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In May 2014, the Balkans were hit by a Vb-type cyclone that brought disastrous flooding and severe damage to
Bosnia and Herzegovina, Serbia, and Croatia. Vb cyclones migrate from the Mediterranean, where they absorb
warm and moist air, to the north, often causing flooding in central/eastern Europe. Extreme rainfall events are
increasing on a global scale, and both thermodynamic and dynamical mechanisms play a role. Where thermo-
dynamic aspects are generally well understood, there is large uncertainty associated with current and future
changes in dynamics. We study the climatic and meteorological factors that influenced the catastrophic
flooding in the Balkans, where we focus on large-scale circulation. We show that the Vb cyclone was unusually
stationary, bringing extreme rainfall for several consecutive days, and that this situation was likely linked to a
quasi-stationary circumglobal Rossby wave train. We provide evidence that this quasi-stationary wave was am-
plified by wave resonance. Statistical analysis of daily spring rainfall over the Balkan region reveals significant
upward trends over 1950-2014, especially in the high quantiles relevant for flooding events. These changes
cannot be explained by simple thermodynamic arguments, and we thus argue that dynamical processes likely

played a role in increasing flood risks over the Balkans.

INTRODUCTION

The frequency and intensity of daily precipitation extremes have in-
creased over the last decades in many regions throughout the world
(1-4). On a global scale, this rise can largely be explained by thermo-
dynamic arguments: The increased water-holding capacity of warmer
air, as described by the Clausius-Clapeyron equation, intensifies heavy
rainfall by about 7% per degree Celsius of warming (2, 5, 6). These
thermodynamic aspects are well understood and reasonably well cap-
tured by global climate models, which project further increases in the
future, notably over the tropics and high latitudes (7, 8).

Dynamical changes might affect extreme rainfall events in more
localized, complex, and nonlinear ways (9, 10). On a local scale, changes
in convective regimes as a response to higher temperatures can in-
crease rainfall intensity at a rate exceeding the Clausius-Clapeyron
rate (11-14). In the eastern Mediterranean, sea-surface temperatures
have warmed about twice as fast compared to the global oceans (15),
enhancing the lower tropospheric instability and thereby possibly
allowing deep convection to be triggered (14). Also, changes in large-
scale circulation can affect the occurrence of extreme weather events
(16-20). Several high-impact extreme weather events in the Northern
Hemisphere, including heavy rainfall, have been associated with anom-
alous, high-amplitude, quasi-stationary Rossby waves (21, 22). Recently,
wave resonance has been proposed as a common driver behind several
of these persistent high-amplitude wave patterns in spring and summer
(21). Under specific wind conditions, a waveguide can develop in the
atmosphere, which reflects planetary waves at northern and southern
latitudes, thereby trapping them inside the mid-latitudes and allowing
them to resonate. Although this is predicted by theory (21), it was also
shown statistically in reanalysis data that the presence of resonance
conditions is strongly correlated to the presence of high-amplitude,
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quasi-stationary waves and more extreme surface weather conditions
including heavy rainfall (23).

One prominent resonance event occurred during the summer of
1997 and was associated with the Great European Flood, which was
caused by a Vb cyclone (a particular class of Genoa lows). This class of
cyclones tends to originate in the North Atlantic and then head south-
east toward the Mediterranean Sea and turn back north toward central
and eastern Europe. Carrying warm and moist air from the Mediter-
ranean, they often cause flooding in central and eastern Europe (24-26).
Statistical analysis of Vb cyclones over the period 1971-2000 shows that
their accumulated rainfall increases with residence time, which is
on average approximately 1 day over central Europe (8°E to 22°E/48°N
to 51°N) (27). Only one detected Vb cyclone had a residence time ex-
ceeding 2.5 days: During the summer of 1997, cyclone “Zoe” persisted
over central Europe for 4.5 days, leading to massive flooding (27).

The hemispheric flow during that summer fulfilled resonance
conditions, likely magnifying the observed high-amplitude, quasi-
stationary circumglobal planetary wave (21). This wave was character-
ized by a persistent pattern of southward flow over western Europe
and northward flow over central Europe, forming the right background
flow for a typical Vb cyclone track. Recent years have seen a cluster of
such resonance events in the Northern Hemisphere (23). Generally, cli-
mate models struggle in capturing summertime Rossby waves and
blockings (9, 17), and likewise, there is large uncertainty in future pro-
jections of circulation-related fields (28, 29). An improved understand-
ing of the underlying dynamical mechanisms is thus critical.

RESULTS

Balkan floods of May 2014

Here, we examine the climatic and meteorological factors that led to
the disastrous flooding in the Balkans in May 2014. In the main
affected region, the Sava River basin in Bosnia and Herzegovina, the
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Fig. 1. Daily precipitation averaged over the BHSC region during the first half of 2014, showing clusters of heavy rainfall in April and around
3 May (dark blue), before the record-breaking rainfall events associated with cyclone Yvette (14 May; dark blue). Horizontal lines indicate
monthly means for April and May 2014 (dashed) and their climatology (dotted).

rainfall between 14 and 19 May 2014 set record values in the 120-year
observational data (30). The economic damage was estimated at up to
€3.5 billion for Serbia and Bosnia and Herzegovina, and several dozen
casualties were reported (31). Unusually, rainy conditions in April and
early May provided a favorable precondition for the flooding event
in the Balkans in mid-May 2014. Figure 1 provides daily rainfall aver-
aged over Bosnia and Herzegovina, Serbia, and Croatia (hereafter the
BHSC region) during the first half of 2014, showing several clusters of
heavy rain in late April and early May. On 3 and 4 May, nearly 50% of
the May 1950-2013 climatological precipitation (of ~70 mm/month)
fell in only 48 hours. The maximum 2-day precipitation reached 61.6 mm
locally, amounting to 85% of the May climatology. These sustained wet
conditions over several weeks strongly increased soil moisture content and
thus were an important factor for the later flooding event (see figs. S1 and S2).

On 13 May, the cyclone (internationally named “Yvette”) moved
over the Mediterranean Sea heading to southeastern Europe. Supplied
with moist and warm air from the Adriatic Sea, it reached the Balkan
Peninsula, where the air experienced strong orographic lifting over the
Dinaric Alps. This led to extraordinary high precipitation amounts,
which were sustained over 4 days. Only by 17 May did the cyclone leave
the Balkan region, moving northward to Poland.

The rainfall amounts from this cyclone far surpassed the values of
the previous weeks. The 4-day rainfall (13 to 16 May), shown in Fig. 2,
exceeded 90 mm on average in the BHSC region, which is substantially
more than the May climatology. Most rain fell on 14 May, with the
region receiving nearly 40 mm (see Fig. 1). The maximum amount ac-
cumulated over these 4 days reached 210.5 mm in a location roughly at
the border between Serbia and Bosnia, corresponding to almost three
times the climatological precipitation in May in that area (Fig. 2). The
highest daily rainfall rate exceeded 100 mm in the same region on 14 May,
setting a new record in the observational period (fig. S1).

Figure 2 shows the cyclone track based on the lowest core pressures
and provides evidence for the near stationarity of the cyclone during
the flooding event. For at least 72 hours (from 13 May 6:00 a.m. to 16 May
6:00 a.m.), the cyclone’s core was in close proximity to the BHSC re-
gion, before moving further northward on the typical Vb storm track.
This track closely matches the patterns of the 4-day rainfall analysis,
with the highest precipitation amounts observed on 13 to 15 May 2014
(fig. S1).
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Fig. 2. Accumulated rainfall (blue colors) over southeastern Europe
from 13 to 16 May 2014 (in millimeters) and the position of cyclone
Yvette tracked by its lowest core pressures (red line). Large red dots
represent the position at 12:00 a.m. with the date labeled, and small red
dots indicate positions at 6:00 a.m., 12:00 p.m., and 6:00 p.m.

Quantile regressions

To quantify how unusual such rainfall amounts are, we performed quan-
tile regressions of daily precipitation over the BHSC region during spring
(March, April, May, and June; hereafter MAMY]) over the 1950-2014
period (Fig. 3). A significant upward trend is detected in the mean daily
rainfall, although the magnitude of change is small (~0.005 mm/day
per year). Much more pronounced upward trends are detected in the
upper quantiles between 90 and 99%, that is, those relevant for flood-
ing events. The 99th percentile (with a value of about 14 mm/day) in
particular shows a strong upward trend of about 5 mm/day over 65 years
(0.07 mm/day per year, that is, more than 10 times larger than the mean
trend), reflecting an increase in rainfall intensity of about 35%. Regional
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Fig. 3. Increased heavy rainfall days over the BHSC region during spring. (A) Daily rainfall distribution for days in MAMJ (dots) plus linear re-
gressions of the mean, median, and the 95th and 99th quantile for 1950-2014. (B) Linear trend of different quantiles in daily rainfall during spring
showing strong and significant trends in the upper tail. (C) Number of days exceeding the 95th and 99th rainfall percentile during spring in the BHSC

region.

spring temperatures warmed by ~1°C over 19502014 (fig. S3) and thus
the increased water-holding capacity can only explain an increase in
rainfall intensity of 1 mm/day over this period (7% of 14 mm/day).
Thermodynamics can only explain a fraction of the observed increase in
rainfall intensity of 5 mm/day. Upper quantile trends have broader
confidence intervals, compared to the median, as fewer data are avail-
able, but are nevertheless highly significant (Fig. 3B). This has increased
the probability of extreme rainfall events, with the number of days ex-
ceeding the 99th percentile more than doubling (see Fig. 3C).

Hemispheric wind field analysis

To understand the near stationarity of cyclone Yvette, we analyzed
the hemispheric scale circulation patterns during May 2014. The
wind field at 300 hPa on 13 May (Fig. 4A) shows strongly meandering
jet stream patterns in the Northern Hemisphere mid-latitudes. These
meandering patterns were due to a strong contribution of a quasi-
stationary wave with wave number k = 6, as can be seen in the roughly
six peaks of the meridional wind component (v) at relatively regular
distances in the 15-day running mean data (see Fig. 4B). Spectral analy-
ses confirm that wave 6 was indeed the dominant contributor to the
large-scale flow (Fig. 4C). The large v amplitudes in the 15-day running
mean data, up to 20 m/s locally (usual values are around 5 m/s), indicate
that this wave is indeed quasi-stationary (from 6 to 20 May 2014). This
wave pattern was characterized by a persistent southward flow over
western Europe (blue region stretching from Netherlands to southern
Italy) and a persistent northward flow over eastern Europe (red region
north of the Black Sea), as can also be seen in the total wind field (Fig.
4A). Thus, these analyses indicate that the typical Vb cyclone track and
unusual near-stationary weather situation were facilitated by a quasi-
stationary Rossby wave.

During the period immediately before and after the flooding event,
the pattern of the zonal mean zonal wind (U) satisfied the conditions
for wave resonance in the upper level flow (21). The main condition
for resonance is the formation of a zonally directed waveguide, which
depends on the shape of U and on the wave number k of the trapped
wave only. As derived from the barotropic vorticity equation on a
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sphere and discussed by Petoukhov et al. (21), the square of the me-
ridional wave number (/%) is given by

2Qcos’¢  cos’q d*U
aU a*U d¢?
\2
)
where a is Earth’s radius, Q is its angular velocity, ¢ is latitude, and is
a complex number. For a waveguide to form, I* has to be positive in-
side the waveguide and has to change sign at its latitudinal boundaries,
or turning points, such that the wave’s energy is largely reflected.
Waves of this particular wave number k thus become a preferred mode
of oscillation of the atmosphere. If this preferred value of k is an integer
(or at least close to one), a quasi-stationary wave circling the whole globe
in the mid-latitudes is set up, which may resonate with the thermal
and orographic forcing pattern and thus grow to large amplitude. In
contrast, waves with values of k for which no waveguide exists can dis-
perse out of the mid-latitudes toward the pole and the equator and
therefore decay rapidly.

To check for the presence of a waveguide, we plot (a” + k%) for the
15-day running mean data centered on 13 May 2014 (Fig. 4D), which
thus solely depends on U and latitude (as seen by multiplying the
equation by a* and moving the last term to the left side). The right ver-
tical axis gives the corresponding k values for * = 0, that is, for the turn-
ing points. Two turning points at sufficiently large distance emerge for
k = 6 at 34°N and 40°N, with positive values of I* (a “hump”) in between.
Thus, a waveguide for wave k = 6 exists (that is, straight resonance, as k is
an integer number; see the Supplementary Materials), effectively trapping
it in the mid-latitudes, and its quasi-stationary component can therefore
be amplified by resonance with thermal and orographic forcing.

The second major condition for resonant growth of planetary wave
amplitudes is the presence of a matching forcing, in this case at wave num-
ber 6. Equation 3 in Petoukhov et al. (21) predicts the amplitude of reso-
nant waves from the amplitude of the forcing at the resonant wave

singcospdU 1

a*U de a2

P (U, k, )
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Fig. 4. Upper-level hemispheric circulation in May 2014. (A) Total wind field (in meters per second) at 300 mb over the Northern Hemisphere mid-
latitudes on 13 May (daily mean). Color displays the magnitude of the flow, and arrows indicate direction. (B) Meridional component of the wind speed
(in meters per second) averaged from 6 to 20 May 2014, revealing a quasi-stationary wave 6 pattern. (C) Spectral contributions of different wave
numbers to the meridional wind field averaged from 35°N to 60°N and from 6 to 20 May 2014. (D) Latitudinal distribution of the square of the stationary
wave number given by (Pa® + k%), which gives the location of possible turning points for any given k indicated on the right vertical axis. It shows that a
waveguide for wave number 6 forms from 34°N to 40°N (dashed lines). The vertical dashed black lines indicate the latitudinal positions of the turning
points for wave number 6 as given by the crossing of the horizontal dashed black lines with the right y axis.

number, including the eftect of atmospheric friction, which limits the final
amplitude. The amplitude of orographic and thermal forcing is calculated
from the topography data and the temperature fields in the reanalysis data.
The resulting predicted amplitude of the resonant wave 6 during the
Balkan flooding event is 3.4 to 7.6 m/s, with the uncertainty stemming
from the estimated magnitude of the friction term (see the Supplementary
Materials). This predicted amplitude of the resonant wave matches the ob-
served amplitude of ~4 m/s of the quasi-stationary wave 6.

DISCUSSION

The reported co-occurrence of resonance and a quasi-stationary Vb
cyclone in May 2014 does not demonstrate a direct link between the
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two phenomena. Still, the two most persistent Vb cyclones in the re-
analysis data occurred during resonance conditions, that is, cyclone
Zoe in 1997 and cyclone Yvette in 2014, both causing massive flooding.
In a wider sense, the statistical relationship between resonance, slow wave
speeds, and surface extremes, including heavy rainfall, has been dem-
onstrated in data (23), as also predicted by theory (2I). Therefore, we
conclude that the quasi-stationarity of cyclone Yvette and, therefore, the
flooding event itself were made more likely due to the presence of res-
onance conditions. A statistical quantification of the relationship be-
tween resonance and quasi-stationary Vb cyclones is hampered by
the shortness of the time series and the rareness of both phenomena.
This study has identified several factors that contributed to the ex-
treme flooding in the Balkans in spring 2014. First of all, the flooding
was caused by heavy rain falling over a period of 4 days on already wet
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soils. The precipitation amounts connected to the low-pressure system
Yvette exceeded record values and were initiated by orographic lifting
of the cyclone on the Vb storm track. Further, we show that during
the days of flooding, the cyclone was almost stationary over the Balkan
region. This weather situation was linked to a high-amplitude, quasi-
stationary Rossby wave likely amplified by hemispheric wave resonance.
We thus present evidence that the extreme flooding event in the BHSC
region was related to a strong wave 6 flow pattern under resonance con-
ditions. Upward trends in the heaviest rainfall, as shown with quantile
regressions, greatly exceed the 7% per degree Celsius of warming ex-
pected from the Clausius-Clapeyron equation. Thus, simple warming
cannot explain the magnitude of the trend, indicating that changes in
dynamical processes, due to either natural variability or anthropogenic
climate change, are important.

Our findings are in agreement with the recent cluster of resonance
events leading to high-amplitude, quasi-stationary waves (23). Resonance
conditions have been found to be fulfilled for many recent weather
extremes, which caused devastation especially due to their persistence.
Substantial changes have been detected in the Northern Hemisphere
warm season circulation over the last decades: The zonal mean flow
and storm tracks have weakened (32, 33), and the frequency and per-
sistence of blocking anticyclones appear to have increased in summer
over several mid-latitude regions, including Europe and western Asia
(34). These dynamical changes indicate more persistent warm season
circulation in the mid-latitudes, especially over Europe and western
Asia, and are thus favorable for the occurrence of the synoptic situation
analyzed here. Moreover, our study highlights the importance of reso-
nant circulation regimes in steering Vb cyclones and, thereby, in trig-
gering extreme flooding in central and eastern Europe. In future work,
we will aim to understand the underlying drivers of resonance events
and to quantify their effect on weather patterns in different Northern
Hemisphere regions.

METHODS

Observations

To estimate the precipitation amounts in the affected area, daily ob-
servational precipitation totals were extracted from the European Cli-
mate Assessment and Dataset using the E-OBS daily gridded data set
(35). This set was used because of the regular 0.25° x 0.25° high-resolution
grid and the relatively long time series starting from 1950 to June 2014.
It contains land-only data covering the European region in 25°N to
75°N longitude and 40°W to 75°E latitude.

Reanalysis

To detect and track the cyclone, we used sea level pressures from
ERA-Interim reanalysis (36). These 6-hourly data come at a high spatial
resolution of 0.75° x 0.75° on a global Gaussian grid. To estimate
the saturation of the soils, we used daily values for volumetric soil water
layer of four different layers between depths of 0 and 255 cm below land
surface. We also analyzed daily mean zonal (U) and meridional (v)
wind components at different pressure levels.

Land mask

To extract the area-averaged values and cumulative precipitation in
the affected region, we created a land mask. Therefore, grid informa-
tion about latitudes and longitudes of the BHSC region was extracted
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from the database of global administrative areas. This way, a mask is
constructed with the same resolution as the E-OBS precipitation grid
(0.25° x 0.25°). Using this land mask, area-averaged precipitation
anomalies for the period January to June 2014 were computed with
respect to the 1950-2013 climatology.

Quantile regressions

Trend analyses were made for the daily precipitation totals over the
full time period of 65 years. The statistical significance was determined
using quantile regression. Trend analyses can be made with a diversity
of techniques. Here, the method of ordinary least squares for linear
regression was used in addition to the quantile regression, where
the median served as a solution for the minimization problem of the
sum of absolute residuals. This method can be applied for each quan-
tile of the distribution function separately, and therefore, it is more
robust in handling outliers and applicable to asymmetrical distribu-
tions (37).

Cyclone track
To reproduce the pathway of this individual cyclone, 6-hourly sea level
pressure fields from ERA-Interim were used (36).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/4/e1501428/DC1

Amplitude calculation

fig. S1. Daily precipitation totals (in millimeters) for several days of May 2014.

fig. S2. Anomalies for mean volumetric soil water layers (soil moisture) in April and May 2014.
fig. S3. Spring (MAMJ) Goddard Institute for Space Studies surface temperature anomalies over
the region extending from 12°E to 28°E and from 32°N to 46°N showing that warming in this
region has been about 1°C since 1950.
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