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1 Abstract

Globally, river floods have become more frequent and are expected to occur more often in the
future. Main driver is the intensification of the hydrological cycle and the accessory increase
of landward water transport in the form of Atmospheric Rivers (ARs). In previous studies,
ARs were mostly linked with extreme precipitation in coastal areas. However, in this study
we investigated the link between ARs, extreme precipitation and floods for a region located
more inland, the Rhine catchment. First, we found a significant increase of AR occurrence and
intensity from 1950-2020. We detected less ARs in the Alps, and discussed the role of the applied
AR-detection method. Moreover, we show a strong sensitivity of discharge peaks to water storage
preceding extreme precipitation events. As a rapid follow-up of events results in a high build-up
of water storage in the form of groundwater or snow, we recommend to study the link between
consecutive events and discharge peaks further.
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2 Introduction

Over the last decades, floods have become more frequent globally (Blöschl et al., 2015) and
the amount of river floods in Europe will increase even more in the future (Alfieri et al., 2015).
Climate change contributes strongly to this as it intensifies the hydrological cycle (Allan et al.,
2014; Lavers et al., 2013; Hill et al., 2018). To be prepared against river floods, it is key to
understand the processes of large-scale moist transport in the atmosphere that may lead to
extreme precipitation regionally and thus to floods (Ionita et al., 2020). When looking at the
mid-latitudes, water is mainly transported in the form of Atmospheric Rivers (ARs) (Guan and
Waliser, 2019).

ARs are long narrow zones of vertically integrated water transport from low to high latitudes
(Rutz et al., 2014). About 75% of the water transport in ARs takes place in the lowest 2,25 km
of the atmosphere (Ralph and Dettinger, 2012). Most of the time, about 3-5 ARs are present
worldwide (Guan and Waliser, 2019) and these are responsible for more than 90% of the total
water transport in the midlatitudes (Ralph and Dettinger, 2012; Rutz et al., 2014). On average,
precipitation from ARs contributes to 22% of the river discharge globally (Paltan et al., 2017).

ARs are often associated with extratropical cyclones (Ralph and Dettinger, 2012), but Stohl et al.
(2008) also showed an extreme rainfall event caused by an AR with (sub)tropical source. With
Lagrangian moisture tracking, they were able to find water transport over 40 degrees latitude.
Guan and Waliser (2019) applied moisture tracking algorithms to show that ARs originate mostly
at the western boundaries of oceans and rain out on the eastern boundaries. Because of this
mechanism, west-coast areas generally receive the largest amounts of rain by ARs.

As a result, ARs can supply high amounts of precipitation in Norway and California, sometimes
resulting in floods. Both areas are located on western continental margins with high mountain
ranges along it, which are sensitive to AR landfall and orographic precipitation enhancement
(Benedict et al., 2019; Stohl et al., 2008). ARs are also a major source of extreme rainfall events
at many other locations in Europe, for example in Portugal and Spain (Ramos et al., 2015), UK
(Lavers et al., 2011) and France (Lu et al., 2013). In general, ARs reach further inland in western
Europe than in the western United States, because the Rocky Mountains constrain inward flows
of ARs along the coast of West America (Gimeno et al., 2016). During winter the share of ARs
in (extreme) precipitation in Europe is relatively large, leading to many floods, but summer
floods are mainly caused by convective precipitation (Gimeno et al., 2016; Ionita et al., 2020).

Regarding ARs, an interesting area inland of Europe is the catchment of the Rhine , which is
one of Europe’s largest rivers and its most important inland water way (Ionita et al., 2020). The
catchment is a densely populated area and is of strong economic importance (Ionita et al., 2020).
Next to that, potential flood damage is estimated to be around 300 billion ¤ for the total basin
(Te Linde et al., 2011). Therefore research on the occurrence of ARs in the Rhine catchment and
the coherent flood risks is relevant.
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The link between ARs and floods is already demonstrated in the study by Ionita et al. (2020), who
linked the 10 largest floods of the lower Rhine basin in the last 100 years with the occurrence of
an atmospheric river. In this research, the link between ARs, extreme precipitation and discharge
in the Rhine basin is further investigated. ARs generally supply more rain in mountainous
regions, because of orographic enhancement of precipitation (Stohl et al., 2008). Therefore, this
study compares the Upper-Rhine (the Alps) with the Lower Rhine catchment (lowland) in the
experiments. Where Ionita et al. (2020) use discharge observations, we will apply a hydrological
model here to test the sensitivity of discharge to the initial conditions.

Because climate change increases the frequency and magnitude of ARs globally (Allan et al.,
2014; Lavers et al., 2013), our study aims to show if frequency and magnitude of ARs change
over the years in the Rhine catchment. Furthermore, this studies focusses on the link between
ARs and extreme precipitation. Lastly, we zoom in on the influence of conditions preceding ARs
on the height of the discharge peaks. The research questions are:

What is the link between ARs, extreme precipitation and discharge in the Rhine
catchment?

1. How do the frequency and intensity of ARs in the Rhine catchment vary over years and
within the region?

2. What is the relation between ARs and (extreme) precipitation events in the Upper and
Lower Rhine catchment?

3. What is the influence of groundwater and snow preceding an AR on river discharge in the
Upper and Lower Rhine?

3 Data & Methods

First, the applied datasets in this study are described in section 3.1. In section 3.2, the method
of detecting Atmospheric Rivers (ARs) is explained. As a following step, the procedure of linking
detected ARs with extreme precipitation is described in chapter 3.3. The discharge simulation
and model validation are explained in section 3.4. Lastly, the sensitivity analysis of discharge to
the initial groundwater storage and snow depth is described in chapter 3.5.

3.1 Data

To detect ARs, ERA5 hourly data with horizontal wind and specific humidity on multiple
pressure levels from 1950 to 2020 was used (Hersbach et al., 2020). ERA5 has a higher spatial
and temporal resolution than ERA-Interim with a horizontal resolution of 0.25°x0.25° and a
vertical range from 1000 hPa - 1 hPa with global coverage. For this research, only data from
October till March is included. Two grids with different configurations were applied as shown in
table 1 and figure 1:
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• The region indicated as “AR-detection area” was selected to detect Atmospheric Rivers
(ARs). The Atlantic basin was included here, since ARs mostly originate from this region
(Benedict et al., 2019; Ionita et al., 2020). The specific humidity (q) and horizontal wind
components (u and v) were extracted at all available pressure levels. To reduce the duration
of the calculations, the resolution for this grid was manually lowered to 1°x1°.

• For the “Rhine catchment” region the same variables as in the AR-detection area grid were
selected, but with the full ERA5 resolution of 0.25°x0.25°. Additionally, daily precipitation
(P) is extracted for this grid.

Table 1: Overview of ERA5 data used for this study.

Grid Resolution Variables Latitudes Longitudes

AR-detection area 1°x1° q, u, v 20°-60°N 70°W-20°E
Rhine catchment 0.25°x0.25° q, u, v, P 46.5°-52.25° N 4.75°-10.5° E

Figure 1: Map showing the "AR-detection area" grid and the “Rhine catchment” in blue. See table 1 for the grid
specifications.

Furthermore, a separate ERA5 dataset (1979-2019) was used for the Rhine catchment as
forcing data for the hydrological model Wflow_sbm, including precipitation, evaporation and
average surface temperature per day. To make the data applicable for the model, the original
resolution (0.25°x0.25°) was downscaled to (0.00833°x0.00833°). The more detailed grid points
were differentiated with a DEM and the lapse rate, representing the temperature decrease with
increasing altitude. More background of the hydrological model is provided in section 3.4.

Lastly, datasets containing daily discharge observation were obtained from GRDC (Global Runoff
Data Centre) in order to validate river discharge simulations. The dataset for Basel had a time
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range from 1900-2016 and the one for Lobith covered the years 1901-2017. The locations of Basel
and Lobith are indicated in figure 3.

3.2 AR-detection

To be able to detect ARs, the Integrated Vapor Transport (IVT) value needs to be ≥250 kg m-1

s-1 for a contiguous length of ≥2000 km according to the definition of Rutz et al. (2014).
The IVT is defined as

IV T = 1
g

∫ 100hP a

1000hP a
qVdp (1)

where g is the gravitational acceleration (m s-2), q is the specific humidity (kg kg-1), V is the
horizontal wind vector (m s-1), consisting of an u and v component and p is the pressure level
(hPa). The integration over pressure levels is calculated with 50-hPa intervals ranging from 1000
to 100 hPa.

The length of a zone with IVT ≥ 250 kg m-1 s-1 can be calculated with the maximum great-circle
distance between all combinations of included coordinates. For this, the haversine formula was
used

d = 2R arcsin
(√

sin2
(
ϕ1 − ϕ2

2

)
+ cosϕ1 cosϕ2 sin2

(
λ2 − λ1

2

))
(2)

with R as radius of the earth (km), ϕ1 and ϕ2 as latitudes of two coordinates (radians), λ1

and λ2 as longitudes (radians) of the same two coordinates. The example in figure 2 would be
detected as AR, partly overlapping the Rhine catchment.

Figure 2: Example of an Atmospheric River on 26 October 2019, partly overlapping the Rhine catchment shown
in grey. The colors show the IVT values above 250 kg m-1 s-1. The circular IVT contours around (35°N, 30°W)
represent hurricane Pablo (KNMI, 2020)
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AR detection was performed for the AR-detection area grid (figure 1) on four times per day
(0:00, 6:00, 12:00 and 18:00, Central European Time). Consequently, precipitation in the Rhine
catchment on a day with a detected AR was classified as AR-related.

3.3 ARs and extreme precipitation

To link the occurrence of ARs with extreme precipitation, a climatology of both had to be
constructed first. The temporal variation of AR occurrence and intensity over the years 1950-2020
were investigated and also extreme and total yearly precipitation were analysed. Furthermore,
regression lines were used to find a change over years and a slope with a P-value<0.05 was
considered to be significant. The spatial variation was investigated by differences per coordinate
in the whole Rhine catchment (figure 3).

Secondly, extreme precipitation and ARs were linked separately for the Upper and Lower Rhine
catchment. The regions were divided as illustrated in figure 3a, with the most orography in the
Upper Rhine catchment (figure 3b). Days exceeding the 90th, 95th and 99th percentiles of daily
precipitation were selected for both areas. From those selected days, the AR-related percentage
was determined. Next to that, a scatterplot of IVT with extreme precipitation days will be
constructed for the coordinates of the red starts in figure 3a,

Figure 3: a) A map of the Rhine catchment, divided into the Upper and the Lower Rhine. The black squares
are discharge measuring stations of Basel and Lobith. The red stars indicate specific coordinates in the Upper
and Lower-Rhine on which IVT and daily extreme precipitation were linked. b) Orography map of the Rhine
catchment.

3.4 Hydrological model

In our study, we used a high-resolution conceptual hydrologic model with parameterization for
the Rhine catchment, called Wflow_sbm (Imhoff et al., 2020). This simple bucket model (SBM)
takes complex soil properties into account without the need of further calibration to be able to
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simulate discharge. To run the model, the forcing dataset as described in section 3.1 was used.
We simulated river discharge (m3 s-1) of the Rhine in Basel and Lobith (figure 3a), following
after two selected events with extreme precipitation.

The simulated timeseries of 5 months were compared with the observed discharge at both locations
and the model performance was rated with a Nash-Sutcliffe Efficiency (NSE) as calculated below
with (Cooper, 2010):

NSE = 1 −
∑N

t=1[qobs − qsim]2∑N
t=1[qobs − q̆obs]2

(3)

Here N is the length of the time series in days, qobs is the observed discharge, q̆obs is the mean
observed discharge of the time series and qsim is the simulated discharge (all in m3 s-1). When
the NSE-value of the model equals 1, the discharge as simulated by Wflow_sbm corresponds
completely with the observed discharge. An NSE-value above 0 means that the simulation is a
better discharge predictor than the observed mean (q̆obs).

3.5 Discharge sensitivity to snow and water storage

For both events, three runs were performed to simulate river discharges in Basel and Lobith with
different initial conditions. A first run was executed as base run with the aim to simulate the
event as it occurred in reality and lasted for a period of 5 months. Here the initial conditions
were determined by running the model with a spin-up time of one year prior to the event. For
the other two runs, the initial conditions were slightly altered. The second run contained a snow
map with a thicker snow layer on average in the Rhine catchment (“Increased snow run”) and
the third run had a map with a higher water storage in the soil at the start (“Increased storage
run”). These new maps were extracted from time steps in the base run with the highest average
groundwater storage and respectively the thickest snow layer. The three runs started one day
prior to the event and the differences between the simulated discharge peaks directly after the
event were compared.

4 Results

The results consist of a meteorological part followed by a hydrological part. First, the climatology
of precipitation and ARs are presented in chapter 4.1 and the relation between both is further
explained in section 4.2. The two selected precipitation events that are used for the discharge
simulations are shown in chapter 4.3

The hydrology part consists of three chapters (section 4.4 - 4.6). First, the hydrological model
wflow_sbm is validated. Next, the differences between the initial conditions of the three runs are
shown. Lastly, the resulting discharges of all runs are explained.
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4.1 Climatology of precipitation and ARs

Looking at figure 4a, the average precipitation in the winter season (October-March) over the
Rhine basin is around 500 mm. With around 800mm precipitation in the Rhine catchment over
the whole year (DWD, 2020), the winters are generally wetter than the summers. Also a strong
interannual variation was found in the amount of total winter precipitation. Furthermore, the
regression line showed an increase over the years, but it was not significant. In figure 4b, we
see extreme daily precipitation over the whole Rhine catchment with a 99-percentile close to 15
mm/day, while the median of daily precipitation is only 1.3 mm/day. There was no clear change
over the years following the trend line, but again a strong yearly variation was visible.

Figure 4: a) Total precipitation (October – March) per year in the Rhine catchment on average. The red dotted
line shows the regression line with its formula in the top left and the P-value of the slope was 0.06. b) The
99-percentile of daily precipitation averaged over the Rhine catchment each year (October – March). The yearly
trend is indicated in the top left as well.

In contrast with extreme precipitation, we saw a clear significant increase of AR-occurrences
in figure 5a. Around 1950, ARs occurred only 16% of time in the Rhine catchment, whereas
they occur about 21% of time in 2020. Moreover, the AR intensity also increased significantly
over the years following figure 5b. The maximum IVT value of Rhine catchment ARs was on
average 860 kg m-1 s-1 around 1950, but increased to values about 930 kg m-1 s-1 nowadays. The
variation in yearly AR occurrence was relatively strong (figure 5a), but the mean AR intensity
did not vary much over the years (figure 5b).
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Figure 5: a) Percentage of time steps with AR occurrence over the Rhine catchment per year (October – March).
The red dotted line is a regression line with its formula shown above and a P-value of 0.0. b) The mean AR
intensity per year (October – March). The AR-intensity is defined by the maximum IVT value reached in the AR.
A regression line is visualised by the red dashed line and the P-value of the slope was again 0.0.

Strong spatial differences were found between extreme precipitation amounts (figure 6a). The
highest daily extremes were present in the Upper Rhine catchments with 99-percentiles of daily
precipitation over 30 millimeters per day. The river valleys in the northern half of the catchment
had the least extreme precipitation with values of only 15 millimeters.

In contrast, ARs were most frequently present in the western and northwestern part of the Rhine
catchment, about 17 % of time (figure 6b). This frequency decreased gradually to the southeast
and in the Alps ARs occured locally only 2% of time steps. The AR-occurrences in figure 6a are
lower than the numbers in figure 5a because AR detections over the catchment as a whole are
taken into account in figure 5a.

Figure 6: a) The 99-percentile of daily precipitation between 1950-2020. b) Percentage of time steps (4 per day)
with AR occurrences in the Rhine catchment per coordinate within the Rhine catchment (1950-2020).
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As an AR is defined with a length of at least 2000 km, ARs over the Rhine catchment also cover
areas outside of it as illustrated in figure 7. Most ARs over the Rhine catchment overlapped
with southwestern regions and about half of the ARs is simultaneously located over the Azores.
Approximately 30% of the ARs were even stretched over the 60°W meridian. Despite that, less
than 10% of the detected ARs reached areas south of the Alps.

Figure 7: Percentage of all ARs over the Rhine catchment (detection 4 times per day), with the same AR covering
each location on the map.

4.2 Linking ARs, IVT and extreme precipitation

The described temporal and spatial variations of precipitation and ARs in chapter 4.1 are
connected in this section. The relation between IVT and daily precipitation at two coordinates
are shown in figure 8. Both coordinates are visualised on the map of figure 3a. The Lower Rhine
coordinate corresponds with the location in figure 6b with the most detected ARs and the Upper
Rhine coordinate had the least amount of AR detections in figure 6b.

Despite the low AR-occurrence at the Upper Rhine coordinate, a strong link between daily
precipitation and IVT could be observed in figure 8. As IVT values in the Upper Rhine coordinate
mostly stay below the 250 kg m-1 s-1 threshold, ARs were only exceptionally detected there.
Higher IVT values were found at the Lower Rhine coordinate, but the link with daily precipitation
is less evident here. Moreover, the precipitation extremes at the lower Rhine coordinate were
lower than those at the Upper Rhine coordinate in figure 8. This is also in line with the extreme
precipitation map of figure 6a.
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Figure 8: Scatterplot of IVT and precipitation over the years 1950-2020 for a coordinate in the Upper-Rhine and
one in the Lower-Rhine (see locations at figure 3a). Each dot shows daily values and the dashed line indicates
the IVT threshold for AR-detection of 250 kg m-1 s-1. Only 187 out of 12848 days exceeded the threshold at the
Upper Rhine coordinate.

A different approach is shown in the barplot of figure 9, where we linked ARs and daily
precipitation for two areas instead of two coordinates. A higher fraction of precipitation days
was associated with ARs in the Lower Rhine compared to the Upper-Rhine. However, the
precipitation values above the bars are higher for the Upper Rhine compared to the Lower Rhine.
This confirms the highest extreme precipitation values at the Upper Rhine in figure 8 despite
the little amount of detected ARs. Lastly, more precipitation days were related to AR with
increasing precipitation thresholds as expected.
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Figure 9: The percentage of days exceeding each precipitation thresholds that was classified as AR-related in the
Upper and Lower Rhine catchment. The thresholds are defined by precipitation percentiles in both areas and the
belonging precipitation values in millimeters are plotted above each bar. The areas are specified in figure 3.

4.3 Extreme precipitation and discharge

In order to analyse the Rhine discharge after an AR, this study zoomed in at two extreme
precipitation events in figure 4. The first event took place over the Upper-Rhine area, whereas a
second one was chosen over the Lower-Rhine area close to Lobith as shown in figure 2b. Both
events were accompanied by the presence of ARs. In following sections, the results from the
hydrological model Wflow_sbm are shared.

Figure 10: The precipitation event over the Upper-Rhine (2002-11-16) is shown on the left and is referred to as
“Upper event”. The Lower-Rhine event (2010-11-13) is depicted on the right and is called “Lower event”.
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4.4 Hydrological model validation

As a first step, the model was validated in this subsection based on the discharge simulations
for Basel and Lobith after both precipitation events as shown in figure 11. In Basel (11a,b) the
fit was especially good for the first half of the run, but a structural underestimation by the
model appeared from February onwards. For Lobith (11b,d) the simulated baseflow corresponded
well with the observations, except for an overestimation of some discharge peaks. Despite the
deviations, the NSE values of 0.63-0.83 in figure 11 represent a good model performance. An
NSE value of 1 would indicate a perfect fit with the observations (see section 3.4). The highest
peaks were expected directly after the event, but a few higher peaks were observed in December
and January. These were probably the result of subsequent precipitation events.
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Figure 11: In each graph the simulated discharge (orange) was compared with the observed discharge (blue) and
the belonging NSE values are shown. The graphs on the top show the discharge for 5 months after the Upper
event (16-11-2002) for Basel and Lobith. On the bottom, the same kind of graphs were constructed for the Lower
event (13-22-2010).

Moreover, the model was validated with a discharge simulation from 1979-1989, of which the
first year was used as spin-up period. Here we found and NSE of 0.55 in Lobith and 0.66 in
Basel. A sufficient model performance was assumed from these values. Imhoff et al. (2020) also
validated the model for 2011-2016. They found an NSE of 0.76 in Emmerich, located close to
Lobith and 0.27 in Basel. Reason for the higher value in Basel in our study could be the further
improved representation of glaciers.
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4.5 Preceding snow and groundwater conditions

In this section, the different initial conditions of the three runs as described in section 3.5 are
explained. In figure 12, the initial snow and storage maps of the increased snow and storage runs
were compared with the standard initial conditions of the base run. For the increased snow runs
of both events, the map with the most snow in the base run was used as initial condition instead
of the original snow map at the end of the spin-up period. In the Upper event, the increased
snow layer was mainly located in the Alps (figure 12a), while the snow addition was more equally
distributed over the Rhine catchment in the Lower event (figure 12b).

In the increased storage run, the initial storage map was replaced by the map from the base run
with the highest average storage in the catchment. Despite that, some areas had less storage in
the high storage map than in the original map, indicated with blue colors (figure 12c,d). For
both events, the storage decrease mainly appeared in the Upper Rhine catchment.
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Figure 12: On the left, the initial snow layer map of the increased snow run relative to the base run is depicted.
On the right the initial storage map of the increased storage run is compared with the base run. The colourbar
boundaries are limited to values between -20 and 20 to make regional differences visible.

4.6 Discharge simulations

When looking at the discharge directly after the event (figure 13 and table 2), we see the highest
peaks in the increased snow and storage run as we expected. At the Lower event in Lobith (figure
13d), the peak of the increased storage run was even more than four times higher than the base
run with a discharge of more than 30000 m3 s-1 (figure 13d). This is almost twice as high as
the discharge level used for designing flood defenses in The Netherlands, which is 16000 m3 s-1

(Te Linde et al., 2011). A simultaneous, but less extreme peak was also found in Basel (figure
13c). After the Upper event, extreme discharge values over 3600 m3 s-1 were simulated in the
increased snow run for Basel (figure 13a). These levels have a return period of about 10 years
(BAFU, 2017). Logically, the discharge in Lobith was always higher than in Basel, because of its
location further upstream in the Rhine catchment.
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Unexpected result was the low discharge in the increased storage run compared to the base
run of the Upper event in Basel (figure 13a). However, this could be explained by the initial
storage map of figure 12b. Compared to the base run, more groundwater was present in the
Rhine catchment as whole, but less groundwater was located upstream of Basel, resulting in
less discharge there. In Lobith (figure 13b), the discharge peaks of the increased storage run are
higher than in the base run.

Figure 13: Simulated discharges in Basel and Lobith up to 5 months after the occurrence of the Upper event
(15-11-2002) and the Lower event (13-11-2010). The base run simulated the discharge as in reality. The increased
snow run contains an initial map with a thicker snow layer and the increased storage run started with a map with
more groundwater storage.
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Table 2: Peak discharges (m3 s-1) of the base run, increased snow run and increased storage run directly after
the Upper and Lower event in Basel and Lobith.

Upper event Lower event
Run Basel Lobith Basel Lobith

Base run 2687 8866 1273 6643
Increased snow run 3641 12001 1654 16470
Increased storage run 2379 11508 2535 30450

Figure 14 demonstrated an almost constant difference between the snow layer in the increased
snow run and the base run in simulations of both events. However, two exceptions were found.
The first one was found during the first days after the events, during which the snow reduced
in the increased snow run, but accumulated in the base run. This was in line with figure 15,
that showed some snow accumulation in the Alps, but much snow melt outside the Alps for the
increased snow run. The snow decrease was not observed in the base runs of figure 14, because
less snow was available there to melt. This explains the difference between the discharge peaks
of the increased snow run and the base run in figure 13 and table 2. As a second exception,
converging lines were visible at the end of the timeseries in the Lower event. The thicker snow
layer in the increased snow run resulted in more snow melt in spring compared to the base run.

Figure 14: The evolution of the mean snow layer in the Rhine catchment in the base run and the increased snow
run for a) The Upper event and b) The Lower event. The increased storage run is not included because the snow
is the same as in the base run.
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Figure 15: The change of the snow layer after the events compared to before the events simulated in the increased
snow run.

The evolution of the mean groundwater storage in figure 16 showed an expected increase after
the precipitation events for all runs. The increased snow run started with the same storage as
the base run, but the groundwater storage increased more along the run due to the supply of
melting water from the additional snow. In contrast with the snow simulations in figure 14, the
increased storage runs started to converge already directly after the occurrence of the events.
The differences between the runs disappeared during the second storage peak in both events
halfway January. This could be explained by soil saturation occurring in all runs. Lastly, the
second storage peaks corresponded with the timing of discharge peaks in Lobith (figure 13b,d)
for both events.
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Figure 16: The evolution of the mean groundwater storage in the Rhine catchment in the base run, the increased
snow run and the increased storage run for both events.

5 Discussion

In our study we found a significant increase of yearly AR occurrence and intensity from 1950-
2020 and this was expected given the intensification of the hydrologic cycle (Allan et al., 2014;
Lavers et al., 2013; Hill et al., 2018). With global warming, more moisture is taken up into the
atmosphere as could be derived from the Clausius-Clapeyron equation (Allan et al., 2014). Aside
from moisture, high IVT values could also potentially be caused by an increase in wind speeds,
but less is known about this component.

Surprisingly, no significant increase was found in the yearly total precipitation and extreme
precipitation. Other studies, like Kew et al. (2011) used a global climate model and projected
a 10% increase in 99th percentile precipitation sums for the winters of 2071-2100 in the Rhine
catchment. The difference in significance could be caused by the shorter time range used in our
studies and the selection of years exclusively in the past, with less visible effects of climate change
compared to future projections. Frei et al. (2000) and Menzel et al. (2006) confirm the potential
increase of (extreme) precipitation in the future, but express the large uncertainty range.

As expected, most ARs were detected in the western and northwestern boundaries of the Rhine
catchment. ARs occur 16% of the time in the west and about 10% in the east. This finding is in
line with Gimeno et al. (2016) stating that ARs occur not only along the Atlantic ocean, but
also in areas up to Poland. In contrast, very little amounts of ARs occur in the Alpine part of
the catchment, with ARs occurring locally only 2% of the time. Reason for this low percentage
could be orographic enhancement, triggering rainfall. In that case, moisture is removed from the
air and IVT values mostly stay below the threshold of AR-detection in mountainous areas.
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Orographic enhancement is probably also the driver of the relatively high extreme precipitation
values in the Alps. Furthermore, the link between IVT and extreme daily precipitation was
stronger compared to areas with less orography. However, more extreme precipitation days were
linked with ARs in the Lower Rhine than in the Upper Rhine because the IVT threshold for
AR-detection was rarely met there. Even though few ARs were detected over the Alps, they may
still be responsible for extreme precipitation in this region.

Obviously, the amount of detected ARs heavily depends on the detection method. A uniform IVT-
threshold of 250 kg m-1 s-1 was used here, while other studies applied regional thresholds defined
by local IVT percentiles. For example Guan and Waliser (2019) applied a combination of the 85th
IVT percentile combined with a fixed minimum IVT value. Moreover, Rutz et al. (2019) made
an overview of detection methods and distinguished between less and more restrictive methods
with different IVT magnitudes and requirements on specific geometries. With a flexible method,
more ARs could be detected in the Alps than in our study and more extreme precipitation in
orographic regions would be associated with ARs.

Important disadvantage of our methods are the unequal sizes of the defined Upper and Lower
Rhine areas. All precipitation is classified as AR-related if an AR is present somewhere in the
area of interest. Therefore, precipitation in the relatively large Lower Rhine area is more likely to
be considered "AR-related" false positively. Nevertheless, an intuitive border between both areas
was chosen based on the AR climatology. A relative uniform distribution of AR occurrences
was found in the Lower Rhine, whereas a strong decreasing gradient to the southeast was found
within the Upper Rhine catchment (figure 7b). Moreover, the location of Basel is located at a
natural border of two subcatchments and long timeseries of river discharge were available there.
These arguments were considered more important than having two equally sized areas.

Compared to other studies we found relatively high local IVT values in the middle of ARs. In
figure 3b of Ionita et al. (2020) an IVT of 800 kg m-1 s-1 were shown in the middle of the AR
based on 20th Century Reanalysis data V3, while we found values 1100 kg m-1 s-1 at the same
time and place with ERA5 data. The higher values in ERA5 could be explained be the high
resolution of 0.25°x0.25° compared to 1°x1° resolution in 20CRv3. This high resolution raises the
opportunity for more accurate calculations of extreme IVT values.

Lastly, the increased snow and storage runs after both selected precipitation events generally
reached way higher discharge levels than the base runs. Extreme example was the discharge
of 30000 m3 s-1 in Lobith, which was four times higher than the base run and twice the level
upon which levees in the Netherlands are constructed. Of course, these values are not realistic
given the manually altered initial conditions and general overestimation of discharge peaks by
wflow_sbm. However, these outcomes illustrated the strong discharge sensitivity to snow and
groundwater conditions preceding AR-related precipitation events.
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6 Conclusion

New finding of this study was the increase of AR occurrence and intensity over time in the
Rhine catchment. This is mainly explained by an increase of the specific humidity component of
the IVT, but more research could determine the role of the wind component. Even though we
did not find a significant increase in (extreme) precipitation over the past 70 years, this is not
unlikely to be found in the future given projections by other studies. Thus it is important to
keep monitoring precipitation trends in the coming decades.

Secondly, ARs were rarely detected in the Alpine part of the Rhine catchment with a uniform
IVT threshold of 250 kg m-1 s-1. However, extreme precipitation was clearly linked with local
extreme IVT values despite the relatively low values compared to other regions. For that reason,
research on extreme precipitation in areas with high topography are recommended to use a
flexible AR-detection method with an IVT threshold depending on local IVT extremes. By doing
so, more ARs would be detected in these areas and the link between IVT and precipitation
would be more pronounced.

Thirdly, vulnerability to Rhine river floods strongly depends on water storage preceding extreme
precipitation events. This means that not only the extremeness of precipitation is relevant, but
also its timing. As a rapid follow-up of events results in a high build-up of water storage in the
form of groundwater or snow, we recommend to study the link between consecutive events and
discharge peaks further. Additionally, a good focus of following research could be on variation of
ARs and precipitation within years, for example per month or week.
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