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Abstract

The amount of precipitation is crucial for the Alpine region because it is a region which
is highly sensitive to floods due to the presence of numerous rivers and lakes. Mois-
ture fluxes are an important factor for the amount of precipitation that can be triggered
by orographic precipitation. This study focuses on the investigation of the integrated
vapour transport (IVT) for three northern (Prealps, Eastern Switzerland, Jura) and two
southern (Valais, Ticino) Alpine regions. The northern and southern Alpine regions
differ in the direction from where the most intense IVTs originate from. The most
intense IVT are found to come from the South-West, West and North-East for northern
Alpine regions whereas the most intense IVTs for southern Alpine regions originate
from the West, South-West and South. Regarding the seasonality, the most intense
IVTs occur in summer and autumn. The interannual variability of IVT varies between
plus and minus 10-15% around the long-term mean. This variability is mainly ex-
plained by the variation of the steering wind. Wavelet analyses show that IVT exhibits
a periodicity between 5 and 8 years during the second half of the 20th century. Further-
more, a periodicity at lower freuquencies, namely at more than 36 years, is detected
for IVT. In all predefined regions, trend analyses reveal non-significant negative trends
of IVT. However, trends of IVT are positive and partly statistically significant in the
South-East of the Alpine area. All regions exhibt negative trends of steering wind and
positive trends of total precipitable water (TPW). The trends are stronger for steering
wind than for TPW and thus determine the negative trends of IVT.
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Chapter 1

Introduction

1.1 Motivation

Water is a very important resource in the ecological system of the Earth. On the Earth’s
surface, it can be transported in little mountain streams up to giant rivers as the Ama-
zon River with a mean discharge of about 200,000 m?3s~! (Oki and Kanae, 2006).
However, water can evaporate and thus it is also transported in the atmosphere as wa-
ter vapour and varies the local moisture content of air. This variability of moisture
content of air varies also the amount of precipitation as the relative moisture content is
a key factor for the triggering of precipitation (e.g. Panziera and Germann, |2010). The
amount of precipitation in the Alpine region, especially in Switzerland, is crucial be-
cause it is a region which is highly sensitive to floods due to the presence of numerous
rivers and lakes.

It is known that floods are a major threat for Alpine areas beacause they cause consid-
erable economic impacts on society (Hilker et al., 2009). Recent floods in the Swiss
Alps, such as the the events in August 2005, August 2007, October 2011 and June
2013, prove this hazard (Stucki et al., [2012; [FOEN, 2008, [2014)). In the case of the
floods in October 2011, not only heavy precipitation caused the floods but also rising
temperatures, which led to the melting of large quantities of snow that had fallen some
days before (FOEN, 2014; |Rossler et al., 2014). While there are numerous causes
leading to this flood in October 2011 (fresh snow, rise of snow line, local enhancement
of precipitation, moist neutral and saturated layer rising above a cold, blocked layer),
one paramter was particularly important and probably constitutes the backbone of the
flood: an exceptional amount of moisture was transported towards the Alpine ridge.

As mentioned beforehand, the moisture content of the air presents an essential part
in the overall system of triggering precipitation and floods beside other factors. The
momentous role of moisture serves as motivation of this study to investigate the mois-
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ture fluxes over the Alps. The investigation of moisture fluxes bears the advantage that
not only the moisture content is taken into account but also the wind speed and wind
direction. Thus, it is possible to quantify the advection of moisture towards a certain
region and to determine the direction from where the moisture comes.

1.2 State of research

An important term related to moisture fluxes are atmospheric rivers. Atmospheric
rivers are narrow filaments of enhanced moisture transport in the lower troposphere and
convey the majority of the poleward moisture transport (Ralph and Dettinger, 2011}
Lavers et al 2012} [Lavers and Villarini, 2013)). Atmospheric rivers are of particular
importance in coastal regions because heavy precipitation can occur when they make
landfall, possibly leading to floods (Lavers et al.,|2012). Many studies have shown the
relation between atmopheric rivers and floods, for example in western North Amer-
ica (Ralph et al., 2006; [Neiman et al., 2011) or the British Isles (Lavers et al., 2011}
2012). |Lavers and Villarini| (2013) show that atmospheric rivers can cause extreme
precipitation in Europe also far inland up to the Alpine area, especially in the winter
half-year.

During winter the Alpine precipitation is dominated mainly by North Atlantic mois-
ture source (Sodemann and Zubler,2010). In contrast, a continental mode exists during
summer, with a remarkable contribution of moisture from Central European land areas
(Sodemann and Zubler, |2010). This shows that moisture sources for Alpine precip-
itation undergo a strong seasonal cycle (Sodemann and Zubler, |2010). Furthermore,
Sodemann and Zubler (2010) found clear differences between the Northern Alps and
Southern Alps. The Northern Alps receive most of the moisture from the North At-
lantic Ocean and the Central European land sources. On the other hand, the southern
Alpine moisture sources originate predominantly from the Mediterranean. This last
point is supported by the fact that 73% of the heavy precipitation events in the South-
ern Alps are associated with a PV-streamer (Martius et al., | 2006). PV-streamers induce
a strong southerly flow ahead of the forward flank of the streamer, which leads to a
strong moisture flux from the Mediterranean towards the Alps.

Another important point is the evolution of the moisture content of the air in the fu-
ture. It is generally agreed that the future moisture content of the air will increase
as the atmosphere is able to take up around 7% more moisture per Kelvin warming
according to the Clausius-Clayperon relation (e.g.,|Held and Soden, 2006)). Thus, the
potential for more intense heavy precipitation will increase. Observations over the last
decades show an already increasing freqency of heavy precipitation events in winter
(CH2011} 2011). However, studies show that the positive trends of column-integrated
water vapour are not evident over Europe (Trenberth et al., [2005; Ross and Elliott,
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2001). These findings reveal the problem that the regional response to climate change
is very complex and highly nonlinear due to different feedback mechanisms. The
Swiss Climate Change Scenarios CH2011| (2011) identify the following main uncer-
tainties for heavy precipitation predictions: large-scale circulation changes, precipita-
tion processes and convection, role of soil moisture.

1.3 Objectives of the study

Previous studies have assessed the relevance of atmospheric rivers for the moisture
transport in the extratropics. Furthermore, moisture sources for Alpine precipitation
have been investigated as well as the role of moisutre fluxes on the triggering of heavy
precipitation, possibly leading to flood events. However, the missing investigations
of the climatological characteristics and the temporal variability of moisture fluxes
over the Alps constitute a gap of knowledge in this field of research. This thesis aims
at filling this gap, by performing climatological and time series analyses of moisture
fluxes over the Alpine region. Thus, the following tasks are addressed:

* Perform climatological analyses of moisture fluxes, including the following ques-
tions:
— Where do most of the moisture fluxes come from?
— Where do the most intense moisture fluxes come from?

— What is the seasonal cycle of moisture fluxes and which factors determine
this cycle?

— What is the vertical profile of moisture fluxes?
* Analyse the temporal variability of moisture fluxes, including the following
questions:
— How strong is the interannual variablity of moisture fluxes?
— Are there any periodicities in moisture fluxes?

— Do the moisture fluxes exhibit any trends?






Chapter 2

Data

This chapter gives an overview of the data used in the analyses. First, the atmospheric
reanalysis data sets are described. Second, the radio sounding data from Payerne are
presented.

2.1 Atmospheric reanalysis data

Atmospheric reanalysis data combine numerical weather prediction models with ob-
servations (Dee et al., |2014). This combination results in a better estimation of the
state of the atmosphere over a defined time period which is suitable for climatological
studies. It bears the advantage of globally gridded data with a high temporal resolution
while simulataneously taking into account measured data with a certain assimilation
scheme.

2.1.1 ERA-Interim reanalysis

The ERA-Interim (Dee et al., [2011) data set is the latest global reanalysis provided
by the European Centre for Medium-Range Weather Forecasts (ECMWF). It has a
horizontal spatial resolution of 0.75° x 0.75° longitude and latitude respectively which
is interpolated to a 1° by 1° grid. ERA-Interim consists of 60 model levels and features
a 6-hourly time resoultion. The data set covers the time period from 1 January 1979 to
present, but the data is extended continuously.

2.1.2 Twentieth Century Reanalyis (20CR)

The 20CR (Compo et al., 2011) data set is also a global reanalysis. It is produced by
the National Oceanic and Atmospheric Administration (NOAA) in collaboration with
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the Cooperative Institute for Research in Environmental Sciences (CIRES). The hori-
zontal resolution of the data is coarser compared to ERA-Interim. It has a horizontal
resolution of 2° x 2° longitude and latitude respectively. The 20CR features a vertical
resolution of 28 pressure levels and a 6-hourly time resolution. Compared to ERA-
Interim, the 20CR covers a much longer time period, which goes from 1 January 1871
to 31 December 2010.

2.2 Radio sounding data

The radio sounding data are provided by the Federal Office of Meteorology and Cli-
matology MeteoSwiss. Nowadays, a balloon with a radiosonde is launched twice a
day (00 and 12 UTC) from Payerne. The radiosonde measures temperature, humidity,

pressure and wind components.



Chapter 3

Methods

The methods chapter presents main definitions and analysis techniques that were used
in this study. In addition, the defined regions are presented at the end of this chapter.

3.1 Definitions

First, the moisture flux is presented through the definition of both the horizontal mois-
ture flux and the vertically integrated horizontal moisture flux. Then, the total precip-
itable water and the steering wind are defined.

3.1.1 Horizontal moisture flux

Equation depicts the calculation of the horizontal moisture flux (MF [kg m~2 s~!])

at different pressure levels.

MF = p \/ (qu)* + (qv)? (kg m%s7'] 3.1

q is the specific humidity in kg/kg, u and v are the zonal and meridional wind compo-
nent in ms~! respectively. p describes the density and is calculated as follows:

p
T, Ry

p= (kg m™] 3.2)

where p is the pressure in Pa, R; is the specific gas constant for dry air (287.058 Tkg~'K~1).
T, stands for the virtual temperature and is calculated as in equation [3.3]

T,=T (1 + (i - 1> q> K] 3.3)
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M
e = Mwy
Mpy

34

Where € is the molar mass ratio of water vapour (Myy ~ 18,01 ¢ mol~!) and dry air
(Mpa ~ 28,97 g mol~!) and ¢ is the specific humidity in kg/kg.

3.1.2 Vertically integrated horizontal moisture flux

Equation [3.5] shows how the vertically integrated horizontal moisture flux (hereafter
IVT [kg m s, integrated vapour transport) is calculated from the surface to 0.1 hPa
for ERA-Interim and to 10 hPa for 20CR respectively (e.g.,[Neiman et al.|[2008; [Lavers
and Villarinil, [2013):

1 rtop 2 1 rtop 2 o
IVT =4/ ( = / qudp | +( - / qvdp | [kgm™'s™'] (3.5)
8 Jsurf 8 Jsurf

where g is the acceleration due to gravity, ¢g is the specific humidity in kg/kg, # and v are

the zonal and meridional wind in ms~! respectively and dp is the pressure difference

between two pressure levels.

3.1.3 Total precipitable water

The total precipitatable water (TPW [kg m—2]) is calculated as in equation It shows
that specific humidity is integrated over the whole column of atmosphere. It is called
the TPW because it amounts the precipitation which would fall if all the moisture in
the atmosphere condensated.

1 rtop L,

TPW == [ (¢4 Giee+ uigia) dp [kegm 2] (3.6)
8 Jsurf

g is the acceleration due to gravity, ¢ is the specific humidity in kg/kg including ice

clouds gjc. and liquid gjiquic and dp is the pressure difference between two pressure

levels.

3.1.4 Steering wind

In analogy to storm dynamics, the steering wind is calculated as the quotient of the
IVT and the TPW (eq. [3.7). This is the wind profile averaged vertically and weighted
by the amount of transported moisture.

T
steering wind = TPW [ms™'] 3.7)
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3.2 Analysis techniques

In this section, key analysis techniques that are used for the evaluations are presented

and described.

3.2.1 Boxplots

In this study, all boxplots feature the same structure. The black bold horizontal line
represents the median and the box around the median illustrates the interquartile range
(IQR). Thus, this box always includes 50% of the data. The end of the whiskers are
limited by the lowest and highest value still within the 1.5 IQR of the lower (qo.2s)
and upper (qo.75) quartile. These whiskers include 99.3% of the data in a normal
distribution. The data outside of these whiskers are illustrated as circles and are called
outliers.

3.2.2 Wavelet analysis

A wavelet analysis technique is used to identify if a time series oscillates with a certain
periodicity (e.g.,/'Welker and Martius, 2013). The anaylses are carried out using the R
package biwavelet, which is a port of the softwares written by [Torrence and Compo
(1998) and |Grinsted et al.| (2004). The continuous wavelet transforms (CWTs) are
computed based on the Morlet wavelet function (Torrence and Compo, |1998)). The
so-called cone of influence (COI) denotes the region of the CWT power spectrum in
which edge effects become important (Torrence and Compol [1998)). The statistical sig-
nificance of wavelet power is tested as follows: a peak in the wavelet power spectrum
is significantly true if it is above the signal which is produced by a stationary process
with a given mean power spectrum (Grinsted et al., 2004} [Torrence and Compol [1998).
The time series are assumed to be approximately normally distributed with red noise

characteristics.

3.2.3 Trend analysis

The trend analysis is used to investigate if the time series of the IVT, TPW and steer-
ing wind exhibit a trend for the time period of the datasets (ERA-Interim, 20CR).
The trends are calculated with a linear regression using least squares estimation. This
study uses R packages from Christoph Frei[], where the trend estimations with linear

regression are integrated.

! Available online on the lecture homepage of Analaysis of Climate and Weather Data:
http://www.iac.ethz.ch/edu/courses/master/electives/acwd (last access on 4 August 2014).
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3.3 Defined regions

Different Swiss regions are defined for the climatological analyses of moisture fluxes.
To analyse the regions, the data are selected at the ERA-Interim and 20CR grid point
closest to the predefined region respectively. We try to select the grid points right
upstream of the main orographic barriers of the regions. Figure[3.1|shows the location
of the grid points. The locations differ between the two data sets because they have
different horizontal resolutions. As mentioned in the data chapter, the ERA-Interim
and 20CR feature a 1° by 1° and 2° by 2° grid respectively. Hereafter, the regions
are grouped in northern (Prealps, Eastern Switzerland, Jura) and southern (Ticino,
Valais/Alps, Southern Switzerland) Alpine regions.

— « Jura Easteyn Switzerland « « Eastern Switzerland -

« Prealps -

Valais
Alps

+ ERA-Interim
« 20CR

45N —

“Southern Alps -

Figure 3.1: Location of the grid points of predefined regions for the ERA-Interim (red) and
20CR (blue) data set respectively.



Chapter 4

Results

The results chapter is seperated in two parts. First, the results of the climtological
analyses are presented. The second part shows the main findings resulting from the
analyses of the temporal variability of IVT, TPW and steering wind.

4.1 Climatological characteristics

This first part begins with the illustration of the IVT direction and intensity. Second,
the yearly cycles of IVT, TPW and steering wind are presented. In the last section, the
vertical profiles of moisture flux, specific humditiy and wind speed are shown.

4.1.1 IVT direction and intensity
4.1.1.1 Scatter plots

Northern Alpine regions

Daily mean IVT amplitudes strongly depend on the direction of the flow (Figure {.T]).
The patterns are similar in Eastern Switzerland (Figure [4.Ta)) and Jura (Figure 4.1b)).
The most intense IVTs come from the South-West and West with maximal intensi-
ties of about 600 to 700kgm~!s~! (Figures b and . The maximal inten-
sities of IVTs are much lower from all other directions. A second peak is featured
by IVTs coming from the north-easterly direction. These IVTs have intensities above
200kg m~!'s~!. However, most of the IVTs have intensities below 200 kg m~'s~!. The

1

percentage of intensities below 200 kg m~!s~! is larger than 80% in all three northern

Alpine regions (Table [4.1).

11
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Very intense IVTs are more frequent in autumn and summer than in winter and spring.
Thus, three-quarter of all IVTs above 400 kg m~'s~! occur in summer and autumn (Ta-
ble . IVTs above 400 kg m~!s~! in winter and spring are rare, with percentages of
about 15% and 5% in Eastern Swizterland and Jura. The IVTs above 400kgm~'s~!
amount to only 1.6% and 1.8% of all IVTs in Eastern Switzerland and Jura respec-
tively. This percentage is even lower in the Prealps (0.13%). Furthermore, the most

intense IVTs coming from the North-East occur almost exclusively in summer.

(a) (D)
Eastern Switzerland Jura
8 . épnng 8 . gpring
7 * Summer 7 . ummer
™~ Autumn ™~ Autumn
« Winter « Winter
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S H S H
o© o©
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'n 'n
T o T o
o o
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2 2
7 o 7 o
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Ticino Valais
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Figure 4.1: Daily mean IVTs of Eastern Switzerland Jura@ Ticino |(c)| and Valais
The abscissa represents the IVT direction and the oridnate the IVT intensity [kgm~'s™']. All
days of the ERA-Interim time period (1979-2011) are shown with green, red, yellow and blue
dots for the days in spring, summer, autumn and winter.
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Southern Alpine regions

The maximal intensities are much lower in Ticino (Figure and Valais (Figure @])
compared to the northern Alpine regions. The most intense IVTs have values of about
300 to 400 kg m~'s~! and the perecentage of IVTs below 200 kg m~'s~! is about 97%
in both regions (Table d.1). The most intense IVTs occur in southerly, sout-westerly

or westerly fluxes (Figures [.1cjd and 4.3b).

Regarding the seasonality, the pattern is similar to the northern Alpine pattern. The
most intense IVTs occur in autumn and summer. The percentage of IVTs above
200 kgm~!s~! occuring in these seasons represents about 80% of all IVTs above
200kgm~'s~! (Table 4.1). Thus, IVTs above 200 kgm~'s~! occur rarely in winter
(Ticino: 6.9%, Valais: 8.4%) and spring (Ticino: 12.5%, Valais: 8.4%).

Prealps Svg:‘iig‘n d Jura Ticino Valais
[%] [%] [%] [%]
[%]
IVTs >200 7.6 17.4 18.9 3.0 2.3
kgm™'s
Spring 12.7 13.9 15.8 12.5 8.4
Summer 39.3 38.0 35.6 38.2 40.9
Autumn 32.2 29.4 30.0 424 42.3
Winter 15.8 18.7 18.7 6.9 8.4
IVIs >400 0.13 1.55 178 0.03 0
kgm™'s
Spring 0 7.0 5.6 0 0
Summer 37.5 34.2 32.7 25.0 0
Autumn 50.0 422 46.7 75.0 0
Winter 12.5 16.6 15.0 0 0
Table 4.1: Percentage of daily mean IVTs above 200 (upper rows) and 400 kg m~'s' (lower

rows) for each region. In addition, the seasonal percentages are presented for IVTs above the
two thresholds. Daily mean IVTs of the ERA-Interim time period (1979-2011) are included.

4.1.1.2 Frequency of IVT direction and intensity

Figure shows the distributions of the relative frequency of IVT direction (Figures
[M.2ab) and intensity (Figures[d.2cfd). The relative frequency of IVT direction is shown
for each direction covering 45° respectively and the relative frequency of IVT intensity
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is shown for each class of 20 kgm~'s~!. Figure compelements Figure by
representing wind rose plots of IVT which show the quartiles and the 95% quantile
and their percentage for each 45° sector. The plots are shown for Jura and Ticino,
which represent the northern and southern Alpine regions respectively.

(a)} 2
Jura Ticino
o o
< <
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+ Summer + Summer
Autumn Autumn
« Winter « Winter

i D
] // s/x %/ \\ .
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Direction Direction

Jura Ticino

o | o |
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'e} —_— n J—
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o o
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Ny LY

o+ — o+ —
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0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
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Figure 4.2: {(a)land|(b); relative frequency of IVT direction for each 45° sector (e.g. S = 157.5°-
202.5°). and|(d)} relative frequency of IVT intensity for each class of 20 kg m~'s~'. Daily
mean IVTs of the ERA-Interim time period (1979-2011) are included. The colors indicate the
different seasons (green = spring, red = summer, yellow = autumn, blue = winter). The plots

are shown for Jura ((a)|and((c]) and Ticino ((b)|and[d)).
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Northern Alpine regions

In Jura, the IVTs come most frequently from the South-West in spring, summer and
autumn and from the West in winter (Figure [#.2a). The IVTs originate from these two
directions in about 50% of the time (Figure [#.3a). In the Prealps and Eastern Switzer-
land (Appendix Figures [A.2a)c), westerly IVTs are the most frequent in all seasons.
In Jura, the frequency of south-easterly IVTs is below 5% in all seasons (Figures
and [4.34). Easterly and southerly IVTs are also very rare but have a bigger seasonal
variability. IVTs coming from the North-East are the third most frequent IVT direction
for all seasons except for summer (Figure f.2a). The pattern is sligthly different for
the Prealps and Eastern Switzerland, where the north-westerly IVTs are the third most

frequent (Appendix Figures[A.2afc).

Weak IVTs are more frequent than intense IVTs (Figure {.2¢)). In all northern Alpine
regions, more than 80% of the IVTs are below 200 kgm~'s~! (Table . The differ-
ence between the seasons is about 10% for some classes (Figure[d.2¢c). The percentage
of IVTs below 200 kgm~'s~! varies with the season. In Jura, the percentages are
73%, T7%, 86% and 88% in summer, autumn, winter and spring respectively (Ta-
ble. The percentage of summer IVTs above 150 kg m~!s~! is higher compared to
the other seasons except for some classes in autumn. This pattern is even more distinct
for the Prealps and Eastern Switzerland (Appendix Figures [A.2bfd).

[(a] (@]

Jura Ticino

a0% a0%

S S

01052 521096 9610170 170 to 321321 to 688 01029 291055 551093 9310174 17410448
Quartiles and 95% quantile of IVT [kg m™ s7%] Quartiles and 95% quantile of IVT [kg m™ s7%]

Figure 4.3: Wind rose plots representing the relative frequency of IVT direction for each 45°
sector (e.g. S = 157.5°-202.5°) for Jurd(a) and Ticino Daily mean IVTs of the ERA-
Interim time period (1979-2011) are included. The colors indicate different quantile limits
(vellow = 0-25%, green = 25-50%, orange = 50-75%, blue = 75-95%, red = 95-100%) and
their percentage for each 45° sector.
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Southern Alpine regions

The seasonal variability of the frequency of IVT direction is more pronounced in
the southern Alpine regions compared to the northern Alpine regions (Figure [4.2b).
South-westerly IVTs are very frequent (around 22%) in summer and less frequent
(around 13%) in winter. In summer, moisture arrives preferentially from the South-
West, West and North-West (Figure f.3b). North-westerly and northerly IVTs are up
to 10% more frequent in the southern Alpine regions compared to the northern Alpine
regions. Southerly IVTs are also more frequent by about 5%. North-easterly IVTs
are less frequent (up to 10%) in the southern Alpine regions compared to the northern
Alpine regions. IVTs coming from the West or South-West are 5 to 10% less frequent
compared to the northern Alpine regions depending on which northern Alpine region

is compared to the southern Alpine regions.

Regarding the frequency of the IVT intensity (Figure d.2d)), we see that there is a large
seasonal variability of the frequency of the weakest IVTs. In Ticino, the percentage of
IVTs below 50 kgm~'s~! varies from around 24% in summer to 61% in winter. All
IVTs exceeding 60 kgm~'s~! occur most frequently in summer (Figure .

4.1.2 Yearly cycles
4121 IVT

The yearly cycle of the IVT (Figure shows that the mean intensity of IVT is
strongest between June and October. This pattern is similar for all northern and south-
ern Alpine regions. The month with the strongest mean intensity in all regions is July.
The range is much wider in the northern Alpine regions than in the southern Alpine
regions. The upper whiskers of summer months range to higher values compared to
winter months. However, days with very high IVTs can occur throughout the year. If
we compare the median of January and July, we see that the medians are in each case
outside of the interquartile box of the other month but still within the whisker limits.

41.22 TPW

The mean intensity of the TPW (Figure [4.5) peaks in the months of July and August.
The yearly cycle of TPW shows almost the same pattern in all regions following the
mean temperature. The range is shifted to lower values in southern Alpine regions
compared to northern Alpine regions. The interquartile ranges reach higher values in
summer months compared to winter months. Furthermore, the mean intensity of TPW
more than doubles in summer months compared to winter months. There are only few
outliers in the yearly cycle of TPW compared to the yearly cycle of IVT. If we compare
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Figure 4.4: Yearly cycle of IVT [kg m~'s~'] shown as boxplots for Jura and Ticino
Daily mean IVTs of the ERA-Interim time period (1979-2011) are included. The red line indi-
cates the mean.

the median of January and July similar as we did for IVT, we see that the medians are
even outside of the whisker limits of the other month. This shows that the yearly cycle
is more distinct for TPW than IVT.
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Figure 4.5: Yearly cycle of TPW [kg m~2] shown as boxplots for Jumand Ticino Daily
mean values of TPW of the ERA-Interim time period (1979-2011) are included. The red line
indicates the mean.
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4.1.2.3 Steering wind

The mean intenisity of the steering wind (Figure 4.6) has yearly cycle wihich exhibits
an amplitude of about 3 ms~!. The yearly cycle of the steering wind is the opposite
of the yearly cycle of IVT and TPW, with highest mean intensity in winter and lowest
in summer. The upper whiskers of the winter months range also to higher values
compared to the summer months. The pattern is similar in northern and southern
Alpine regions. However, the intensities are slightly lower in the southern Alpine
regions. There are also many outliers throughout the year, as for the yearly cycle of
IVT. If the median of January and July are compared, we see that the medians are still
within the interquartile box of the other month. This shows that the yearly cycle is not
as much distinct for steering wind as for IVT or TPW.
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Figure 4.6: Yearly cycle of steeering wind [m s~ ] shown as boxplots for Jura and Ticino
Daily mean values of steering wind of the ERA-Interim time period (1979-2011) are
included. The red line indicates the mean.

4.1.3 Vertical profiles

4.1.3.1 Moisture flux

Northern Alpine regions

The vertical profile of the moisture flux in Jura (Figure shows that the most
intense mean moisture flux occurs in summer. The difference with the mean moisture
flux in autumn is minor but this difference is more distinct for the other northern Alpine
regions (Prealps, Eastern Switzerland; Appendix Figures[A.4aJb). The mean moisture
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flux in winter is slightly lower than in spring near the surface (lowest 20 hPa), but
gets stronger above this near-surface layer. The mean moisture fluxes in winter and
spring are nearly equal above 700 hPa. The strongest intensity of the mean moisture
flux occurs almost at the same level (~ 850 hPa) for all seasons and is halved at about
650 hPa. This is similar in Eastern Switzerland but the level of strongest intensity of the
mean moisture flux lies higher (~ 800 hPa) in the Prealps (Appendix Figures [A.4alb).

25~ between the different seasons

This strongest intensity varies from 35 to 45 gm
(Figure 4.7a). This range is shifted to lower values in the Prealps where it varies from
around 20 to 30 gm~2s~! (Appendix Figure [A.4b). Furthermore, the moisture fluxes

above 200 hPa are not relevant anymore.
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Figure 4.7: Mean vertical profile of the moisture flux [gm~2s~ '] at 12 UTC including all days
of the ERA-Interim time period (1979-2011). The colors of the lines present the seasons with
green, red, yellow and blue indicating the mean intensity in spring, summer, autmn and winter.
The black line shows the mean over all seasons and the dashed black lines limit the range from
plus to minus one standard deviation from the yearly means. The vertical profile is shown for

Jura [@] and Ticino [@}

Southern Alpine regions

Figure shows the vertical profile of the moisture flux in Ticino. In contrast to Jura,
the mean moisture flux in winter is at all levels lower than in spring. Another difference
is that the most intense mean moisture flux is halved at about 550 hPa, which is about
100 hPa lower compared to the northern Alpine regions. However, it is not possible
to define one specific level at which the mean moisture fluxes of the different seasons
are most intense. While the level of the strongest intensity lies at 700 hPa in winter it
is situated at 800 hPa during the other seasons. This strongest intensity varies between
about 15 to 25 gm~2s~! between the different seasons.
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4.1.3.2 Specific humidity

Northern Alpine regions

The vertical profile of the seasonal mean of specific humidity in Jura is presented in
Figure 4.8al A distinct seasonal cycle is visible, especially near the surface where it

-1 'in summer. The surface describes

ranges from 4 gkg™" in winter to about 8.5 gkg™
also the level at which the seasonal mean of specific humidities are the highest. The
specific humidity decreases significantly with height. Therefore, the seasonal means
of specific humidity are halved at about 750 hPa and reach values of only 1gkg™!
at the 500 hPa level. The patterns are similar in the Prealps and Eastern Switzerland
except that the range of the near-surface seasonal mean of specific humidity is shifted

to lower values (~ 3.5-8 gkg~!) in the Prealps (Appendix Figures e).
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Figure 4.8: Mean vertical profile of the specific humidity [gkg™'] at 12 UTC including all
days of the ERA-Interim time period (1979-2011). The colors of the lines present the seasons
with green, red, yellow and blue indicating the mean intensity in spring, summer, autmn and
winter. The black line shows the mean over all seasons and the dashed black lines limit the

range from plus to minus one standard deviation from the yearly means. The vertical profile is
shown for Jura[(a)|and Ticino[(D}]

Southern Alpine regions

The vertical profile of the seasonal mean of specific humidity in Ticino (Figure [4.8b)
features the same seasonal cycle as northern Alpine regions. Furthermore, the spe-
cific humidity decreases also significantly with height, resulting that the mean specific
humidity is halved at about 700 hPa. In Ticino, values of the near-surface seasonal

1

mean of specific humidity range from 3.5 in winter to about 8.5 gkg™" in summer.
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This range is slightly wider compared to the northern Alpine regions. However, it is
different in Valais where a shift to lower values is observed and the range is slightly
narrower (~ 3-7.5 gkg~!; Appendix Figure |A.4f).

4.1.3.3 Wind speed

Northern Alpine regions

The vertical profile of the seasonal mean of wind speed in Jura (Figure f.9a) shows
increasing wind speed from the surface up to 300 hPa where it peaks at about 20 to
25ms~!, depending on the season. However, the wind speed decreases rapidly above
300 hPa. The differences between the seasonal mean of wind speed vary between 1

to 5 ms!

over the vertical profile. The mean wind speed is strongest in winter and
lowest in summer except for a short section above 300 hPa at which the mean wind
speed in spring is lowest. The wind speed increases more rapidly with height from the
surface up to 800 hPa in winter (~ 4.7ms~!/100hPa) than during the other seasons
(2-3.5ms~!/100hPa). The overall pattern of the vertical profile is similar in Eastern
Switzerland and in the Prealps except that the wind speed is lower near the surface in

the Prealps compared to the other two regions (Appendix Figures[A.4gh).
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Figure 4.9: Mean vertical profile of the wind speed [ms~" ] at 12 UTC including all days of the
ERA-Interim time period (1979-2011). The colors of the lines present the seasons with green,
red, yellow and blue indicating the mean intensity in spring, summer, autmn and winter. The
black line shows the mean over all seasons and the dashed black lines limit the range from plus
to minus one standard deviation from the yearly means. The vertical profile is shown for Jura

and Ticino
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Southern Alpine regions

The vertical profile of the seasonal mean of wind speed in Ticino (Figure .9b) shows
a comparable pattern to the vertical profile of Jura. However, two features are dif-
ferent. First, the wind speed is lower near the surface and second, there is a kink
in the vertical profile at about 750 hPa. At this kink there is a transition from a
weaker (~2.5ms ! /100hPa) to a stronger (~ 3.6 m s~1/100hPa) gradient in increas-
ing wind speed with height. The kink is even more distinct in Valais (Appendix Figure
[A4i). Apart from that, the vertical profiles of the two southern Alpine regions are
almost identical.
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4.2 Temporal variability

In this section, the results of the analyses of the temporal variability of IVT, TPW and
steering wind are shown. First, the analyses of the interannual variability are presented
followed by the wavelet analyses. The trends for the ERA-Interim and 20CR time
periods conclude this section.

4.2.1 Interannual variability

The plots in Figure {.10] show the yearly mean of IVT, TPW and steering wind as
relative deviation from the long-term mean of the ERA-Interim time period between
1979 and 2011 for Jura and Ticino. The plots in Figure d.11] show the same as Figure
(.10 for IVT but include additionally the data of 20CR.
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Figure 4.10: Yearly mean of IVT, TPW and steering wind as relative deviation from the long-
term mean of the ERA-Interim time period (1979-2011) in Jura[(a) and Ticino [(b)} The red,
blue and green line show the yearly mean of IVT, TPW and steering wind.

IVT

The plots in Figure [4.10] show that the yearly mean of IVT varies around plus and
minus 15% around the long-term mean. The variations are slightly higher in Ticino
compared to Jura. The time series seem to feature a cycle of around 6 years. The other
regions show a similar pattern with similar amplitudes (Appendix Figures[A.5a}-c).
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The plots in Figured.TT|show that the IVT exhibit a similar pattern of interannual vari-
ability in the end of the 20th century for 20CR and ERA-Interim data. The amplitudes
in Jura and Alps are mostly slightly higher for ERA-Interim data than for 20CR data.

TPW

The interannual variability of TPW has a samller amplitude (<10%) compared to the
interannual variability of IVT. While the time series of Jura is highly correlated with
the IVT time series, the time series of Ticino does not show statistically significant cor-
relation (Table[4.2)). The remaining regions exhibit similar patterns as Jura, including
a similar 6 year cycle (Appendix Figures[A.5alc).

Steering wind

The steering wind follows almost the same pattern of interannual variability as the
IVT. The amplitudes are only slightly lower than those of IVT. In Ticino and also in
Valais (Appendix Figure [A.5¢), the variation of the yearly mean of steering wind in
1981 exceeds the variation of the yearly mean the IVT.

[(a] (@]

Jura Alps

120
I
120
I

Deviation from mean [%)]

—
Deviation from mean [%)]

100 110
I I
————
S
g,
—
—_—
—_—
——
——
100 110
I
=
=
,_:—
——
E—
—
-~

80
I

80
I

T T T T T T T T T T T T T T T T
1870 1890 1910 1930 1950 1970 1990 2010 1870 1890 1910 1930 1950 1970 1990 2010

Year Year

Figure 4.11: Yearly mean of IVT as relative deviation from the long-term mean of the 20CR
time period (1871-2010; black) and from the long-term mean of the ERA-Interim time period
(1979-2011; red) in Jura|(a) and Alps The grid point of Jura for the ERA-Interim data is
adjusted to the grid point of Jura for the 20CR data (Figure @
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4.2.1.1 Linear regression models

Consequently, the variation of the yearly mean of TPW, steering wind or wind on a
certain pressure level is used to explain the interannual variability of the IVT. There-
fore, an univariate linear regression model with one of these variables is fitted for IVT.
Table shows the explained variance R”. It provides a measure of how much of the
total variation of the IVT is explained by the linear regression model.

The TPW explains between 42 and 56% of the yearly variation of IVT in northern
Alpine regions. In contrast, it explains only 11% and 25% of the total variation of IVT
in Ticino and Valais. Furthermore, the hypothesis can not be rejected that the linear
regression model for Ticino is not statistically significant at the 5% significance level.
The steering wind is a better predictor for IVT compared to TPW, because it explains
between 73 and 87% of the total variation of IVT. It can be distinguished between
northern and southern Alpine regions. The R? is about (Jura) or clearly above (Prealps,
Eastern Switzerland) 80% in northern Alpine regions, whereas the R? is clearly below
80% in southern Alpine regions.

The same analysis is carried out for the wind on a certain pressure level, in order to
compare its R> with the R? of steering wind. Therefore, the linear regression model
was calculated in steps of 50 hPa. Table [d.2] shows only the pressure levels where the
R? is maximal for a region. The wind at 750 hPa explains about 80% and 88% of the
total variation of IVT in Jura and Eastern Switzerland. For Eastern Switzerland, this
R? is even slightly higher than the R? of steering wind. R? is maximal for the wind at
700 hPa in the Prealps (83%). The maximal R? occurs for the wind at 650 hPa in the
southern Alpine regions (Ticino: 81%, Valais: 79%).

R2 TPW Steering | Wind @ | Wind @ | Wind @
wind | 750hPa | 700hPa | 650hPa
Prealps 0.419 0.830 0.793 0.831 0.825
Eastern 0.445 0.868 0.883 0.869 0.842
Switzerland
Jura 0.559 0.798 0.797 0.789 0.763
Ticino (0.113) 0.732 0.676 0.773 0.808
Valais 0.247 0.769 0.592 0.722 0.791

Table 4.2: Explained variance R* of different linear regression models for IVT in the Prealps,
Eastern Switzerland, Jura, Ticino and Valais. Value in brackets is not statistically significant
at the 5% significance level.
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4.2.2 Wavelet analyses

The CWT power spectra are depicted for the different variables (IVT, TPW, steering
wind) and regions. First, the results are shown for ERA-Interim data and secondly for
20CR data.

4.2.2.1 ERA-Interim

IVT

The plots in Figure display the CWT power spectrum of the standardised yearly
mean of IVT in Jura and Ticino. The time series show statistically significant wavelet
power at periods between about 5 and 8 years. The time series of the other regions
(Prealps, Eastern Switzerland, Valais; Appendix Figures [A.6a}c) feature statistically
significant wavelet power in the same oscillation band as the time series of Jura and
Ticino. However, the oscillation bands are partly outside of the COI due to the limited
length of the ERA-Interim time period.

Regarding the CWT power spectra of the standardised seasonal mean of IVT in Jura
(Figure [A.13), we find statistically significant oscillation bands during all seasons,
which range between 5 and 8 years. The oscillation bands are less distinct during
spring and summer compared to autumn and winter. During spring and summer, there
are also statistically significant wavelet power at higher freqeuencies, namely at peri-
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Figure 4.12: CWT power spectra of the standardised yearly mean of IVT in Jura and
Ticino (D) for the ERA-Interim time period (1979-2011). The abscissa indicates the time and
the ordinate features the period in years. The black contour lines show the 5% significance
level. The dashed white line denotes the COI where edge effects become important.
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Figure 4.13: CWT power spectra of the standardised seasonal mean of IVT in Jura for the ERA-
Interim time period (1979-2011). The abscissa indicates the time and the ordinate features the
period in years. The black contour lines show the 5% significance level. The dashed white line
denotes the COI where edge effects become important.

ods of about 3 years. The statistically significant oscillation band in winter reveals a
wide range in the 1990s. The remaining regions feature almost the same characteris-
tics of the CWT power spectra of the standardised seasonal mean of IVT as Jura but
there are also some differences. The statistically significant oscillation band in autumn
is almost not distinguishable in Eastern Switzerland, whereas the oscillation bands be-
tween 5 and 8 years in spring and summer are more pronounced in all other regions
compared to Jura. Furthermore, the remaining regions feature the same pattern for the
winter oscillation band but the southern Alpine regions show additionally statistically

significant wavelet power at periods of about 3 years.



28 CHAPTER 4. RESULTS

TPW

The panels in Figure [4.14] show the CWT power spectrum of the standardised yearly
mean of TPW in Jura and Ticino. The plot for Jura reveals statistically significant
wavelet power at periods between about 5 and 8 years similar to the results of IVT.
However, the time series of Ticino does not feature a statistically significant oscilla-
tion band between 5 and 8 years. Nevertheless, all other regions (Prealps, Eastern
Switzerland, Valais; Appendix Figures [A.6d}H) present the same statistically signifi-
cant wavelet power as the time series of Jura.

The CWT power spectra of the standardised seasonal mean of TPW are presented in
Figure [.15] for Jura. The time series of seasonal mean of TPW in spring features a
distinct statistically significant oscillation band between 6 and 8 years. The time se-
ries of the other seasons (summer, winter) show patchy oscillation bands or a slightly
pronounced statistically significant oscillation band (autumn). The other regions fea-
ture almost the same patterns of the CWT power spectra of the standardised seasonal
mean of TPW as Jura. However, the pattern is different in summer for the southern
Alpine regions where only hardly visible (Ticino) or no (Valais) statistically significant
oscillation bands are observed.
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Figure 4.14: CWT power spectra of the standardised yearly mean of TPW in Jura and
Ticino (b)) for the ERA-Interim time period (1979-2011). The abscissa indicates the time and
the ordinate features the period in years. The black contour lines show the 5% significance
level. The dashed white line denotes the COI where edge effects become important.
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Figure 4.15: CWT power spectra of the standardised seasonal mean of TPW in Jura for the
ERA-Interim time period (1979-2011). The abscissa indicates the time and the ordinate fea-
tures the period in years. The black contour lines show the 5% significance level. The dashed
white line denotes the COI where edge effects become important.

Steering wind

The plots in Figure 4.16] show the CWT power spectrum of the standardised yearly
mean of steering wind in Jura and Ticino. The time series of Jura and Ticino feature
statistically significant wavelet power at periods between 5 and 8 years. The time series
of the other regions (Prealps, Eastern Switzerland, Valais; Appendix Figures [A.6g})
show the same features.

The CWT power spectra of the standardised seasonal mean of steering wind are shown
in Figure for Jura. The winter time series shows a similar pattern of the statisti-
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Figure 4.16: CWT power spectra of the standardised yearly mean of steering wind in Jum
and Ticino |(b) for the ERA-Interim time period (1979-2011). The abscissa indicates the time
and the ordinate features the period in years. The black contour lines show the 5% significance
level. The dashed white line denotes the COI where edge effects become important.

cally significant oscillation band as the one of the winter IVT (Figure[.13d). The time
series of summer and autumn show patchy oscillation bands, namely at higher (~ 6-8
years) and lower (~ 3 years) frequencies. However, the oscillation band at lower fre-
quencies is pronounced during autumn. The time series in spring does not feature any
statistically significant oscillation band. The other regions show some differences but
also some similarities to the wavelet plots of Jura. The time series in winter present
almost the same pattern in all the other regions as Jura. This is also true for the time
series in spring. The Prealps and Eastern Switzerland feature a more distinct oscil-
lation band between 6 and 8 years in summer, whereas the southern Alpine regions
show a less distinct oscillation band at these frequencies. The southern Alpine regions
do not exhibit any statistically significant oscillation band in autumn in contrast to the

northern Alpine regions.

4.2.2.2 20CR

IVT

The plots in Figure .18 show the CWT power spectrum of the standardised yearly
mean of IVT in Jura and the Alps. The time series reveal statistically significant
wavelet power at periods between 5 and 8 years from about 1960 to the end of the
20th century, similar to the time series of ERA-Interim (Figure 4.12). However, the
time series show also a patchy pattern with statistically significant wavelet power at
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Figure 4.17: CWT power spectra of the standardised seasonal mean of steering wind in Jura
for the ERA-Interim time period (1979-2011). The abscissa indicates the time and the ordinate
features the period in years. The black contour lines show the 5% significance level. The
dashed white line denotes the COI where edge effects become important.

higher and lower frequencies. The time series of the Southern Alps exhibits also a
statistically significant wavelet power in the oscillation band between 5 and 8 years in
the end of the 20th century (Appendix Figure [A.7b). In contrast, Eastern Switzerland
does not show a statistically significant wavelet power at those periods (Appendix Fig-
ure[A7d). All regions have common statistically significant wavelet power at periods
higher than 32 years. This oscillation band is most distinct for the Alps (Figure .18D).
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Figure 4.18: CWT power spectra of the standardised yearly mean of IVT in Jum and Alps
for the 20CR time period (1871-2010). The abscissa indicates the time and the ordinate
features the period in years. The black contour lines show the 5% significance level. The
dashed white line denotes the COI where edge effects become important.

TPW

The plots in Figure [4.19] show the CWT power spectrum of the standardised yearly
mean of TPW in Jura and the Alps. The time series exhibit statistically significant
wavelet power at periods between 5 and 8 years towards the end of the 20th century.
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Figure 4.19: CWT power spectra of the standardised yearly mean of TPW in .Iuraand Alps
[(D)| for the 20CR time period (1871-2010). The abscissa indicates the time and the ordinate
features the period in years. The black contour lines show the 5% significance level. The
dashed white line denotes the COI where edge effects become important.
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This pattern is also visible for the Southern Alps but not for Eastern Switzerland (Ap-
pendix Figures[A.7¢Jd), which reproduces the same characetristics as those of the time
series of IVT. Jura is the only region which features statistically significant wavelet
power at lower frequencies, namely at periods about 32 years.

Steering wind

The plots in Figure #.20] show the CWT power spectrum of the standardised yearly
mean of steering wind in Jura and the Alps. Both times series do not show statistically
significant wavelet power at periods between 5 and 8 years towards the end of the 20th
century. This contrasts with the previous time series of IVT and TPW. Furthermore,
the time series of Eastern Switzerland and Southern Alps do not feature statistically
significant wavelet power in this range (Appendix Figures[A.7¢ff). All regions show a
patchy pattern of statistically significant wavelet power but it can be summarized that
all time series of the different regions have common statistically significant wavelet
power at periods higher than 32 years.
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Figure 4.20: CWT power spectra of the standardised yearly mean of steering wind in Jura'@l
and Alps |(b)| for the 20CR time period (1871-2010). The abscissa indicates the time and the
ordinate features the period in years. The black contour lines show the 5% significance level.
The dashed white line denotes the COI where edge effects become important.
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4.2.3 Trend analyses

First, the results are represented for ERA-Interim data and then for 20CR data. The
trends are presented for the mean, the 90% quantile and the maximum of IVT, TPW
and steering wind.

4.2.3.1 ERA-Interim

Trends of the mean

Table [4.3] shows the trends of the seasonal and yearly mean of IVT, TPW and steer-
ing wind. The seasonal mean of IVT features only negative trends in all regions and
seasons, except during summer in the Prealps, Jura, Ticino and Valais. The negative
trends for autumn and winter are stronger in all regions than for spring. All regions
exhibit negative trends of the yearly mean of IVT. However, no trend is statistically
significant at the 5% significance level.

The seasonal mean of TPW features negative trends in all regions for autumn and win-
ter, except in Ticino for autumn. Positive trends are detected in all regions for spring
and summer. The summer trends are statistically significant in the Prealps, Ticino
and Valais. The trend of the yearly mean of TPW is positive in the Prealps, Eastern
Switzerland, Ticino and Valais. However, the trend is only statistically significant in
Ticino.

The trends for the seasonal mean of steering wind are all negative, except in Jura for
summer when the trend is about zero. The negative trends for autumn and winter are
stronger in all regions than for spring or summer, except in Jura where the trend is
most negative for spring. The yearly mean of steering wind shows a negative trend in
all regions. However, no trend of steering wind is statistically significant similarly to
the trends of IVT.

Trends of the 90% quantile

Table [4.4] shows the trends of the seasonal and yearly 90% quantile of IVT, TPW
and steering wind. The seasonal 90% quantile of IVT features in all regions positive
trends for spring (except in Valais) and summer and negative trends for autumn and
winter. The trends are statistically significant in the Prealps and Eastern Switzerland
for autumn and in Ticino for winter. The trends of the yearly 90% quantile of IVT are
all negative but not statistically significant.

The seasonal 90% quantile of TPW features positive trends in all regions for spring
and summer. The summer trends are statistically significant in the Prealps, Ticino
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Trends of the

mean Spring | Summer | Autumn | Winter Year
[%/decade]

IVT

Prealps -1.1 0.1 -4.4 -4.4 2.2
Eastern 0.5 0.4 4.5 3.0 2.1

Switzerland

Jura -1.6 1.0 -2.9 -2.9 -1.4
Ticino -0.5 0.7 -3.1 -3.6 -1.4
Valais -0.6 0.2 -4.0 -4.4 -1.9
TPW

Prealps 1.3 1.8 -0.5 -2.3 0.5

Eastern 0.7 1.1 0.6 15 0.2

Switzerland

Jura 0.8 0.7 -0.7 2.5 -0.1

Ticino 2.4 3.3 0.9 -0.4 2.0

Valais 1.9 2.3 -0.2 -1.8 1.0

Steering wind

Prealps -2.3 -1.6 -2.8 -2.9 -2.4
Eastern

Switzerland -1.2 -1.6 -2.9 -1.8 -1.9
Jura -2.0 0.0 -1.0 -1.3 -1.0
Ticino 2.1 23 -3.1 -3.7 2.9
Valais 2.1 -1.9 -3.0 -3.5 2.7

Table 4.3: Trends [%/decade] of the seasonal and yearly mean of IVT (upper rows), TPW
(middle rows) and steering wind (lower rows) for each region and each season. The trends
are calculated from 1979 to 2011. Bold values are statistically significant trends at the 5%
significance level for two-sided tests.

and Valais. For autumn, the trends are also positive in three regions (Prealps, Eastern
Switzerland, Ticino) but for winter, the trends are negative in all regions, except in
Ticino. The yearly 90% quantile of TPW shows positive trends in all regions which
are also statistically significant in the Prealps, Ticino and Valais.

The trends for the seasonal 90% quantile of steering wind are all negative, except in
Jura during summer. The negative trends for winter are stronger in all regions than
the trends for the other seasons, except in Eastern Switzerland where the trend is most
negative for autumn. The trends for winter are also statistically significant in Ticino
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Trends of the

90% quantile Spring | Summer | Autumn | Winter Year
[%/decade]

IVT

Prealps 0.9 1.2 -5.9 -4.4 2.4
Eastern 0.9 0.1 5.9 3.8 25
Switzerland

Jura 0.9 1.6 -4.3 2.2 -0.7
Ticino 0.3 2.8 -0.9 -6.0 -1.6
Valais 0.0 1.8 -2.8 -4.9 2.2
TPW

Prealps 24 1.6 0.1 -2.6 1.8
Eastern

Switzerland 1.5 1.1 0.1 2.2 1.1
Jura 1.2 1.1 -0.2 -2.8 0.7
Ticino 3.0 34 1.2 0.2 29
Valais 24 24 -04 -1.6 2.0
Steering wind

Prealps -1.8 -0.4 -3.2 -4.5 -2.5
Eastern

Switzerland -2.1 -1.2 -3.6 -3.1 2.2
Jura -0.4 0.9 -0.9 -1.9 -1.6
Ticino -2.3 -2.6 -2.8 -5.5 -3.5
Valais -0.7 -1.6 -3.5 -5.7 -3.0

Table 4.4: Trends [%/decade] of the seasonal and yearly 90% quantile of IVT (upper rows),
TPW (middle rows) and steering wind (lower rows) for each region and each season. The
trends are calculated from 1979 to 2011. Bold values are statistically significant trends at the
5% significance level for two-sided tests.

and Valais. All regions show negative trends of the yearly 90% quantile of steering
wind and they are statistically significant in three regions (Prealps, Ticino, Valais).

Trends of the maximum

Table [4.3] shows the trends of the seasonal and yearly maximum of IVT, TPW and
steering wind. The seasonal maximum of IVT features in all regions positive trends for
summer and negative trends for autumn and winter. The trends for spring are positive
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Trends of the

maximum Spring | Summer | Autumn | Winter Year
[%/decade]

IVT

Prealps 3.6 2.5 -7.8 -0.5 -3.0
Eastern 1.6 33 52 25 0.4
Switzerland

Jura 2.7 1.7 -6.0 -0.7 2.8
Ticino -5.8 1.2 7.4 -0.7 -3.8
Valais -2.0 1.2 -7.0 -1.7 -3.0
TPW

Prealps 4.1 1.8 2.5 -1.3 2.1
Eastern

Switzerland 3.9 1.0 2.7 -1.1 1.2
Jura 2.3 0.5 2.5 -2.6 0.8
Ticino 3.8 2.1 1.3 0.0 1.9
Valais 4.1 2.6 1.4 -0.2 2.6
Steering wind

Prealps -1.2 1.8 -4.2 -0.8 -0.3
Eastern 0.3 4.0 3.4 11 0.5
Switzerland

Jura -1.1 0.5 -6.6 0.9 -1.6
Ticino -0.1 -1.7 1.4 2.5 34
Valais -0.7 -1.3 -0.3 2.3 33

Table 4.5: Trends [%/decade] of the seasonal and yearly maximum of IVT (upper rows), TPW
(middle rows) and steering wind (lower rows) for each region and each season. The trends
are calculated from 1979 to 2011. Bold values are statistically significant trends at the 5%
significance level for two-sided tests.

in the northern Alpine regions (Prealps, Eastern Switzerland, Jura) and negative in
southern Alpine regions (Ticino, Valais). Trends are only statistically significant trends
in the Prealps and Valais for autumn. The trends of the yearly maximum of IVT are
negative in all regions but are not statistically significant.

The seasonal maximum of TPW features positive trends in all regions and seasons,
except for winter when the trend is about zero in Ticino and negative in the remain-
ing four regions. There are statistically significant trends for spring (Prealps, Ticino,
Valais) and for summer (Prealps, Valais). The yearly maximum of TPW show positive
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trends in all regions. However, no trend of the yearly maximum of TPW is statistically
significant.

The trends of the seasonal maximum of steering wind are all negative, except in the
northern Alpine regions for summer, in Ticino for autumn and in Jura for winter. The
trends of the yearly maximum of steering wind are negative in all regions but they are
not statistically significant. The only statistically significant trend is found in Jura for
autumn.

4.2.3.2 20CR

Table [4.6] shows the trends of the yearly mean, the yearly 90% quantile and the yearly
maximum of IVT, TPW and steering wind using 20CR data.

Trends of the mean

The yearly mean of IVT features a positive trends in the Alps and Southern Alps but
the trend is only statistically significant in the Southern Alps. The trend is about zero
in Jura. In Eastern Switzerland, the trend is negative and statistically significant. For
the TPW, the yearly mean features only negative trends, with only one statistically
significant trend for Eastern Switzerland. Unlike the trends of the yearly mean of
TPW, the yearly mean of steering wind features one trend of about zero and three
positive trends, with statistically significant trends for the Alps and Southern Alps.

Trends of the 90% quantile

The yearly 90% quantile of IVT show the same trends as the yearly mean of IVT, with
positive trends in the Alps, Jura and Southern Alps and a negative trend in Eastern
Switzerland. However, no trend is statistically significant. The yearly 90% quantile
of TPW shows only positive trends in all regions which is the opposite of the trends
of the yearly mean of of TPW. The yearly 90% quantile of steering wind features also
only positive trends, with three statistically significant trends for the Alps, Jura and
Southern Alps.

Trends of the maximum

The yearly maximum of IVT, TPW and steering wind show exclusively positive trends,
except for the yearly maximum of IVT in the Alps where the trend is about zero. All
trends of the yearly maximum of TPW are statistically significant, while only one trend
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of the yearly maximum of IVT is statistically significant, namely in Jura. Finally, the
trends of the yearly maximum of steering wind are statistically significant in the Alps

and Southern Alps.
Trends [%/decade] IVT TPW Steering wind
Mean
Alps 0.1 -0.1 0.3
Eastern Switzerland -04 -0.3 0.0
Jura 0.0 -0.1 0.2
Southern Alps 04 -0.1 0.5

90% quantile

Alps 0.1 0.1 0.4
Eastern Switzerland -0.2 0.1 0.2
Jura 0.2 0.1 0.6
Southern Alps 0.3 0.2 0.4
Maximum

Alps 0.0 0.7 04
Eastern Switzerland 0.2 0.9 0.1
Jura 0.7 0.9 0.4
Southern Alps 0.4 04 0.6

Table 4.6: Trends [%/decade] of the yearly mean (upper rows), the yearly 90% quantile (mid-
dle rows) and the yearly maximum (lower rows) of IVT, TPW and steering wind for each region.
The trends are calculated from 1871 to 2010. Bold values are statistically significant trends at
the 5% significance level for two-sided tests.






Chapter 5

Discussion

According to the structure of the presented results, the discussion is equally presented
in two parts. The first part discusses the results of the climatological characteristics of
IVT, TPW, steering wind and moisture flux. The second part discusses the temporal
variability of IVT, TPW and steering wind.

5.1 Climatological characteristics

5.1.1 IVT direction and intensity

The results show that the intensity of daily mean IVT strongly depends on the direc-
tion of the flow and differs between the northern (Prealps, Eastern Switzerland, Jura)
and southern (Ticino, Valais) Alpine regions. In the northern Alpine regions, the most
intense IVTs are most common for westerly south-westerly flow (Figure [#.3d). In ad-
dition, the north-easterly flow also contributes to the most intense IVTs. This shows
that flows parallel to the topography correspond to the most intense IVTs in the north-
ern Alpine regions. In the southern Alpine regions, flows from the West, South-West
and South conrtibute mainly to the most intense IVTs (Figure {.3b).

Different frequency patterns of IVT’s origin can be identified between the northern
and southern Alpine regions. These patterns resemble the patterns of the most intense
IVTs. South-westersterly and westerly IVTs are most frequent for northern Alpine re-
gions (Figure {.3a)), while north-westerly, westerly and south-westerly IVTs are most
frequent for southern Alpine regions (Figure[4.3b). The frequency of southerly IVTs is
slighlty lower but important for more intense IVTs, as mentioned above. The distinct
differences of frequency and intensity of southerly IVTs between northern and south-
ern Alpine regions show that even the smoothed Alpine orography of the ERA-Interim
model can act as a barrier for the moisture sources. This is similar to the findings of
Sodemann and Zubler| (2010) which found differences of moisture sources of northern

41
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and southern Alpine regions with ERA-40 data.

We found that the most intense IVTs occur in summer and autumn (Table [4.1)). As
mentioned previously, the directions of the most frequent IVTs are also important
for the most intense IVTs. Summer and autumn exhibit a higher percentage of IVTs
coming from these directions compared to the other seasons. The frequency of north-
easterly IVTs is lower in summer compared to the other seasons. However, the summer
is the season which exhibits the most intense IVTs coming from the North-East (Figure
[.1). It is conceivable that these intense IVTs coming from the North-East have their
moisture source in the Mediterranean Sea and the moisture is then transported around
the Alps (Petrow et al., 2007; Mudelsee et al., 2004). We hypothesise that this transport
is caused by a Vb weather situation which is characterised by a low pressure system in
the Adriatic region and consequently leads to a cyclonic flow around the Alps (Beurton
and Thieken, 2009; Mudelsee et al., 2004]).

Interestingly, the intensity of IVTs differs between the regions. The main reason
presents probably the difference of the surface pressure between the regions. The
surface pressure indicates the level of the region. Thus, the lower the surface pressure
the higher the region is located in altitude. Table[5.T|shows the mean surface pressure,
the 95% quantile and the maximum of IVT calculated over the whole ERA-Interim
time period for each region. The 95% quantile and the maximum of IVT are much
higher for Eastern Switzerland and Jura compared to the other regions, since they are
located higher and thus have lower mean surface pressure. This shows that there is
already a loss of moisture due to the topography before it is vertically integrated.

5.1.2 Yearly cycles

The yearly cycles of IVT, TPW and steering wind show that the yearly cycle of IVT is
similar to that of TPW. July and February are the months when the monthly mean of

95% quantile Maximum of
of IVT IVT
[kgm~'s7!] [kgm~'s!]

Mean surface
pressure [hPa]

Prealps 890 225 483
Eastern

Switzerland 950 31 7l
Jura 960 321 688
Ticino 890 174 448
Valais 850 165 361

Table 5.1: Mean surface pressure, 95% quantile and maximum of IVT are calculated over the
whole ERA-Interim time period (1979-2011) for the different regions.
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IVT is highest and lowest respectively. This is found in all regions except for Eastern
Switzerland, where April exhibits the lowest monthly mean of IVT. This is similar for
TPW, where the monthly mean of TPW is highest and lowest in the months of August
and February respectively. Steering wind shows a different pattern, since December
and August are the months in which the monthly mean of steering wind is highest and

lowest respectively.

Hence, intense IVTs can be found in all months (Figure[4.4)), because the seasonality of
TPW and steering wind compensate each other. Furthermore, intense cyclones occur
in all seasons (Raible et al.,[2008)) and can lead to intense IVTs. However, the highest
monthly 99% quantile of IVT is found for September and October. These are the
months when the TPW exhibits still higher values and the winds get stronger.

5.1.3 Vertical profiles

The vertical profiles of the moisture flux, specific humidity and wind speed show the
same seasonal cycle as discussed in the previous section for IVT, TPW and steering
wind. The mean moisture flux and mean specific humidity are strongest during sum-
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Figure 5.1: Vertical profile of the moisture flux [g m—2s~'] (black), specific humidity [gkg™ "]
(blue) and wind speed [ms~'] (red) on 27 September 1987 at 12 UTC. The continuous lines
show the ERA-Interim data in Jura and the dashed lines show the radio sounding data.
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mer throughout the whole vertical profile, whereas the mean wind speed is strongest
during winter.

The biggest difference between the northern and southern Alpine regions are the weaker
mean moisture fluxes in the southern Alpine regions (Figure 7). Comparing the ver-
tical profiles of specific humidity and wind speed (Figure 4.8 and {£.9), we find that
the specific humidity is only mildly lower in the southern Alpine regions. However,
the wind speed is much lower near the surface in the southern Alpine regions and does
not increase with height as fast as in the northern Alpine regions. This could be due to
the orographical situation in the southern Alpine regions which leads to the difference
between the northern and southern Alpine regions.

The vertical profiles of the seasonal mean of specific humidity show a strong seasonal
cycle (Figure .8). This is expected due to the temperature dependence of the water
vapour capacity of the air. Cooler and thus drier air leads to a higher moist-adiabatic
lapse rate which is closer to the dry adiabatic lapse rate (Ambaum), 2010). It can be
explained by the fact that a lifted dry air parcel condensates less vapour than a moist
air parcel. Condensation of water vapour induces latent heat release which weakens
the moist-adiabatic lapse rate (Ambaum, 2010).

Analyses of moisture fluxes on flood days indicate that the intensity at low level is an
important factor for flood events (e.g. Figure[5.1). This moist low level jet is forced to
ascend due to orography and triggers precipiation (e.g. [Martius et al., [2006; Panziera
and Germann, [2010). Furthermore, Froidevaux| (2014) shows that the direction of
moisture flux is crucial. Moisture fluxes perpendicular to the topography are much
more effective in triggering floods than fluxes along the topography.
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5.2 Temporal variability

5.2.1 Interannual variability

The interannual variability is very distinct for IVT with amplitudes varying between
plus and minus 15% (Figure 4.10). The interannual variability of steering wind ex-
hibits almost the same amplitudes as IVT. However, the interannual variability of TPW
is less disinct, with amplitudes of about 5 to 10%. Therefore, the explained variance
R? for the interannual variability of IVT is higher for steering wind than for TPW as
a predictor (Table .2)). However, it is remarkable that the wind on a certain pressure
level shows similar or even higher R? than steering wind.

The R? for the interannual variability of IVT was also calculated with data of North
Atlantic Oscillation (NAO) index and El Nifio/Southern Oscillation (ENSO) index.
However, the R? did not reveal any significant correlation between the interannual
variability of IVT and the two climate indices. This is similar to the findings of Sode-
mann and Zubler (2010) who did not find any significant correlation between moisture
source variability for Alpine precipitation and the two climate indices. [Trenberth et al.
(2005) already show that precipitable water is strongly linked with the sea surface
temperature variability in the Tropics. Thus, it would be interesting to investigate the
correlation between the interannual variability of IVT and the SST variability in the
Mediterranean Sea and North Atlantic.

We found that the years of maximal and minimal yearly mean of IVT show distinct
differences of the frequencies of IVT direction. The directions from where more in-
tense IVTs come from are more frequent for years of maximal yearly mean of IVT.
The directions, which get more frequent, are South-West and West for northern Alpine
regions and South-West, West and North-West for southern Alpine regions. The fre-
quencies for these directions increase by 5 to 10% compared to the frequencies of
the years of minimal yearly mean of IVT. This implies that the frequency of IVT di-
rections explains to some degree the interannual variability of IVT. Thus, an analysis
of the variability of circulation types could help to better understand the interannual
variability of IVT.

5.2.2 Wavelet analyses

The wavelet analyses show statistically significant oscillation bands between 5 and 8
years for the standardised yearly mean of IVT in all regions for ERA-Interim data.
However, the oscillation bands are only statistically significant in the end of the 20th
century for 20CR data. This implies that the oscillation band between 5 and 8 years
is not a stable mode in time. The standardised yearly mean of TPW and steering
wind exhibit a similar oscillation band as the standardised yearly mean of IVT for
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ERA-Interim data. However, the yearly mean of steering wind does not feature this
oscillation band between 5 and 8 years in the end of the 20th century for 20CR data.

The standardised yearly mean of IVT of 20CR data shows statistically significant
wavelet power in the oscillation band above 32 years. These oscillation bands are
visible for all regions. The steering wind also exhibits these oscillation bands. It sug-
gests that the wind is responsible for this periodicity of IVT of more than 32 years.
This is in agreement with the results of |Welker and Martius| (2013)). They found that
hazardous winds in winter exhibit decadal-scale variability with periods between 36
and 47 years.

Regarding the wavelet analyses of the standardised seasonal mean of IVT, the oscilla-
tion bands are visible in all seasons but they are most distinct in autumn. However, this
is not the case for the standardised seasonal mean of TPW and steering wind. While
the steering wind does not exhibit statistically significant oscillation bands between
5 and 8 years in spring, the same is true for TPW in summer in the southern Alpine
regions. The most distinct oscillation bands are featured in spring for TPW and in win-
ter for steering wind. In the other seasons, the oscillation bands are less distinct and
occur at different frequencies. However, it seems that TPW is more important for the
periodicity of IVT in spring, whereas the steering wind is more important in winter.

5.2.3 Trend analyses

The trend analyses reveal negative trends of the yearly mean, the yearly 90% quantile
and the yearly maximum of IVT over the defined regions with ERA-Interim data (Ta-
bles {.3] .4 and [4.5). However, no trend is statistically significant. These negative
trends are consistent throughout the Alpine region but there are also positive trends in
the South-East of the Alpine region around the Gulf of Venice (Figure [5.2).

Comparing the trends of ERA-Interim data with 20CR data, we can find only one neg-
ative trend of the yearly mean of IVT with 20 CR data, namely in Eastern Switzerland
(Table 4.6). The trends of 20CR and ERA-Interim are contrasting because the trends
of yearly mean of steering wind are positive with 20CR data and negative with ERA-
Interim data. These trends of steering wind are stronger than the trends of the yearly
mean of TPW which are negative with 20CR data and positive with ERA-Interim data.
Thus, the trends of steering wind predominate the trends of TPW and determine the
trends of IVT for ERA-Interim and 20CR data.

If the trends of the yearly mean of IVT are calculated with 20CR data only for the time
period 1979 to 2010, the trends are even more positive than for the whole 20CR time
period. However, the trends of the yearly mean of TPW and steering wind are positive
and negative respectively. These trends are in contrast to the trends of the whole 20CR
time period but they are similar to the trends with ERA-Interim data. In this case, the



5.2. TEMPORAL VARIABILITY 47

2.25
48N
15
0.75
46N 0
~0.75
15
44N
_2.25

6E 8E 10E 12E 14E 16E

Trends of the yearly mean of IVT [%/decade]

Figure 5.2: Map showing the trends of the yearly mean of IVT [%/decade] for the ERA-Interim
time period (1979-2011). The dashed grid boxes show statistically significant trends at the 5%
significance level for two-sided tests.

trends of TPW are stronger than the trends of steering wind and lead to these positive
trends of the yearly mean of IVT.

The trends of the seasonal mean of IVT are slightly positive in summer for all regions
except for Eastern Switzerland. The other seasons reveal negative trends. TPW ex-
hibits positive trends in summer and also in spring for all regions. These trends of the
seasonal mean of TPW are in accordance with the findings of [Mattar et al.| (2011)) who
used the reanalysis data from National Center of Envirionmental Prediction (NCEP-1)

and radio sounding data for their analyses. The trends of the seasonal mean of steering
wind exhibit only negative trends except in summer for Jura. These negative trends are
stronger in autumn and winter than in spring and summer but only the trends in winter
for the southern Alpine regions are statistically significant.

In summary, there are opposing trends of IVT for the different seasons. Furthermore,
most of the trends are not statistically significant, including the trends of the 90% quan-
tile and the maximum. Most of the trends of TPW are also not statistically significant.
However, the map of the yearly mean of TPW (Figure [5.3) shows that there are sev-
eral statistically significant trends in the eastern and south-eastern parts of the Alpine
region. Regarding the whole of Europe, previous studies have shown that the positive
trends of column integrated water vapour over Europe are only small and not statisti-
cally significant (Trenberth et al., 2005; Ross and Elliott, 2001)). These weak trends
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are mostly caused by the fact that reanalysis products suffer from time dependent bi-
ases 2013). The trends of steering wind also did not reveal many statistically
significant trends although most of the trends are negative. Bett et al.| (2013) did also
not find any evident trends in wind speed across Europe with 20CR data due to the

large decadal variability.

48N ‘
’
/
| =
=
= 0.75
=
=
46N — —| o
=
-0.75
44N

6E 8E 10E 12E 14E 16E
Trends of the yearly mean of TPW [%/decade]

Figure 5.3: Map showing the trends of the yearly mean of TPW [%/decade] for the ERA-
Interim time period (1979-2011). The dashed grid boxes show statistically significant trends
at the 5% significance level for two-sided tests.



Chapter 6

Conclusions

Previous studies have assessed the importance of atmospheric rivers for the moisture
transport in the extratropics and their contribution to flood events. However, the exist-
ing literature lacks a perspective on climatological characteristics and temporal vari-
ability of local moisture fluxes. To account for this gap of knowledge, the study at hand
investigated the climatological characteristics and the temporal variability of IVT. The
analyses were performed for different Alpine regions.

6.1 Summary
The following climatological characteristics were found:

e Daily mean IVT amplitudes strongly depend on the direction of the flow. The
northern Alpine regions exhibit two peaks from where the most intense IVTs
come. One peak is represented by the IVTs coming from the North-East and the
other peak is associated with westerly and south-westerly IVTs. The southern
Alpine regions show a less distinct pattern. There, westerly, south-westerly and
southerly IVTs are mainly responsible for the most intense IVTs.

* The northern and southern Alpine regions show that the direcitons where the
most intense IVTs come from are also the most frequent directions for IVTs.
The differences between the seasonal frequency of the IVT direction are about
5to 10%.

* The most intense IVTs occur in summer and autumn with maximal IVTs of
about 600 to 700 kg m~'s~! in northern Alpine regions and 300 to 400 kg m~'s~!
in southern Alpine regions. However, weak IVTs are most frequent. In north-
ern Alpine regions about 80% of the IVTs are below 200kgm~'s~!. For the
southern Alpine regions, this percentage is around 95%.
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CHAPTER 6. CONCLUSIONS

* The yearly cycle of IVT shows that the highest monthly mean can be found in

July and the lowest in February or April. This is similar to the yearly cycle
of TPW, which exhibits the highest monthly mean in August and the lowest
in February. In contrast, the yearly cycle of steering wind features the highest
monthly mean in December and the lowest in August. The highest monthly 99%
quantile of IVT is calculated for September and October. These are the months

when the TPW still exhibits higher values and the winds get stronger.

The vertical profiles show that most intense mean moisture flux occurs in sum-
mer. The level that exhibits the strongest intensity of the mean moisture flux
is betweem 50 and 100 hPa above the surface level. This is caused by the fact
that the wind speed increases with height up to 200 hPa, whereas the specific
humdity decreases rapidly with height.

The following characteristics of temporal variability were found:

* The interannual variability of IVT is around 10 to 15%. This interannual vari-

ability of IVT is highly correlated with the interannual variability of steering
wind. The R? is about 0.8 depending on the region. This R? is even higher if
it is calculated with the wind speed on a specific pressure level, which varies
between 750 and 650 hPa depending on the region. The R? is clearly lower for
TPW, with values around 0.5 for northern Alpine regions and with values below
0.25 for southern Alpine regions.

The wavelet analyses show that IVT exhibits a periodicty of 5 to 8 years in the
end of the 20th century. However, it is not possible to ascribe the periodicty
of IVT to the periodicty of TPW or steering wind because both of them feature
also a periodicity of 5 to 8 years. IVT shows also a decadal-scale variability with
periods of more than 36 years. This periodicity can be ascribed to the steering
wind which also exhibits a periodicity of more than 36 years.

The trends of the yearly mean, the yearly 90% quantile and the yearly maximum
of IVT are all negative over Switzerland with ERA-Interim data. The trends of
the seasonal mean of IVT are positive in summer in 4 of 5 regions and negative
in all other seasons. However, no trend is statistically significant. The trends of
TPW and steering wind are in most of the cases contrary because TPW exhibits
positive trends, whereas steering wind shows negative trends. This implies that
the trends of steering wind predominate the trends of TPW and determine the
negative trends of IVT. However, most of the trends of TPW and steering wind
are also not statistically significant which is in accordance with other studies.
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6.2 Outlook

In this last section, some open issues are shortly discussed and therefore possible re-
search topics are presented.

The interannual variability of IVT is not fully understood. Thus, the following points
should be further elucidated. As mentioned in the discussion chapter, the interannual
variability of IVT could be correlated with the SST variability in the Mediterranean Sea
and North Atlantic. Furthermore, the investigation of the frequency of circulation types
presents an additional point which could increase the comprehension of the interannual
variability of IVT.

The wavelet analyses reveal some remarkable patterns of the periodicity of IVT. How-
ever, the analyses are largely descriptive. Thus, subsequent research should focus on
the reasons for the periodicity of IVT. Furthermore, expanding these analyses over the
whole of Europe would already show if the periodicity is detectable also in a wider
area or if it is a small-scale phenomena.
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Figure A.1: Daily mean IVTs of the Prealps. The abscissa represents the IVT direction and the
oridnate the IVT intensity [kg m~'s~']. All days of the ERA-Interim time period (1979-2011)
are shown with green, red, yellow and blue dots for the days in spring, summer, autumn and
winter.
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Figure A.2: Left column: relative frequency of IVT direction for each 45° sector (e.g.
S=157.5°-202.5°). Right column: relative frequency of IVT intensity for each class of 20
kgm~'s~'. Daily mean IVTs of the ERA-Interim time period (1979-2011) are included. The
colors indicate the different seasons (green = spring, red = summer, yellow = autumn, blue =
winter). The plots are shown for the Prealps (upper row), Eastern Switzerland (middle row)

and Valais (lower row).
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Figure A.3: Wind rose plots representing the relative frequency of IVT direction for each 45°
sector (e.g. S = 157.5°-202.5°) for the Prealps|(a)] Eastern Switzerland and Valais |(c)
Daily mean IVTs of the ERA-Interim time period (1979-2011) are included. The colors indicate
different quantile limits (yellow = 0-25%, green = 25-50%, orange = 50-75%, blue = 75-95%,
red = 95-100%) and their percentage for each 45° sector.
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Figure A.4: Mean vertical profile of the moisture flux [g m~2s~ | (upper row), specific humidity
[g kg’lj (middle row) and wind speed [m s~ (lower row) at 12 UTC including all days of the
ERA-Interim time period (1979-2011). The colors of the lines indicate the seasons with green,
red, yellow and blue indicating the mean intensity in spring, summer, autmn and winter. The
black line shows the mean over all seasons and the dashed black lines limit the range from plus
to minus one standard deviation from the yearly means. The vertical profiles are shown for the
Prealps (left column), Eastern Switzerland (middle column) and Ticino (right column).
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Figure A.6: CWT power spectra of the standardized yearly mean of IVT (upper row), TPW
(middle row) and steering wind (lower row) in the Prealps (left column), Eastern Switzerland
(middle column) and Valais (right column) for the ERA-Interim time period (1979-2011). The
abscissa indicates the time and the ordinate features the period in years. The black contour
lines show the 5% significance level. The dashed white line denotes the COI where edge effects
become important.
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Figure A.7: CWT power spectra of the standardized yearly mean of IVT (upper row), TPW
(middle row) and steering wind (lower row) in Eastern Switzerland (left column) and Southern
Alps (right column) for the 20CR time period (1871-2010). The abscissa indicates the time and
the ordinate features the period in years. The black contour lines show the 5% significance
level. The dashed white line denotes the COI where edge effects become important.
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show statistically significant trends at the 5% significance level for two-sided tests.
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