2015 and 1965-1986) of: (a) basin-averaged
air temperature, (b) basin-averaged daily precipitation, (¢) mean suspended sediment concentration measured at the outlet of the basin, and
(d) daily discharge per unit area measured at the outlet of the basin. Points outside the confidence interval (grey shaded area) represent
statistically significant (5 % significance level) changes in the monthly mean.

puts, threshold temperature for melt, and others. We high-
light that the higher performance of the model in simulating
snow cover at the highest elevations in our study, where most
of the glaciers are located, is a prerequisite for successful
ice-melt estimation. The underestimation of SCF in autumn
and the overestimation in winter at lower elevations are likely
related to errors in partitioning precipitation into solid and
liquid form. One of the main problems of degree-day mod-
els is related to their poor performance in reproducing the
spatial distribution of snow accumulation and melt in com-
plex topography. The temperature-index approach does not
take into account features that affect melting, such as topo-
graphic slope, aspect, surface roughness, and albedo (Pellic-
ciotti et al., 2005). However, in our case, the spatial distri-
bution of snow cover is satisfactory. Sensitivity and speci-
ficity are characterized by a strong seasonal signal. In sum-
mer, when a large part of the basin is snow-free, it is much
easier for the model to capture snow-free pixels correctly
than snow-covered pixels. In winter, when the basin is largely
snow-covered, the situation is reversed. We account for this
by computing the true skill score, which combines both sen-
sitivity and specificity into a better representation of overall
model performance.
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Despite the large regional and temporal variability
that characterizes ice-melt factors, comparison with
previous studies confirms that the calibrated value
(7.1mmday~!°C~!) is reasonable for the Alpine envi-
ronment (e.g. Schaefli et al., 2005; Boscarello et al., 2014).
A range from 5 to 20 mmday ! °C~! has been reported in
the literature (e.g. Hock, 2003; Schaefli, 2005). It should be
noted that, when calibrating the ice-melt factor, we neglect
evaporation (evapotranspiration). However, evaporation
indeed plays a secondary role in the long-term water balance
in Alpine environments compared to precipitation and
snowmelt (Braun et al., 1994; Huss et al., 2008b), especially
at high elevations such as in the case of the Massa and Lonza
sub-catchments.

Considering that the aim of this study is to evaluate long-
term changes in hydro-climatology and sediment dynamics
of the upper Rhone Basin and not the short-term variabil-
ity in ice melt on the daily scale, we consider the snowmelt
and ice-melt model performances as satisfactory. In addi-
tion, we show that although our model does not account for
glacier retreat, it does not overestimate the ice-melt contribu-
tion during the period 1975-2015. However, considering cli-
mate projections further into the future, and glaciers that con-
tinue to retreat, the issue of future ice-melt contribution will
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Figure 8. Simulations for the period 1975-2015 of mean annual variables: (a) snowmelt SM, (b) snow-cover fraction SCF, (¢) ice melt IM,
and (d) effective rainfall ER. Mean annual values are shown in grey and a 5-year moving average is shown with a thick line.

need to be revised. Under climate change, even the largest
glacier in the basin, the Aletsch Glacier, is expected to shrink
at a rate where its ice-melt contribution would start decreas-
ing before 2050 (Farinotti et al., 2012; FOEN, 2012; Bronni-
mann et al., 2014).

6.2 Changes in hydro-climatology and SSC

Abrupt temperature jumps, such as the one we observed in
the upper Rhone basin, rather than gradual changes in air
temperature have been observed globally (e.g. Jones and
Moberg, 2003; Rebetez and Reinhard, 2008). Observations
indicate that Switzerland has experienced two main rapid
warming periods in the past, with the 1940s and 1980s be-
ing the warmest decades of the last century (Beniston et
al., 1994; Beniston and Rebetez, 1996). The simultaneous
increase in temperature and suspended sediment concentra-
tion indicates that changes in climatic conditions may effec-
tively impact sediment dynamics, especially in Alpine envi-
ronments where temperature-driven processes, like snow and
ice-melt, have a strong influence on the basin hydrology. The
statistically significant change in the SSC variance supports
the finding that processes related to fine sediment regime
of the upper Rhone Basin have been altered by changing
climatic conditions, resulting in greater concentrations and
higher variability of suspended sediment reaching the outlet
of the basin.
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Conversely, differences in precipitation before and after
1987 are within the 95 % confidence interval and are not
statistically significant. Differences in discharge are also not
statistically significant except in winter, when the suspended
sediment concentration does not show changes. Therefore, it
is very unlikely that the abrupt increase in suspended sedi-
ment concentration around mid-1980s in July and August is
caused by changes in mean precipitation and/or discharge.

6.3 Hydroclimatic activation of sediment sources

Our simulations of snow cover and melt are in agreement
with snow observations across Switzerland. The decreasing
tendency in snow cover after the mid- or late 1980s has been
demonstrated for the Swiss Alps (Beniston, 1997; Laternser
and Schneebeli, 2003; Scherrer et al., 2004; Scherrer and Ap-
penzeller, 2006; Marty, 2008). Snow depth, number of snow-
fall days, and snow cover show similar patterns during the
last century: a gradual increase until the early 1980s, inter-
rupted in late 1950s and early 1970s, and a statistically sig-
nificant decrease afterwards (Beniston, 1997; Laternser and
Schneebeli, 2003). Previous analyses also state that the re-
duction in snow cover after mid-1980s is characterized more
by an abrupt shift than by a gradual decrease (Marty, 2008),
in agreement with our simulations. The reduction in snow-
cover duration, which is observed to be stronger at lower
and mid-altitudes than at higher elevations, is mainly the re-
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Figure 9. Mean monthly differences (between 1987-2015 and 1975-1986) in variables (a) snowmelt SM, (b) snow-cover fraction SCF,
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Figure 10. Relative contribution of snowmelt (SM), rainfall (R),
and ice melt (IM) for the summer months July—August, computed
as the ratio between each component and their sum. Rainfall is ex-
tracted from observed precipitation by using a rain—snow tempera-
ture threshold, snow and ice melt are simulated with spatially dis-
tributed temperature-index models.

sult of earlier snow melting in spring due to warmer tem-
peratures (Beniston, 1997; Laternser and Schneebeli, 2003;
Marty, 2008). Moreover, by analysing 76 meteorological sta-
tions in Switzerland, Serquet et al. (2011) demonstrated a
sharp decline in snowfall days relative to precipitation days,
both for winter and early spring, showing the impact of
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higher temperature on reduced snowfall, independently of
variability in precipitation frequency and intensity. There-
fore, despite the high complexity that characterizes snow dy-
namics in the Alps (Scherrer et al., 2006, 2013), the dominant
effect of temperature rise on snow-cover decline after the late
1980s has been clearly shown (Beniston, 1997; Marty, 2008;
Serquet et al., 2011; Scherrer et al., 2004; Scherrer and Ap-
penzeller, 2006).

The increase in potentially erosive rainfall is partially con-
firmed by recent observations. Rainfall erosivity, expressed
by the R-factor of the Revised Soil Loss Equation (Wis-
chmeier and Smith, 1978; Brown and Foster, 1987), com-
puted on the basis of 10 min resolution precipitation data,
was recently analysed for Switzerland. Although the upper
Rhoéne Basin together with the eastern part of Switzerland
was found to have relatively low rainfall erosivity (low R-
factor) compared to the rest of the country, due to a lower
frequency of thunderstorms and convective events (Schmidt
et al., 2016), there is evidence of an increasing trend for
the R-factor from May to October during the last 22 years
(1989-2010; Meusburger et al., 2012). This suggests that
the increase in effective rainfall on snow-free surfaces may
have contributed to suspended sediment concentration rise,
through a combination of reduced snow-cover fraction, in-
creased rainfall-snowfall ratio, and possible increases in
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Figure 11. Empirical cumulative distribution functions of total daily basin-averaged SM (a), IM (b), ER (c), and Q (d), computed on all
days and only on days corresponding to SSC measurements. Only non-zero values of SM, IM and ER, are included.

rainfall intensity on a sub-daily scale. However, simulations
show a statistically significant jump in effective rainfall in
June and July, while SSC is significantly larger in July and
August. Therefore, we argue that erosive rainfall alone is un-
likely to explain the abrupt jump in suspended sediment con-
centration observed around mid-1980s.

Enhanced ice melt is coherent with the observed acceler-
ation of Alpine glacier retreat after the mid-1980s. Ground-
based and satellite observations, combined with mass bal-
ance analysis, reveal that current rates of glacier retreat are
consistently greater than long-term averages (Paul et al.,
2004, 2007; Haeberli et al., 2007). Estimations of glacier
area reduction rates indicate a loss rate for the period 1985—
1999, which is 7 times greater than the decadal loss rate
for the period 1850-1973 (Paul et al., 2004). Investigations
with satellite data and in situ observations suggest that the
volume loss of Alpine glaciers during the last 30 years is
more attributable to a remarkable down-wasting rather than
to a dynamic response to changed climatic conditions (Paul
et al., 2004, 2007). Haeberli et al. (2007) estimated that
glaciers in the European Alps lost about half of their total vol-
ume (roughly 0.5 % year™ ') between 1850 and 1975, another
25% (1 % year™!) between 1975 and 2000, and an additional
10-15 % (2-3 % year™') in the period 2001 to 2005. The ap-
pearance of proglacial lakes and rock outcrops with lower
albedo and high thermal inertia, separation of glaciers from
the accumulation area, and general albedo lowering in the
European Alps (Paul et al., 2005) are among the main posi-
tive feedbacks that accelerate glacier disintegration and make
it unlikely to stop in the near future (Paul et al., 2007). Al-
though glacier dynamics are quite complex and involve many
variables and feedbacks, the dominant role played by temper-
ature rise in glacier wasting has been clearly demonstrated
(e.g. Oerlemans and Reichert, 2000). The major volume loss
in the recent past in Swiss Alpine glaciers is attributable
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to negative mass balances during the ablation season rather
than to a lower accumulation by precipitation (Huss et al.,
2008a). For small high-altitude Alpine glaciers, Micheletti
and Lane (2016) showed negligible ice-melt contributions to
runoff between the mid-1960s and mid-1980s, after which
contributions increased markedly.

Most importantly, runoff coming from glaciers is notori-
ously rich in sediments. Very fine silt-sized sediment result-
ing from glacier erosion is transported in suspension most
often as wash load (Aas and Bogen, 1988). Proglacial ar-
eas generally represent rich sources of sediment due to ac-
tive glacier erosive processes of abrasion, bed-rock frac-
turing, and plucking (Boulton, 1974; Hallet et al., 1996).
Glacier retreat discloses a large amount of sediments avail-
able to be transported by proglacial streams. Moreover,
change in climatic conditions and specifically temperature-
driven glacier recession and permafrost degradation may ini-
tiate specific erosional processes that consequently enhance
sediment supply in proglacial environments (Micheletti et al.,
2015; Micheletti and Lane, 2016; Lane et al., 2016).

As shown in Sect. 5.3, the ice-melt increase is highest in
July and August (Fig. 9¢) in agreement with the jump in
suspended sediment concentration (Fig. 7¢), while ER rise
occurred mainly in June and July (Fig. 9d). We then con-
clude that the significant increase in ice melt detected in
the mid-1980s (Figs. 8c, 9c, 10) is likely to be the main
cause of the sharp rise in suspended sediment concentra-
tion entering Lake Geneva; this occurs through a combina-
tion of (1) increased discharge originated in proglacial en-
vironments, which implies higher suspended sediment con-
centration; (2) a larger relative contribution of sediment-rich
ice melt compared to snowmelt and precipitation fluxes; and
(3) intensified sediment production and augmented sediment
supply in proglacial areas due to rapid ice recession.

Hydrol. Earth Syst. Sci., 22, 509-528, 2018
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6.4 Anthropogenic factors and climate signals

The interpretation of increases in suspended sediment con-
centration may be complicated by anthropogenic drivers and
changes in the mid-1980s. Three main anthropogenic activi-
ties may have potentially influenced the suspended sediment
regime of the upper Rhone Basin: river channelization, con-
struction of reservoirs and hydropower operations, and gravel
extraction along the main stream and tributaries. However,
the second and last large channelization project was com-
pleted in 1960 (Oliver et al., 2009), much earlier than the
observed increase in SSC. Likewise, the largest reservoirs in
the catchment have been in operation since 1975 (Loizeau
and Dominik, 2000). Therefore, it is unlikely that these two
anthropogenic factors have contributed to the SSC rise de-
tected in the mid-1980s. The same holds for gravel min-
ing activities. Annual volumes of gravel extracted from the
Rhone, provided by the Valais Cantonal Authorities as dif-
ferences from the average over the period 19892014, do not
show any significant correlation with mean annual suspended
sediment concentration (R = 0.08). Although gravel min-
ing operation may perturb SSC for short periods after river
bed disturbance by causing local pulses of fine sediments,
this process does not significantly affect the suspended sed-
iment load at the outlet of the basin on seasonal and an-
nual timescales. A possibility still remains that changes in
the hydropower operation itself, i.e. the distribution of flow
responding to electricity demand, and the flushing of dams
have increased SSC concentrations. We currently do not have
any evidence for such changes; however, we think it is un-
likely that they would have long-term effects on SSC.

Our results show that even in highly human-impacted and
regulated catchments such as the Rhone Basin, a strong cli-
matic signal in hydrological and sediment dynamics can per-
sist. This also suggests that the decrease in fine-sediment
load at the outlet of the upper Rhone Basin observed in the
1960s on the basis of sediment cores recovered in the Rhone
delta region and reported by Loizeau et al. (1997), could be
the result of a combined effect of hydropower system de-
velopment, as it has been hypothesized (Loizeau et al., 1997,
Loizeau and Dominik, 2000), but also reduced ice-melt loads
due to colder temperatures at the time. The cooling period,
which occurred between the 1950s and late the 1970s (e.g.
Beniston et al., 1994) was characterized by colder and snowy
winters (e.g. Laternser and Schneebeli, 2003) and has been
accompanied by reduced ice-melt rates, glacier advance, and
positive glacier mass balances (Zemp et al., 2008; VAW-
ETH, 2015).

The climate signal in sediment dynamics takes on partic-
ular importance in the context of climate change projections
into the future. Despite the large uncertainty, future projec-
tions under different climate change scenarios show a com-
mon tendency for Switzerland, characterized by a shift from
snow-dominated to rain-dominated hydrological regime, re-
duced summer discharge, increased winter discharge, re-
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duced snow cover, and enhanced glacier retreat (Bavay et al.,
2009; Jouvet et al., 2011; Bronnimann et al., 2014; Fatichi et
al., 2015; Huss and Fischer, 2016). In contrast to these hydro-
logical predictions, changes in sediment fluxes are highly un-
certain due to the complexity and feedbacks of the processes
involved, inherent stochasticity in sediment mobilization and
transport, and large regional variability in sediment connec-
tivity across the Alpine landscape (Cavalli et al., 2013; Heck-
mann and Schwanghart, 2013; Bracken et al., 2015; Lane et
al., 2017).

7 Conclusions

The aim of this research was to analyse changes in the hydro-
climatic and suspended sediment regimes of the upper Rhone
Basin during the period 1975-2015. We show an abrupt in-
crease in basin-wide mean air temperature in the mid-1980s.
The simultaneous step-like increase in suspended sediment
concentration at the outlet of the catchment, detected in July
and August, suggests a causal link between fine sediment
dynamics and climatic conditions. Two main factors link
warmer climate and enhanced SSC: increased transport ca-
pacity and increased sediment supply resulting from spatial
and/or temporal activation—deactivation of sediment sources.
Our results show that transport capacity, through discharge,
is not likely to explain the increases in SSC because no sta-
tistically significant changes in the mid-1980s are present in
Rhone Basin discharge, neither on the annual nor monthly
timescales. The suggestion is that the impact of warmer cli-
matic conditions acts on fine sediment dynamics through the
activation and deactivation of different sediment sources and
different sediment production and transport processes.

To understand sediment supply conditions, we analyse the
temporal evolution of three main sediment fluxes: (1) sedi-
ments sourced and transported by snowmelt along hillslopes
and channels; (2) sediments entrained and transported by ero-
sive rainfall events over snow-free surfaces, including hills-
lope, channel bank erosion, and mass wasting events; and
(3) fine sediment fluxes generated by glacier ice-melt. The
fluxes of snow and ice melt together with snow-cover frac-
tion and rainfall are analysed to detect changes in time and
their coherence with changes in SSC.

Our results show that while mean annual precipitation
does not show any evident change between the periods before
and after the SSC jump in the mid-1980s, potentially ero-
sive rainfall clearly increases over time especially in June and
July, but not in August. On the other hand, ice melt has signif-
icantly increased due to temperature-driven enhanced abla-
tion. Statistically significant shifts in ice melt were identified
for summer, with highest increases in July and August, in ac-
cordance with the rise in SSC. Concurrently to the tempera-
ture and SSC rise, the relative contribution of ice melt to total
annual runoff (sum of rainfall, snow, and ice-melt) presents
a significant increase in the mid-1980s, substantially altering
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the hydrological regime of the Rhone Basin. Based on these
results, we propose that climate has an effect on fine sediment
dynamics by altering the three main fluxes of suspended sed-
iment in the Rhone Basin, and that ice melt plays a dominant
role in the suspended sediment concentration rise in the mid-
1980s through (1) increased flow derived from sediment-rich
subglacial and proglacial areas, (2) a larger relative contri-
bution of sediment-rich ice melt compared to snowmelt and
precipitation, and (3) increased sediment supply in hydro-
logically connected proglacial areas due to glacier recession.
While snowmelt has decreased, the reduced extent and du-
ration of snow cover may also have contributed to the sus-
pended sediment concentration rise through enhanced ero-
sion by heavy rainfall events over snow-free surfaces.

Because changes in SSC are not consistent with changes
in discharge and transport capacity, our work emphasizes
how the inclusion of sediment sources and their activation
through different processes of production and transport is
necessary for attributing change. This analysis also demon-
strates that climate-driven changes in suspended sediment
dynamics may be significantly strong even in highly reg-
ulated and human-impacted catchments such as the upper
Rhoéne Basin, where sediment fluxes are affected by flow reg-
ulation due to hydropower production and by grain-size de-
pendent trapping in reservoirs. This has consequences for cli-
mate change impact assessments and projections for Alpine
catchments with hydropower systems, where climate change
signals are sometimes thought to be secondary to human reg-
ulation. Although at this stage we cannot reliably conclude in
which direction sediment fluxes will change in the future, our
paper clearly shows that a more process-based understand-
ing of the connections between hydrological change and the
activation of sediment sources will provide us with a better
framework for analysing and attributing changes in sediment
yields in Alpine catchments in the future.
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