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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
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