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Abstract
Several past summer floods in Central Europe were associated with so-called Vb-cyclones propagating
from the Mediterranean Sea north-eastward to Central Europe. This study illustrates the usefulness of the
parametric transfer entropy measure TE-linear in investigating heavy Vb-cyclone precipitation events in
the Odra catchment (Poland). With the application of the TE-linear approach, we confirm the impact of
the Mediterranean Sea on precipitation intensification. Moreover, we also detect significant information
exchange to Vb-cyclone precipitation from evaporation over the European continent along the typical
Vb-cyclone pathway. Thus, the Mediterranean Sea could enhance the Vb-cyclone precipitation by pre-
moistening continental moisture source regions that contribute to precipitation downstream in the investigated
catchments. Overall, the transfer entropy approach with the measure TE-linear proved to be computationally
effective and complementary to traditional methods such as Lagrangian and Eulerian diagnostics.

Keywords: Vb-cyclones, heavy precipitation events, transfer entropy, Odra, Poland, twentieth century
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1 Introduction

Vb-cyclones are defined by their pathway from the Gulf
of Genoa along the eastern fringe of the Alps towards
Central Europe (van Bebber, 1891). Especially during
summer, this cyclone pathway is associated with a high
flood potential in Central Europe (Petrow et al., 2007;
Nissen et al., 2013; Nied et al., 2014) and caused, for ex-
ample, the July 1954 and August 2002 floods (Blöschl
et al., 2013). In previous studies, the origin of flood-
triggering atmospheric moisture during Vb-cyclones has
been investigated with Lagrangian moisture source di-
agnostics (e.g., Grams et al., 2014) or Eulerian mois-
ture tagging (Sodemann et al., 2009; Winschall et al.,
2014). In this study, we present a complementary and
computationally less intensive approach using an infor-
mation theory estimator.

Information theory estimators are based on the con-
cept of Shannon entropy which was introduced by
Shannon (1948) in the context of data compression and
transmission. After the study of Shannon (1948), in-
formation theory methods have been applied to neuro-
sciences (Dimitrov et al., 2011; Li et al., 2019, and ref-
erences therein) and biology (Dancoff and Quastler,
1953), and later on also to other fields like eco-
nomics (e.g., Maasoumi, 1993). In recent years, the
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role of information theory methods has grown also in
earth system sciences in evaluating probabilistic fore-
casts (e.g., Ahrens and Walser, 2008; Weijs et al.,
2010; Krakauer et al., 2013), in evaluating hydrolog-
ical models (Bennett et al., 2019), and in studying
interactions in the global climate systems (e.g., Das
Sharma et al., 2012; Bhaskar et al., 2017; Gerken
et al., 2019; Pothapakula et al., 2019; Yu et al., 2019;
Pothapakula et al., 2020).

Previous studies on information theory methods ap-
plied in climate sciences focused mainly on large spatial
and temporal scales. For example, Bhaskar et al. (2017)
investigated the directional flow of information between
various climate drivers and global mean temperature
anomalies at monthly scales, and Pothapakula et al.
(2019) examined (also with a monthly resolution) the
information exchanged between the Pacific and the In-
dian Ocean. In this short contribution, however, we aim
to motivate the application of information theory meth-
ods in studying the interactions also at regional cli-
mate scales and submonthly resolutions. Furthermore,
we showcase the usefulness of information theory mea-
sures for studying extreme hydro-meteorological events.
In particular, we demonstrate the usage of TE-linear for
studying flood-causing Vb-cyclones in Central Europe.
For this purpose, a transfer entropy (TE, Schreiber,
2000) measure is presented using the example of heavy
Vb-cyclone precipitation in the Odra catchment region
(Poland) in comparison to the climatological summer
season (JJA) precipitation.
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2 Data and methods
2.1 Dynamically downscaled ERA-20C

reanalysis

Even though Vb-cyclones occur about four to ten times
per year, only a few cause flood-triggering rainfall
(Messmer et al., 2015) and hence a long time series with
high spatial resolution is required to analyse the most
intense Vb-cyclone precipitation events. Therefore, we
studied daily evaporation and precipitation sums in the
dynamically downscaled ECMWF twentieth century re-
analysis (ERA-20C; Poli et al., 2016). We used a re-
gional atmosphere-ocean model setup for downscaling
the reanalysis continuously from 1901 to 2010 over an
extended EURO-CORDEX domain (Giorgi et al., 2009)
to a horizontal resolution of about 12 km (Δx = 0.11°;
Krug et al., 2020). The regional climate model Con-
sortium for Small-scale Modelling in Climate Mode
(COSMO-CLM; Rockel et al., 2008) was interactively
coupled with the regional ocean model NEMO (Nucleus
for European Modeling of the Ocean; Madec, 2016)
over the marginal seas (Mediterranean Sea, North Sea,
and Baltic Sea) for an improved representation of the
water cycle components. The model setup and its per-
formance are discussed in Primo et al. (2019).

2.2 Event selection

We tracked all cyclones with a 3-hourly resolution
at mean sea level pressure in our dynamically down-
scaled ERA-20C reanalysis from 1901 to 2010 with the
method of Wernli and Schwierz (2006) and refined
in Sprenger et al. (2017). The cyclone centres were de-
fined by the position of the deepest pressure within a
closed isobar. The cyclone centre locations were then
connected to cyclone tracks by a first guess approach.
Like proposed in Blöschl (2019), we classified all cy-
clones crossing the 47° N latitude northwards between
12° E and 22° E as Vb-cyclones (available at Zenodo,
Krug and Ahrens, 2020). In order to gain more insight
in Vb-cyclone precipitation events, we compare these
events with typical summer conditions since most of the
heavy precipitation Vb-events occurred during the sum-
mer (Chimani, 2012; Messmer et al., 2015).Therefore,
we analysed the information exchange from evapora-
tion to precipitation during all summer months (JJA)
from 1901 to 2010 and compared that with Vb-cyclone
events. To focus on the most intense Vb-cyclone events,
we selected only the 100 highest ranked Vb-cyclone pre-
cipitation events in the Odra catchment region (15.5° E,
19.5° E, 49.5° N, 53° N).

2.3 TE-linear

The Shannon entropy H(X) of a random variable X is
defined as the amount of information needed to describe
the random variable X:

H(X) = −
∑

x

p(x) · log p(x), (2.1)

with the probability mass function p(x) of the random
variable X. If a natural logarithm is applied, the unit of
the entropy is called [nats]. Alternatively, the entropy
can be expressed in [bits] if the logarithm base is 2. The
random variable X is deterministic if the entropy H(X) is
equal to 0 nats (i.e., no uncertainty lies in the prediction
of the outcome of X).

In some cases, the uncertainty in the prediction of X
can be reduced with the knowledge of another random
variable Y . The reduced amount of uncertainty is called
mutual information I. The mutual information is de-
rived from the corresponding Shannon Entropy H as fol-
lows (e.g., Hlaváčová-Schindler et al., 2007; Ben-
nett et al., 2019):

I(X; Y) = I(Y; X) = H(X) + H(Y) − H(X, Y), (2.2)

where H(X,Y) represents the joint entropy, which is
defined as

H(X, Y) = H(Y, X) = −
∑

x

∑

y

p(x, y) · log p(x, y).

(2.3)

One disadvantage of the mutual information I is that it
is a symmetric measure (like correlation). Thus, mutual
information does not reveal the directional information
transfer between X and Y . Moreover, if the systems X
and Y are driven by a common driver Z, the mutual
information fails to unravel the dependence between the
systems X and Y .

In case of a common driver Z, conditioning on the
random variable Z gives a realistic dependence of X
and Y . The corresponding information metric is known
as conditional mutual information and defined as fol-
lows (Hlaváčová-Schindler et al., 2007; Bennett
et al., 2019):

I(Y; X|Z) = H(Y |Z) + H(X|Z) − H(Y, X|Z). (2.4)

Based on this and by assuming a stationary Markov
process, Schreiber (2000) introduced a measure known
as transfer entropy (TE) which takes the dynamics of in-
formation transfer into account by conditioning the mu-
tual information of X and Y to the past of Y . Thus, the TE
is an asymmetric measure which quantifies not only the
intensity but also the direction of information exchange
from the source variable X to the target variable Y . The
TE is often written in terms of conditioned mutual infor-
mation (e.g., Hlaváčová-Schindler et al., 2007; Ben-
nett et al., 2019):

T EX→Y = I(Y; X−|Y−), (2.5)

where X− and Y− denote the whole (possibly infinite)
history of X and Y . As a compromise for computational
complexity, equation (2.5) is usually reduced to follow-
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ing (Schreiber, 2000; Bennett et al., 2019):

TEX→Y = I(Y; Xt−τ |Yt−ω)

TEX→Y =
∑

x

∑

y

p(yt, yt−ω, xt−τ) · log
p(yt |yt−ω, xt−τ)

p(yt |yt−ω)
,

(2.6)

with the time lag τ of the source variable X and the
lag ω of the target variable Y . The values of τ and ω
in equation (2.6) are chosen depending on the system
dynamics (e.g., Vicente et al., 2011; Bennett et al.,
2019).

In this study, we defined as target variable Y the
daily precipitation amount averaged over the selected
Odra catchment region and standardised with the multi-
year (1901–2010) daily mean and standard deviation
for the respective day of the year. Moreover, we de-
fined as source variable X the standardised evapora-
tion anomalies over land and oceanic grid boxes. Dur-
ing Vb-cyclone events, moisture uptake contributing to
precipitation in the selected Odra/Poland region can oc-
cur already within the same day. This is, in particular,
the case for continental source regions close to the se-
lected river catchment and along the Vb-cyclone path-
way, as well as the marginal seas for oceanic source re-
gions. Thus, to keep the presented showcase brief and
focused, we applied the TE-linear measure to daily data
only with the time lags ω = 24 hours (i.e., one time step)
and τ = 0. In other words, we quantified the reduction in
uncertainty about the present state of precipitation in the
Odra catchment when knowing the state of evaporation
during the same day and the precipitation in the Odra
region of the day before (i.e., the persistence in precip-
itation). We refer to this in the following as a zero-day
time lag between the source and target variables.

For calculating the TE, we applied a parametric es-
timation of TE, called TE-linear, which is based on a
multivariate Gaussian assuming linear interactions (ap-
plicable as the standardised anomalies of precipitation
averaged over the selected region of interest and evapo-
ration at individual grid cells were approximately Gaus-
sian distributed). Unlike non-parametric estimations of
TE, the parametric estimation of TE (i.e., TE-linear)
is relatively straightforward and robust, because it is
less sensitive to the length of the time series and free
of tuning parameters (Pothapakula et al., 2019). We
performed a significance test for the TE-linear measure
with a significance level of 0.05 by considering 100 per-
muted surrogates of X and Y to test our hypothesis. In
the following, we set the information exchange to zero
in case it was not significant. For more details on the
significance test, we refer to Lizier (2014). Note that a
TE of 0 nats refers to no information exchange, while
any significant value above zero is considered as infor-
mation exchanged in the following (cf. Lizier, 2014;
Pothapakula et al., 2019; Pothapakula et al., 2020).
The applied source code is available at Zenodo under
doi: 10.5281/zenodo.4568218.

3 Results

Figure 1 shows the information exchange from lo-
cal oceanic evaporation anomalies to precipitation in
the Odra catchment during the whole summer season
(JJA, left panel) and during the 100 highest ranked
Vb-cyclone precipitation events (right panel). During
the summer season, we detected high information ex-
change of more than 1.0 · 10−2 nats (cf. range of val-
ues in Pothapakula et al., 2019; Pothapakula et al.,
2020) from the evaporation over the North Sea, Bay
of Biscay, and Gulf of Lion. During the heavy precip-
itation Vb-cyclones, the western basin of the Mediter-
ranean Sea and the Adriatic Sea show the highest infor-
mation exchange to the event precipitation. Besides, the
information exchange is above 2.0·10−2 nats for evapo-
ration over the North Atlantic, east of Greenland, where
sometimes strong large-scale ocean evaporation occurs
(Aemisegger, 2018).

The information exchange of evaporation anoma-
lies over land during the summer season is highest
(TE-linear > 2.0 ·10−2 nats, Figure 2) within the selected
region in the Odra catchment and surrounding surfaces,
in particular, north of the Alps and westwards of the
Odra catchment, which corresponds to westerlies. For
the selected Vb-events, several regions with high infor-
mation exchange were detected, especially the southern
Alpine region, the Carpathian mountains, and the east-
ern part of the selected catchment region (Figure 2).

4 Discussion

The enhanced information exchange over the Mediter-
ranean Sea during heavy precipitation Vb-cyclones is
in line with previous studies that conclude a sensitivity
of precipitation in Central Europe to Mediterranean Sea
surface temperatures (Volosciuk et al., 2016; Messmer
et al., 2017), even though the Mediterranean moisture
contribution to Vb-cyclone precipitation was only mi-
nor compared to other oceanic source regions during
several past Vb-flood events (e.g., Winschall, 2013;
Winschall et al., 2014; Grams et al., 2014; Kelemen
et al., 2016; Krug et al., submitted). A possible reason
for this might be an intensification of the Vb-cyclones
during their early stages by the short-range transport of
Mediterranean moisture and associated latent-heat re-
lease. Moreover, Mediterranean moisture may be rele-
vant for pre-moistening some continental moisture up-
take regions. The latter hypothesis is supported by the
enhanced information exchange of continental evapora-
tion along the typical Vb-cyclone pathway from north-
ern Italy along the eastern fringe of the Alps towards
northern and eastern Central Europe. Note that the TE
in that area is more homogenous for soil moisture (not
shown here). Thus, the TE approach applied to evapo-
ration does not quantify the overall moisture uptake of
precipitation like with Lagrangian diagnostics, but it de-
tects the source regions associated with a precipitation
intensification.

https://doi.org/10.5281/zenodo.4568218
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Figure 1: Significant information exchange (TE-linear, in 10−2 nats, bootstrapping with 0.05 significance level) from evaporation over the
marginal seas (source) to total precipitation in the Odra catchment (target, black rectangle) during the summer season (JJA, left) and during
the corresponding 100 highest ranked Vb-events (right) from 1901 to 2010.

�� � �� �� ��

��

��

��

��

�� � �� �� ��

��

��

��

��

Figure 2: Same as Figure 1 but for evaporation anomalies over the land.

However, one has to be cautious with the interpreta-
tion of detected regions with high information exchange
because information theory methods and other statisti-
cal approaches like correlation analyses give only in-
dications of causative processes but no clear evidence.
Moreover, detected information exchange which is dis-
tant to the Odra region does not necessarily imply a di-
rect link of evaporation in these remote regions and pre-
cipitation in the Odra catchment via atmospheric mois-
ture transport, especially if short time lags are used in
equation (2.6). Examples of remote regions with high
information exchange are the enhanced information ex-
change from the south-east of Greenland in Figure 1
(right panel) or from areas in eastern Europe and north-
ern Africa in Figure 2 (right panel). These areas might
be linked with contributing moisture uptake regions via
common drivers, for example, an atmospheric blocking
high.

Furthermore, the information theory approach re-
veals no information about the sign of the anomalies
of interest. For example, the information exchange from
the Mediterranean Sea surface temperatures (SST, not

shown here) shows a similar pattern like evaporation
(Figure 1, right). One might deduce that high SSTs in the
western basin enhance the moisture uptake there. How-
ever, Krug et al. (submitted) showed that the opposite
is the case: evaporation was intensified by high wind
speeds and thus associated with lower SST anomalies
for the highest precipitation impact Vb-cyclones, as se-
lected in our study.

Our results with TE-linear are complementary to
previous studies using Lagrangian moisture diagnostics
or Eulerian moisture tagging. In contrast to these ap-
proaches, an advantage of the TE-linear method is that
already a limited number of variables (i.e., total precip-
itation and evaporation) on a daily time scale provides
the required information. For example, the TE-linear
calculation without bootstrapping lasts for the 100 se-
lected Vb-cyclone events and all source grid points
less than one minute on a standard personal computer.
For a moisture tagging analysis, however, tracer parti-
cles have to be implemented directly in the simulation.
For Lagrangian analysis, temporally and spatially high-
resolved 4D variables like atmospheric pressure, specific
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humidity, or wind fields are needed. The computational
effort regarding only the input data is increased in com-
parison with TE-linear by a factor of the number of addi-
tionally used variables, times the number of vertical lev-
els, times a factor of 8 if 3-hourly data is used instead of
daily aggregations. Thus, TE-linear is significantly less
computationally intensive with robust results.

5 Conclusions

The asymmetric information exchange measure TE-
linear proofed as a useful tool for detecting the drivers
of precipitation intensification in the Odra catchment.
Our results show an enhanced information exchange to
heavy Vb-cyclone precipitation from evaporation over
the Mediterranean Sea and the European continent along
the Vb-cyclone pathway. These findings are in accor-
dance with previous studies which conclude a particular
role of the Mediterranean Sea in precipitation intensi-
fication (Volosciuk et al., 2016; Messmer et al., 2017)
and moisture uptake over the continental surfaces (e.g.,
Winschall et al., 2014; Kelemen et al., 2016). Fu-
ture studies might use the TE-linear approach to inves-
tigate potential hydro-climatic drivers and teleconnec-
tions of other flood types, such as rain-on-snow floods
(Merz et al., 2020; Krug et al., 2020). In particular,
large data amounts and long time series can be analysed
robustly and computationally efficiently, for example,
to filter out relevant variables, and regions. The associ-
ated processes can then be studied in further detail with
other, more computationally intensive methods like La-
grangian backward trajectories.
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