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Preface

The River Rhine originates in the Swiss Alps and flows over a distance of 1,233 km into the North Sea. Its
catchment area spans nine countries. Some of the water from the Alps is temporarily stored in alpine reservoirs
and flows through large lakes at the edge of the Alps, such as the Lake of Constance and the lakes along the Jura
mountains. Below Basel, substantial tributaries join from the upland ranges of Germany and France, such as the
Neckar, Main, and Moselle, feeding into the Rhine in the Netherlands. Here, the Rhine branches and, together
with the Meuse (Maas), forms a delta.

The Rhine connects important economic regions between the Alps and the North Sea. Around 58 million people
live in its basin area. The Rhine's water is used as drinking water, for power generation, for irrigation, for industrial
production, and for the transportation of goods. Consequently, it is one of the most intensively-utilized rivers in
Europe and one of the busiest waterways in the world. At the same time, it is also an important habitat for wildlife
and plants.

The riparian states of the Rhine, via the International Commission for the Hydrology of the Rhine Basin (CHR),
jointly develop scientific principles in order to make them available to decision-makers for the sustainable
development of the Rhine basin. The Rhine's streamflow stems from rain and, especially in spring and summer,
also from snowmelt and glacier ice melt. As a result of global warming, the Alpine glaciers are melting and winter
snowpack is progressively declining. What are the consequences of these changes on the streamflow of the Rhine?

In order to answer this question, the CHR launched the project: "Abflussanteile aus Schnee- und Gletscher-
schmelze im Rhein und seinen Zufliissen (ASG)" ("The snow and glacier melt components of streamflow of the
river Rhine and its tributaries considering the influence of climate change”). It examined how the streamflow
components of the Rhine have changed, as well as how they will change in the future, as a result of climate change,
retreating glaciers and decreasing snowpacks in the mountains. In the first part of the project, the results of which
were published in 2016, the historical changes since 1901 were analyzed. In the second part, which is presented
here, the time series of the streamflow components are extended until 2020 and future scenarios are projected.

The results show that major changes in the streamflow of the Rhine are expected to continue and that low flow
situations, in particular, will occur more frequently. Therefore, sustainable adaptation to climate change is necessary
to secure our activities in the river Rhine and its basin, but also to protect livelihoods in its riparian countries. The
hydrological information and knowledge acquired in the project is an important basis for this. However, it is
equally important to practice climate protection measures to reduce emissions of greenhouse gases, in order to
minimize future changes in the streamflow.

The Commission for the Hydrology of the Rhine Basin would like to thank the scientists involved in the project
team of the Universities of Freiburg and Zurich as well as HYDRON GmbH and the steering group accompanying
the project for their work.

Dr. Petra Schmocker-Fackel

Federal Ofhice for the Environment, Switzerland, Project Manager




Abstract

The streamflow of the river Rhine and its tributaries consists of rain, snowmelt, and glacier ice melt. These compo-
nents have already changed in the past decades due to global warming. This project quantified the daily fractions
of the rain, snowmelt, and glacier ice melt components for a future climate scenario for all tributaries and along
the main river Rhine. An ensemble of projections until 2100 suggests wetter winters and drier summers in the
future. Hydrological model simulations with this forcing show that the rain component will dominate the seasonal
variability of streamflow in the future more than it has in the past. Snow will melt earlier in winter and spring,
resulting in less seasonal water storage in the snowpack. Glacier retreat will continue, and despite different rates of
retreat of individual glaciers, the joint ice melt component in the main river Rhine is projected to decrease rapidly
and almost disappear by the end of the century. Special stress-test model experiments show that the declining melt
components will especially affect low flows downstream. At the end of the century, this means that in hot and dry
summers comparable to those in 2003 or 2018 buffering ice melt or low flow augmentation will no longer be
available. Overall, according to the simulations, streamflow variability and low flow extremes will increase. Despite
the uncertainties reflected in the range of downscaled and bias-corrected climate model data, the projected changes
are a clear mandate to reconsider water uses and conservation goals along the river.
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1 Introduction

The river Rhine is one of the largest rivers in Europe. Its
water is important for power production, transporta-
tion of goods, public water supply, industry, and other
water uses. Snow and glacier meltwater feed streamflow
in the headwaters and have constituted a characteristic
component of the Rhine’s streamflow in spring and
summer. Rainfall constitutes an important component
of the streamflow in the autumn and winter along the
course of the entire river, down to the North Sea (Fig.
1). However, progressive global warming has already
changed the snow and ice melt components of the
Rhine’s hydrological regime (Belz et al., 2007; Gorgen
etal., 2010).

The first phase of the ASG-project “The snow and
glacier melt components of streamflow of the river
Rhine and its tributaries considering the influence of
climate change” (Stahl et al., 2016; 2017) quantified
and analyzed the streamflow components from rain,
snowmelt, and ice melt from 1901-2006. Model simu-

lations of those components at daily resolution allowed
new insights into the roles of snow and ice melt compo-
nents for low flow events along the river.

The model simulation results for the time period 1901
2006 showed that snowmelt so far has been a consider-
able component of the total streamflow year-round in
the Rhine. Ice melt has played a major role primarily in
the Alpine tributaries. Despite a considerable retreat of
the glaciers, it was maintained by increased local melt
rates over the last century due to warming tempera-
tures. In summer and autumn, the lower reaches of the
Rhine benefitted from this. When warm and dry
weather led to extreme low flow situations, ice melt
provided a substantial fraction of streamflow, account-
ing for up to one fifth of the simulated monthly flow in
the lower Rhine (at Lobith during the historic low flow
event of 1947). As a result of glacier retreat, this poten-
tial of the ice melt to sustain low flows has already di-
minished.

Glaciers in the headwaters will continue to retreat and

/928 7 will eventually disappear (e.g. Zekollari et al., 2019).
’5% Y06 e Stream gauge Their meltwater contribution to streamflow will then
23 Lanr GIaC|edr ssgt%e also diminish. Snowpacks and the amount and timing
4 aroun ) of the melt component will also change with increasing
248 o3 0 100 km temperatures (e.g. Vorkauf et al., 2021). Both of these
Sie9 o changes may exacerbate low flow situations. A key
2%, 20 question is whether projected regional increases in win-
21 - ter precipitation can compensate for the expected
Sauer 19 e -7 changes in melt components in the future. In the sec-
& 18 e ond phase of the project, the simulations were extended
W 3 14 and the effects of future climatic changes on the stream-
o S flow in terms of its components, hydrological regimes,
s 1{3 and extremes were investigated (Fig. 2).
¢
X e12
& Models and tools from the first project phase were used
¢ . . . . o
1 e Flevatllo]n 75 for scenario experiments. The primary objective was to
ma.s.l. . . . L .
150 investigate how streamflow in the Rhine will change in
300 response to future climate projections focusing on the
1283 roles of the different streamflow components from rain,
1800  snowmelt, and ice melt during different seasons and in
gggg different sections of the river. As in the first project
3600  Phase, analyses and considerations targeted the particu-

Figure 1: Rhine river basin with important tributaries and
gu p
gauging stations. Names of stations see Fig. 3.

lar relevance of the modeling outcomes for low flow
conditions. Some examples of possible changes that are
relevant to water use restrictions are presented at the
end of the report.
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2.1 Modeling streamflow components

Effects of climatic changes can be estimated by forcing
hydrological models with future climate model projec-
tions (scenarios) (pg. 9). Figure 2 shows how such “cli-
mate impact modeling” experiments were imple-
mented within the ASG project to simulate future
streamflow components of the river Rhine.

Initially, climate model data were bias-corrected to me-
teorological data at station-locations. An interpolation
across the Rhine basin then created the input for the
hydrological models. Important criteria for the project
were a realistic representation of the precipitation fall-
ing as snow, the initialization of the future scenario
simulations with the most realistic glacier extents, and
the execution of transient simulations that adapt glacier
volume and area over time.

RCM/GCMs
(1974-2100)

Multi-variate
bias correction

Spatial interpolation
of the
meteorological input

Snow

Rain

Hydrological - & SO T
models Glacier —
i change .
Qraln anow QIce
daily Q

Observations
(1974-2019)

Hindcast
(1974-2019)

Climate scenario simulations (1974-2100)

Far future
(2071-2100)

Reference
(1981-2010)

Figure 2: Schematic of the modeling approach.

A prerequisite for such model experiments are well-vali-
dated models for historical periods. The ASG project
used the models developed and thoroughly tested in
the first project phase (Stahl et al., 2017) and supple-
mented in the Hydro-CH2018 project (Freudiger et
al., 2020). The model environment aims specifically at
streamflow components from a long-term perspective
on the scale of the entire Rhine basin.

The conceptual hydrological HBV-Light model (Sei-
bert and Vis, 2012; Seibert et al., 2018) simulated all
glacierized headwater catchments. This semi-dis-
tributed conceptual hydrological model includes a
snow and glacier routine and also estimates the future
glacier changes. The water balance model LARSIM
simulated the remaining parts of the Rhine basin with
a resolution of 1x1km? upstream of Basel and 5x5km?
downstream of Basel. The model also considers reser-
voir storage in the Alps and in the central European
mountain ranges as well as lake regulations based on
how they are currently operating.

A mixing tank model-extension developed in the first
phase of the ASG-Rhine project tracks the rainfall com-
ponent of streamflow (Q_. ), the snowmelt component
of streamflow (Q_ ), and the glacier ice melt compo-
nent of streamflow (Q, ) from their respective runoft
generation through runoff concentration in the sub-
catchments, through lakes and along the tributaries and
in the main river (Weiler et al., 2018). This function
allows the analysis of the three components throughout
the past and into the future.

Model runs driven with historical meteorological ob-
servations provided the opportunity to evaluate the
models’ performance for a “hindcast period”. Hindcasts
demonstrate models’ ability to correctly capture
streamflow variability compared to streamflow observa-
tions in response to real historical meteorological se-
quences. Climate scenario driven simulations, however,
are only statistical representations of the climate over a
longer time period. This report summarizes some im-
portant streamflow statistics and streamflow compo-
nent characteristics and their changes from the tran-
sient runs for specific periods: a near-future period and
a far-future period, and a reference period in the past
for comparison (Figure 2).
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2.2 Evaluating hydrological model performance

A good model performance for the past promotes con-
fidence in the simulation results. The HBV model for
the glacierized headwaters was calibrated in order to
assure that the initial conditions for the future scenario
simulations were as realistic as possible. The calibration
procedure used daily maps of snowpack and satellite
sensed snow cover area, glacier ice volume estimates as
well as streamflow time series to calibrate model para-
meters for best possible performance. The LARSIM
models, versions of which are used as operational hy-
drological models, were not recalibrated for this
project.

Model skill varies across the Rhine basin. Four perfor-
mance measures, comparing modeled streamflow to the
gauged observations at different stations, show these
differences for part of the hindcast period (Fig. 3). The
glacierized headwater catchments were generally simu-
lated best due to the specific calibration. A few large
tributary rivers were simulated least well. Examples are
the Austrian river Ill at Gisingen or the river Main at
Raunheim, both of which are highly regulated, includ-
ing inter-basin water transfers. Previous studies were
able to achieve better simulations for these rivers and
for the Rhine below their confluences through the use
of water balance correction factors. However, here,
such adjustments were not used, as the aim was to
study exclusively the hydrological response to glacier re-
treat and climatic change and to apply as little other ad-
justments as possible otherwise.

The simulated future hydrology is generally in line with
other studies for the Rhine with regard to general
trends and uncertainty ranges of future scenario projec-
tions. Yet, it provides additional details about the
streamflow components to help explain these trends.

Koln Schermbeck PBIAS KGE
Lobith Lippe @ 8.2
24 Dussel- h NSE M 04
Ander- 27 dorf :
nach \ og 25 0.2
26,

Hattingen Ruhr

Kalkofen
Lahn

Raun-
heim
16

Rotenfels

M
Schwaibach g

Kinzig  Rekingen

20

Kennelbach

Bregenzer
Ach
Aegerten Brienzwile 1
Aare Aare Gllﬁlngen 2@
Q Brugg @ Mellingen )
Aare Reuss Diepoldsau
Lutschine . andquart

Dischma-
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Simme Hinterrhein

berger Aa @
O W. Q Schachen Q
Lirtschine Ferrerabach

Figure 3: Model performance measures for streamflow in the
period 1981-2010 at selected gauges: Kling-Gupta-Model
efficiency (KGE) for overall performance, Nash-Sutcliffe efhi-
ciency of the logarithm of streamflow (NSE) for low flow
representation, correlation coeflicient (r) for agreement of
relative variations, and a normalized bias measure (PBIAS)
for overall deviation.

ngel-

Measuring model performance and model uncertainty for future projections

Hydrological models can only be validated for the past. When assessing future projections, the fact that concep-
tualizations of hydrological processes in the models contain empirically derived or calibrated parameterizations,
must be taken into account. In this frequently used modeling approach, the assumption is that these will remain
constant in the future. Limitations include landcover change, for example: in this study only glacier retreat was
taken into account, but not changes in vegetation. Also, storage and outflow rules from lakes and reservoirs, as
well as other regulations were kept constant in addition to the general model parameters. The uncertainty stem-
ming from the model parameterization was studied as part of the headwater model calibration and regionalization
of model parameters to ungauged catchments (Freudiger et al. 2020; Van Tiel et al., 2022), e.g. to assess glacier
melt-out dates (see pg. 13) among other aspects. Large uncertainty, however, also propagates from the climate
models into the hydrological models (see box on pg. 12).
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2.3 Climate model scenario

The ASG project ensemble of climate model runs was
selected from the EURO-CORDEX climate scenario
modeling experiment (www.cordex.org). In CORDEX
Global Climate Models (GCMs) are downscaled with
Regional Climate Models (RCMs) to obtain higher re-
solution fields of meteorological variables, e.g. at 0.11°
(~12.5 km horizontal resolution) in a coordinated
effort. CORDEX climate model output, e.g. tempera-
ture, precipitation, etc. of future scenarios (until 2100)
and control runs (until 2005) from a variety of GCM-
RCM combinations is freely available for download.

The ASG project considered climate model runs of one
‘Representative Pathway’ (RCP), the RCP8.5 scenario,
thus targeting a worst-case change under the assump-
tion of late measures for CO, reduction (e.g. Van Vu-
uren et al., 2011). The project used a selection of seven
GCM-RCM combinations for the RCP8.5 scenario to
create an ensemble of transient climate variables to
drive the hydrological model simulations (Table 1).

Table 1: Selected GCM-RCM combinations.

Global climate model

CCCma-CanESM2
ICHEC-EC-EARTH
ICHEC-EC-EARTH
IPSL-IPSL-CM5A-MR
MIROC-MIROC5
MPI-M-MPI-ESM-LR
MPI-M-MPI-ESM-LR

Regional climate model

CLMcom-CCLM4-8-17
CLMcom-CCLM4-8-17
SMHI-RCA4
SMHI-RCA4
CLMcom-CCLM4-8-17
CLMcom-CCLM4-8-17
SMHI-RCA4

The selection of these seven combinations (ive GCMs,
two RCMs) was based on available high resolution
RCM model outputs and several project specific crite-
ria. The selection used spans a major part of the range
covered by currently existing climate simulations of

Change in precipitation [mm/d]

[ |
N 2060 B g w m = -2(*

RCP8.5 (Fig. 4). Other initiatives have used other se-
lections that partly overlap with the project’s, e.g. the
national climate scenarios and impact assessments for
Switzerland (see FOEN, 2021), or the KLIWA cooper-
ation for southern Germany (e.g. Zier et al., 2021), or
Nilson et al. (2021) who selected 16 combinations for
a climate impact assessment of all major German Rivers

(incl. the Rhine).

Bias correction

The use of climate model data to force hydrological
models requires a so-called ‘bias correction’. This pro-
cedure removes offsets in climate variable values that
result from climate models’ focus on energy balance
rather than on water balance and of a less detailed
consideration of the land surface than is required for
for hydrological simulations or other impact models.

Several univariate and multivariate bias correction
methods were tested in the ASG project. To select a
bias correction method for the project, the remaining
bias and the consistency of the climate change signal
from the corrected and uncorrected GCM-RCM out-
puts were evaluated based on 24 derived climate in-
dices. The chosen bias correction method simultane-
ously corrected the meteorological input variables for
the hydrological models. This multivariate transfor-
mation is based on a quantile mapping and was intro-
duced by Cannon (2018). For example, the approach
guaranteed the best possible representation of precipi-
tation falling as snow and is therefore important for
the representation of snow cover and the subsequent
modeling of the snow and ice melt contributions to
streamflow (Meyer et al., 2019).

Jun-Aug Year

Hl..

4
3 Dec-Feb
2 4
1 5‘;

O 4
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-2 — Selected

.31 All
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Change in temperature [K]

Change in temperature [K]

6 8 0 2 4 6 8
Change in temperature [K]

Figure 4: Climatic change over 100 years in the selected ASG project ensemble against all available EURO-CORDEX data at
the time of the analysis: mean and range of model combinations for the Rhine basin (2070-2099 vs 1970-1999).
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3 Future climate in the Rhine basin

The bias corrected climate simulations of the ASG
project ensemble represent a future climate with
warmer temperatures in the entire Rhine basin (Fig. 5).
Warming is stronger in the winter half year than in the
summer half year. The alpine areas of the southern part
of the Rhine basin are projected to warm more than the
downstream regions in the northern part of the basin.

The scenario presents a climate with drier summers and
wetter winters. The drying is somewhat stronger in the
western part of the basin and the winter wetting is less
pronounced in the Alps than on the Swiss plateau and
up- and lowland regions north of Switzerland. But
these spatial patterns are weak. All changes become
more pronounced in the far future.

Transient time series of the climate variables are dis-
played in Fig. 6 and Fig. 7. The seven ensemble mem-
bers agree on the direction of change but show dif-
ferences in the rate of warming. These differences be-
come larger in the second half of the 21%¢ century and

Precipitation summer half-year

Precipitation winter half-year

the ensemble range widens. This range of future trajec-
tories of the ensemble members is commonly consi-
dered an important aspect of the uncertainty of future
climate impact modeling. The climate model simula-
tions represent observed changes during the reference
period 1981-2010 well. However, in the decade 2010—
2020 observations appear to already have exceeded the
temperatures of the RCP8.5 scenario forcing. The dry
spring months in the Rhine basin downstream of Basel
in the 2010s also appear to be outside the range of the
RCP8.5 forcing.

Monthly time series provide more detailed seasonal in-
formation. It is notable that temperatures from Febru-
ary to June late in the century are often similar to those
one month later in 1981 at the beginning of the time
period, e.g. May in 2100 may be like June nowadays
(Fig. 7). Precipitation change uncertainty is larger in
the Rhine basin upstream of Basel in particular in the
summer months with their decreasing trends.

Mean annual temperature

Change near future

+40%
+20%

+4K
+3K
+2K

-20%
-40%

Change far future

+1K

Figure 5: Climatic changes for the ASG ensemble means, i.e. the average change of the bias corrected, spatially interpolated
GCM-RCM ensemble members (RCP8.5 scenario). Shown are average changes of the near future (2031-2060) and far future
(2071-2100) relative to the reference period (1981-2010). Black lines: Rhine basin and sub basins.
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Figure 6: Time series of ten-year averages of mean annual temperature (left) and annual precipitation sum (right) of the
ensemble mean (thick line) and the seven ensemble members (thin lines); black lines show the observed climate data until
2019. Shown are grid data averaged in space for the Rhine basin upstream and downstream of the gauge Basel.
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Figure 7: Time series 1981-2100 for each month in each compartment: 10-year averages of mean monthly temperature
(upper) and precipitation sum (lower), averaged in space for the Rhine basin upstream of the gauge Basel and for the Rhine
basin between gauges Basel and Lobith; black lines show the observed climate data until 2019.
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4 Future evolution of streamflow

4.1 Mean annual streamflow

Mean annual streamflow [m?/s]
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Figure 8: 11-year moving averages of hindcast and climate
scenario simulations of mean annual streamflow including
mean changes for future periods at different gauges in the
main river and in selected tributaries.
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4.2 The ice melt component Q.

Mean annual Q,, [Mm%/s]

1 LA Ensemble mean Gauges shown represent
51 9V T andrange the major tributaries
; \ o e
et Y N Hindcast simulati draining glacierized
N AW Basel Rhein ndcast simuiation headwaters
9
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5
5. Brugg|Aare
4
Reuss and Limmat
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4
0 Rekingen |Rhein
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2080 2100

Figure 9: 11-year moving averages of hindcast and climate scenario simulations of mean annual Q,__ at different tributaries.

Q,.. from the glacierized headwaters will decrease (Fig.
9). For the Rhine and the tributaries Reuss and Lim-
mat (R.+L.) this simulated decline already started at
the end of the reference period. A consistent Q, con-
tribution until 2040 is simulated for the Aare river.
The headwaters of the Aare river have the largest
glaciers and will continue to contribute Q, = longer
than other tributaries. Overall, results show that Q..
in the Rhine at Basel has passed its peak - also known
as “glacier peak water”. The scenario reference period
has a relatively cold period in the 1990s, while in real-
ity the late 1970s—early1980s were cool and gene-
rated low Q,__ in the beginning of the hindcast period.

The glaciers have already retreated and, according to
the simulations, until 2050 they will loose about half
of their volume and area (Fig. 10). The models were
calibrated to observation-based ice volume estimates.
The corresponding glacier area is slightly overesti-
mated but shows the retreat, with a spread in the en-
semble. At the scale of individual headwater catch-
ments this uncertainty is also notable in the variation
of the year of glacier disappearance. Larger glaciers
melt out at a later date, but their disappearance varies
by up to 20 years depending on the ensemble mem-
ber. This also leads to a difference in the Q, _estimates.

Glacier area [km?]
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Figure 10: Modeled glacier change in the headwater catch-

ments: total glacier area (upper) and total glacier volume of

all catchments of the Rhine Basin (middle). Year of glacier
disappearance in individual headwater catchments sorted by
their initial glacier area in 1973 (lower).
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4.3 The snowmelt component Q

Mean annual Qq,,, [M%/s]
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Figure 11: 11-year moving averages of hindcast and climate scenario simulations of mean annual Q__ at different gauges.

Q... will decrease in all tributaries and in the main
river Rhine (Fig. 11). At Lobith, the simulated Q_
decreases from 800-900 m?3/s to about half by 2100.
A decrease was already simulated during the reference
period. This decrease is followed by only a small addi-
tional change until about 2030, followed by an in-
creased decline. At the beginning of the simulation
period, about half of Q... comes from the central Eu-
ropean uplands north of Basel. While the absolute

Snow water equivalent [mm]

changes are large, various regions will continue to
contribute Q__in the future. As a result of higher
winter temperatures, less snowpack will be available to
generate meltwater (Fig. 12). Areas with seasaonal
snowpacks will decrease in the Alps. Snowfall will still
occur in the central European upland regions (“Mit-
telgebirge”) but towards the end of the century there
will be no substantial accumulation of snow anymore
in those regions.

Figure 12: Ensemble mean of the maximum monthly snow water equivalent (SWE in mm) in the reference period, near
future, and far future. Values can be seen as a proxy for annual meltwater generation potential. Black lines: as Fig. 5.
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4.4 The rain component Q
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Figure 13: 11-year moving averages of hindcast and climate scenario simulations of mean annual Q_, at different gauges.

Q,,, will increase in a warmer future (Fig. 13), in con-
trast to the melt components. This increase becomes
stronger later in the century and larger in the down-
stream reaches. In the Rhine at Basel and Rekingen,
changes in Q_, are small with a decrease in the lower
ensemble range. Maps of precipitation changes (Fig.
14) show the reason. The climate scenario simulations
project different changes in the Rhine basin at the an-
nual scale. In large parts of the Rhine basin upstream

Precipitation change

of Basel the annual precipitation sum decreases, be-
cause the decrease in summer is not compensated by
the increasing precipitation in winter. Downstream of
Basel the annual precipitation increases as winter pre-
cipitation is projected to increase more than summer
precipitation decreases.

Figure 14: Projected
changes in mean an-
nual precipitation in
the Rhine basin: en-
semble mean changes
in the near future
(left) and far future
(rifght) relative to the

reference period.

Black lines: Rhine ba-

sin and sub basins.
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5 Changing seasonality of streamflow and its

= 2040 B .-_l.!m-..

components

The hydrological regime changes along the river Rhine,
i.e. the seasonal variation of streamflow (Fig. 15). From
the headwaters to the mouth, the regime, changes from
a glacier and snowmelt dominated regime with a maxi-
mum in late spring and summer (Weisse Liitschine be-
low) to a complex regime with two maxima (Rhine at
Maxau) to a rainfall dominated regime in the down-
stream regions with a maximum in winter (Rhine at
Lobith). These contrasting regimes will gradually
change in the future (Fig. 15) with the spring-summer

Q [m¥/s]
25

Zweilutschinen Weisse Liitschine

20

15 1

10 1

Solee

1000 - -
13 Maxau Rhein
500 A
Ensemble mean and range
0 Reference

——— Near future
Far future
Hindcast simulation

28 Lobith Rhein

JJF M AMUJ J A S O ND

Figure 15: Changing streamflow regimes over time for three
gauges in the upstream, midstream and downstream section:
30-day moving average of simulated mean daily streamflow.

Location of gauge see Fig.16

maxima in the simulations decreasing and pluvial win-
ter maxima increasing. Downstream low flows decrease
and their timing shifts to earlier in the autumn.

The simulations show different magnitudes of stream-
flow changes in different seasons at different gauges.
Figure 16 on the next page combines a view of regimes
(seasonality) with the changes into the future. Overall,
decreasing trends dominate the simulated streamflow
changes for the summer months at all gauges. The
alpine tributaries’ snow and ice melt-dominated
regimes (e.g., Aare and Reuss) show the largest changes
from May to October, in the season with the highest
streamflow. Streamflow decreases from July to Septem-
ber are most notable. Downstream most winter months

show increasing streamflow trends.

The components help explain and quantify these
changes. The Aare at Brienzwiler for example collects
the tributaries from the largest glacierized area in the
Rhine basin. Therefore its streamflow contains the
largest contribution of Q, _ of all gauges presented here.
This streamflow component will start to decline
strongly in the near future with a mostly local and sea-
sonally relevant effect.

A main component of streamflow affecting a great part
of the river network is Q_ . Its future decline has con-
siderable effects from the headwaters to the down-
stream reaches. As the generated runoff component
passes through the modeled hydrological system its
effect on total streamflow will be delayed. Snow domi-
nated regimes such as for the Rhine at Basel show
strong declining trends in early summer, i.e during and
after the time of snowmelt. In Basel, streamflow de-

creases are simulated from June onwards.

The Rhine tributaries originating from the central Eu-
ropean uplands in Germany and France (e.g. Kinzig
and Moselle) do not show strong streamflow changes.
Although the relative fraction of Q_
considerably, it appears to be mostly compensated by
Q,
and Q. decline, their net effect on total streamflow (see
Fig. 8, pg. 12) is smaller further downstream, due to an
increase in Q_, there.

also declines

in winter. For the Rhine in summary, while Q,.on
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Figure 16: Time series of modeled streamflow and the percentages of its components Q_, , Q_
and Q, _ for each month and year (11-year moving averages from 1980-2095). The component
fractions (right axis) represent ensemble means.
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6 Changing year-to-year variability of
streamflow components

Streamflow components vary from year to year. A com-
parison of their mean and variability allows a quantifi-
cation of how much they change in the future com-
pared to the reference period and whether this change
is statistically significant (Fig. 17).

In the Alpine tributaries (examples Aare, Reuss, and
Alpenrhein), the changes in mean Q_, are small posi-
tive and negative. Mean Q_  decreases by up to 14%
in the near future and up to 36% in the far future pro-
jections (significant for the entire ensemble). Q, = de-
creases by over 80% in the far future with greatly re-
duced variability. The changes in the near future differ,
with a slight increase of Q, _in the Aare but strong de-
creases in Reuss and Rhein at Diepoldsau (significant).

The streamflow components of the tributaries from the
central European uplands (e.g., the Moselle and the
Main) show considerable increases in mean Q_, of up
to 50%, with more extreme values, and decreases in
mean Q_ of up to 50%, with less extreme values.
These changes are significant for about half the ensem-
ble members for the near future, and for all members
for the far future.

For the main river Rhine, this same pattern intensifies
from Basel downstream, also with significant results for
half, or for all, ensemble members respectively, in the
near and far future.
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Figure 17: Distributions of annual mean streamflow components of seven ensemble members for 30-year periods (7*30 values
per boxplot) at selected gauging stations. Numbers are in relative changes in % from the mean of the reference period.

18




e e

e e ol
s Ll "=

7 Low flows and high flows

7.1 Evolution in the future
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Figure 18: Time series of modeled high flows (annual 1-day maxima, HQ) and low flows
(annual 7-day-minima, AM7) at gauging stations in the Rhine basin (11-year moving averages).
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Figure 19: Ensemble mean modeled annual summer low

flows (April-Oct) and corresponding streamflow compo-
nents along the Rhine.
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Annual high flows (HQ) show a
somewhat similar future trend to 1
the development of mean flows
(pg. 12). For the Rhine upstream
of Basel high flows decrease
(Reuss) or remain rather constant 4

(Aare, Alpenrhein), downstream

of Basel they increase (Maxau to

Lobith) (Fig. 18). Annual low flows decrease. The un-
certainty from the climate ensemble range is large, but
the simulations suggest that the decrease downstream
might be stronger. The AM7 values that were averaged
originate from different seasons (pg. 21).

The decreasing annual summer low flows along the
Rhine from the gauge Brienzwiler to Lobith are im-
pacted by their streamflow components (Fig. 19). With
a contribution of around 30 m?/s, the Q__still played a
major role in the reference period. In future, this com-
ponent will no longer exist to augment summer low
flow. In addition, future summer low flows will also be
characterized by lower Q_, and Q__than in the refer-
ence period.
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7.2 Variability and seasonality 25
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Figure 20: Distributions of annual mean (MQ), annual minima
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streamflow modeled by the ensemble members for 30-year periods (7*30 values per boxplot) at selected gauging stations.

The distributions of streamflow characteristics such as
mean flows (MQ), high flows (HQ) and low flows
(NQ) are important for hydrological planning. The
variation of these characteristics in observed (gauged)
streamflow agree with the simulations for the reference
period, showing that the models simulate observed
mean and variance well for most gauges and character-
istics. For the tributaries Moselle and Main there are
model deviations in the extremes (see model evalua-

tion, pg. 8) that also affect HQ in the Rhine at Lobith.

Based on the simulation results, the box-percentile-
plots allow comparing future changes of these stream-
flow characteristics relative to their mean of the refer-
ence period (Fig. 20). The future changes in the mean
MQ are only significant at three of the gauges shown.
The MQ decreases for the Rhine at Diepoldsau and in-
creases for the Main at Raunheim, as well as for the
Moselle at Cochem. Most gauges show this pattern of
change.

The changes in NQ are clearer. With only two excep-

tions, all of the selected gauges show a significantly
lower NQ for the near future period. The variance of
the NQ changes for the tributaries from the Alps and
from the central European uplands. For the far future,
the NQ for most gauges along the Rhine will decrease
significantly, between 10% and 25%. Some smaller
tributaries even show a decrease in the NQ, of up to

50 %.

The simulated changes in annual maxima (HQ) are
most evident in the Rhine basin downstream of Basel.
The gauges of the main river and the tributaries show
significant increases of the mean and variance of HQ
for the near future as well as for the far future. These
changes can be substantial with HQ increases ranging
from 10% to 33%. No substantial change in HQ was
simulated for any of the gauges upstream of Basel. In
the case of significant changes, such as for the Rhine at
Diepoldsau, the annual high flows and their variance
decrease. Some of these changes can be explained by
the changes in seasonality (see next page).
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The timing of annual high and low flows (Fig. 21) is
relevant for seasonal water uses and for the estimation
of potential hazards from extreme events.

The seasonal occurrence of NQ will change most
markedly at the gauges of the Aare at Brugg and the
Rhine at Basel, Maxau and Kaub. This change is related
to the changes in the hydrological regimes (pg. 16/17).
The simulations indicate a shift in the timing of winter
low flows at these gauges to early winter in the near fu-
ture and even to late autumn in the far future. The
probability of low flow occurrence in the summer, a
time of year when, historically, low flows have not oc-
curred, will increase. In the high alpine catchments the
seasonality will not change notably. Downstream from
Basel the simulation shows that low flows will occur a
month earlier in the near future. While NQ may still
occasionally occur in the winter months, the low flow

NQ

i

L

season in the autumn will be more predominant than

i B

during the reference period.

The average seasonality of the HQ from December to
March will remain relatively stable for all gauges
downstream of Basel, including the tributaries. For the
gauges on the main river Rhine (e.g. at Maxau),
however, the occurrences will be more concentrated in
the earlier winter .

For the gauges upstream of Basel the seasonality of HQ
is projected to change considerably. In the higher
Alpine catchments, the HQ occurrence will shift from
summer to spring. The gauges at Basel or Brugg, where
high flows are generated by rainfall and snowmelt,
show the most pronounced changes in seasonality. The
typical summer high flows in the reference period will
be replaced by spring and early winter high flows in the
far future.
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Figure 21: Circle plots of selected gauging stations show the seasonal occurrences of the annual streamflow minima (NQ) and

maxima (HQ) as probability density

istributions wrapped around the reference circle.
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7.3 Extreme low flow events in a model stress test
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Since the 1970s severe low flow events occurred in the
river Rhine from Basel to the Netherlands (Fig. 22).
The event of 1976 was caused by a long dry period in
western Europe, 2003 stood out by a particularly hot
and dry summer season and 2018 had characteristics of
both previous events. Distinctive for all events were se-
vere water use restrictions.

The ASG models allowed for the development of “stress
tests” that placed these known events into the future to
answer the question:

Will low flows be more severe if a similar meteorological
situation as in 1976/2003/2018 will occur again, now, in
the near future or far future, i.e. at a time when glaciers
will have strongly retreated in the model world?

These stress tests were simulated by placing the ob-
served meteorological input of these extraordinary
years again in the simulated years, i.e. they use the ini-
tial conditions of

* 2018: “now’,

e 2031: “near future”,
e 2071: “far future”.

Q [m3/s] Percentile [%] 100 — Hindcast
1976 — Now (2018)
. —— Near future (2031) ___
40 50 — Far future (2071) 10000
2000
30 0 T 5000
20+ 1000 +
2000+
10+
500 1000
0
2003
40 10000
2000
30
2 L\
0 \. 1000
10 A
500
—
O 1 1
2018 = now
40 10000
2000
30 5000
1000 L
2000 A
500 1000
A

Jul Oct
Zweilutschinen Weisse Liitschine

Jun Aug Jun  Jul

Sep

Aug Sep
9 Basel Rhein

Octl Jun  Jul  Aug l Sep  Oct

28 Lobith Rhein

Figure 22: Daily streamflow (7-day moving average) from June—October of the past low flow years and results of future stress
tests (7 ensemble members) for three exemplary ﬁauges (columns) Note the logarithmic y-axis scaling for Basel and Lobith.

Background coloring shows the simulated stream

ow percentiles for the period 1974-2019.
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Figure 23: Change in August streamflow for the stress tests
for gauging stations along the Rhine. Changes are relative to
the mean at each station in the reference period.

The results of these stress tests can be compared to the
hindcast simulation and the simulated percentiles in
the past (Fig. 22). The results show that the well-known
low flow situations would become even more extreme
if they recurred in the future. For the 2003 and 2018
meteorological drought stress, summer streamflows in
the simulations would be so low that they would be out
of the range of observed low flows of 1974-2019. This
extreme response occurs especially in August and
September, when the glacier ice melt component will
be diminished in the future. The absolute effect of
reduced flow is larger in the Alpine headwaters (e.g.
Weisse Liitschine). Here the glacier ice melt makes up

5 8 2o

a major proportion of the streamflow. However,
because of an increased sensitivity to extended dry
weather periods, low flows become more extreme
further downstream.

The simulated effects of the meteorological drought
stress of the years 1976, 2003, and 2018 differs along
the Rhine (Fig. 23). The largest relative changes in Au-
gust streamflow occur in the Alpine tributaries and up-
stream reaches of the Rhine with reductions of over
30% simulated for the far future, for the stresses of
2003 and 2018. The range of changes in August
streamflow for the near and far future is caused by the
different initial conditions and the state of glacier re-
treat as a response to the different climate model sce-
narios. The uncertainty from the glacier melt-out dates
(pg. 13) amplifies the ensemble spread in the far future.

The relative changes in August streamflow differ among
the three stress test scenarios. Placing the meteorologi-
cal stress year into another position in time may cause
different initial conditions than in the real past. In the
case of the stress year of 1976 such an effect caused a
small positive change in streamflow when placed in the
‘now’ and ‘near future’ position due to larger early-win-
ter snowpacks (Fig. 23). Overall, however changes are
negative and they are largest for the stress years of 2003,
for which decreases in August streamflow of 30-60%
were simulated under far future conditions. The stress
of 2018 resulted in streamflow reductions of 10-20%
that of 1976 in smaller changes. The results can be at-
tributed to the differences in the glacier melt compo-
nent during the original low flow years, which was
highest in 2003, followed by 2018 (Table 2). In 2003
in particular, a strong heat wave caused a large amount
of ice melt.

Table 2: Streamflow fraction of Q. for the day when it was
largest in the hindcast simulation o Fthe specific low flow year
and the corresponding values in the stress tests.

Date Qice [%]

Hind- stress tests
cast Now Near Far
(2018) future future
© W. Lutschine Oct-10 394 296 26.7 3.2
= Basel Ju-i8 56 19 18 02
Lobith Aug-9 3.2 1.6 1.5 0.2
8 W. Lutschine Aug-13  63.7 605 58.7 17.6
& Basel Aug27 186 172 145 22
Lobith Aug-28 12.1 11.0 9.2 1.1
®  W. Lutschine Sep-21 47.8 - 42.0 6.4
& Basel Aug28 100 - 85 1.1
Lobith Aug-28 6.2 - 5.3 0.6
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8 Future changes affecting water use:
examples along the Rhine

In water management practice, streamflow indices and
low flow thresholds are applied for many different pur-
poses. Such thresholds might be reached either more
frequently, or less frequently, in the future. The follow-
ing examples used the simulation results to illustrate
possible changes in some thresholds along the Rhine.

A defined minimum flow serves to protect the river
ecology, such as certain fish habitats (see photos). In
Switzerland and Austria, the low flow index Qqs, here
referred to as Q347, is the basis for this. According to
the Swiss Water Protection
Act, Q347 is the flow that is
reached or exceeded 95% of
the time, corresponding to
347 days in an average year.
It is derived from a ten year

reference  period.  Other
A countries often use longer
reference periods.
W.L

Flow below Q347 [days/year]
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Figure 24: Past and future duration of streamflow below
Q347 of the reference period (1981-2010) for the glacier-
ized headwater catchment (upper) and at the station Briigg-
Aegerten (lower).

#-%9

Valley of the river Kander with riparian woodland and typical
mountain channel sediment dynamics (photo: Markus Weiler).

Two exemplary catchments (Fig. 24) show different
changes in the number of days per year with streamflow
below the Q347 threshold from the 30-year long refer-
ence period in the ASG project (Q347_ ). In the Weisse
Liitschine glacierized headwater catchment, where low
flow conditions occur during winter, the times with
flow below Q347  will decrease. Further downstream
in the Aare catchment, where low flow occurs in late
summer and autumn, the duration of such a condition
will increase by only 10% in the near future. However,
in the far future, an extreme increase of >200% was
simulated. In some catchments between 1500 and
2000 m a.s.l. the low flow occurrence will shift from a
winter to a late summer or autumn low flow regime,
which may be ecologically relevant (pg. 21; FOEN,
2021; Muelchi et al., 2021).

Lake run brown trout (Seeforelle) in the stream Urbachwasser
(photo: Matthias Meyer, 2014).
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At the ‘Mirkt Weir’ near the city of Basel, most of the
Upper Rhine’s streamflow is diverted to the Grand
Canal dAlsace in France, where it is used for hydro
power production, as cooling water and for navigation.
Run-of-the-river hydroelectricity produced at the
Kembs power plant is shared by France and Switzer-
land. Based on the current thresholds for residual flow
regulation for the ,Altrhein® and the capacity of the
power plant, the annual amount of water potentially
available for power generation can be derived from the
future flow simulations (Fig. 25): L%
These suggest only a slight decrease

in hydropower potential in the near
future but a more notable decrease

of about 10% based on the ensem-

ble mean for the far future.

Long periods with impaired naviga-
tion and freight traffic prevailed
e.g., during the low flow year 2018
(BfG, 2019). Such situations can have far-reaching im-
plications on other sectors. The gauge at Kaub is used
to indicate critical situations for sections of the middle
reaches of the Rhine and defines an important flow and
water level threshold. An intensification of extremes (p.
19 ff.) will lead to longer periods with limitations (Fig.
25). Based on the currently applicable thresholds, re-
strictions to navigation could prevail, on average, for
more than two months per year at the end of the cen-
tury.

Navigation on the river Rhine near Oberwesel during the low flow
situation in November 2015 (photo: Jorg Belz).

Flow at the gauging station in Lobith is one of the key
indicators for national drought monitoring and the
early warning system in the Netherlands. Below a cer-
tain streamflow, normal conditions change to a warn-
ing “niveau 1” and a task force will become active. Cur-
rently, this threshold is between 1000 and 1400 m3/s,
depending on the season (WMCN, 2021). The
project’s simulations suggest that much longer periods
with flow below this threshold are to be expected in the
future (Fig. 25).

Weir Markt at the hydro power plant Kembs (photo: Thomas
Berwing; ©: https://creativecommons.org/licenses/by-sa/4.0/).

Water available for hydropower production [km? per year]
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Figure 25: Available water at the gauge Basel for hydropower
production at Kembs (upper), duration of impaired naviga-
tion periods at Kaub (middle) and duration of periods with
flow at Lobith below the Dutch drought Level 1 (lower).
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9 Concluding remarks

In the second phase of the ASG-Rhine project daily
fractions of the rain, snowmelt, and glacier ice melt
components of streamflow were quantified for a future
climate scenario until 2100. A warmer climate with
more variable precipitation will exert strong hydrologi-
cal changes in the Rhine basin. Model-chains for such
climate change impact studies combine many datasets,
models and tools and inevitably make assumptions
about the systems modeled. Not all of the resulting un-
certainties could be addressed in detail here, but despite
the limitation to the RCP8.5 scenario and one hydro-
logical model, the ensemble simulation yielded a con-
siderable range of uncertainty. However important
changes stand out clearly amidst the range of uncer-
tainty. The modeled changes in streamflow and its com-
ponents are clear enough to suggest that implications
for various water uses are to be expected.

The already-reduced fraction of ice melt in streamflow
will rapidly become even smaller. This change varies in
the Rhine’s alpine tributaries. For the river Aare a rela-
tively constant glacier ice melt component is expected
until about 2040. Other tributaries’ ice melt compo-
nents have already been declining and will continue to
do so. Ice melt, which has sustained recent extreme low
flow situations, e.g., with up to a tenth of the flow at
Basel, will soon become negligible in the downstream
reaches.

The snowmelt component is the one that will have the
largest effect on streamflow. It accounts for a large frac-
tion of the streamflow along the entire Rhine. A pro-
jected increase in winter precipitation is unlikely to
compensate for the expected future reduction of the
spring-summer snowmelt component in the Rhine up-
stream of Basel. Downstream, where the rainfall com-
ponent increases more, some compensation is projected
for the annual streamflow, despite seasonally increased
variability. Snowmelt changes will affect the seasonality
most clearly and will no longer provide a considerable
contribution even to those low flow events that occur
in early summer. Given the importance of the
snowmelt component, consistent long-term snow
monitoring remains crucial. Models need to be cor-
roborated for their correct snow processes. Whether ar-
tificial reservoirs could partially compensate for the loss
of natural seasonal storage, remains the subject of fu-
ture studies.

The rain component is a very important factor in deter-
mining the quantity and the short-term variability of
streamflow, where seasonal and long-term buffers from
snowmelt and ice melt are reduced. Climate models are
not specialized in simulating individual extreme events
in the future, and the hydrological models that were
used were not optimized or tested for the simulation of
flood waves, for example. Nevertheless, all projections
downstream of Basel show an increase in the annual
high flows (daily resolution) in the future. The forcing
precipitation changes, however, vary strongly in the
different climate model runs for the same RCP8.5 sce-
nario, which is, then, also reflected in the uncertainty
of the projected hydrology. Considering other RCPs
that are more optimistic about reduction of greenhouse
gas emissions, would expand that range of uncertainty
even more.

A particular focus was the research into low flow situa-
tions. For a clearer picture of potential changes, stress
tests were simulated in addition to the climate scenario.
The meteorology of known low flow years with warm
and dry weather acted as ‘stress’ and results showed that
it will have an enhanced impact in the future, even at
higher elevations, due to the reduced and missing snow
and ice components.

Low flows will become more extreme, in particular
downstream of Basel. The implications for water usage
restrictions, assuming currently applicable thresholds,
would be considerable. For example, periods with im-
paired navigation in relevant sections of the middle
Rhine would get much longer and drought warning
levels in the Netherlands would be reached more often.
Plans of the various water use sectors need to take such
changes into account in the future. The effects of cli-
mate change on the streamflow of the river Rhine and
its tributaries are already being felt today and the
project results suggest that they will continue to inten-
sify in the future. Water body protection and water us-
age planning must face up to the challenge of new hy-
drological conditions and water availability. Climate
protection through greenhouse gas emission reduc-
tions, as well as the adaptation of water management
and water use, are essential to limit the environmental
and social impacts of these projected future changes.
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