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Abstract. The aims of the paper are (i) to describe the annualregional rains that occur in the cold, rearward sector of a cy-
distribution of extreme runoff events on the Mura, Drava andclone. Cyclones are frequently of Mediterranean origin and
Sava Rivers, (i) to demonstrate their association with mois-affect central Europe as they move to the north-east along
ture fluxes, and (iii) to explain their annual distribution by the so-called “Vb track” (Seibert et al., 2007; Petrow et al.,
moisture flux climatology. Extreme runoff events were de- 2007). This generalized cyclone track runs along the Alps
fined as rapid increases in daily mean discharge. Moisturénto eastern Europe. Therefore, the south-eastern part of the
flux anomalies were studied within six pixels of the ERA-40 Alps is a very interesting area where both types of heavy pre-
database around the studied region. cipitation events share their impacts through extreme runoff

In general, extreme runoff events were concentrated irevents.
the summer and autumn and were usually associated with There are many studies regarding the moisture sources for
anomalies in moisture flux, mainly from the south. Nev- precipitation in various regions or river basins (e.g., Stohl
ertheless, while southern and western moisture fluxes werand James, 2005). With regard to the Alps, Sodemann and
typical of Sava River events that occurred mainly in autumn,Zubler (2010) recognised the north Atlantic as a major source
summer events prevailed on the Mura River and were fre-of precipitation in the northern part of the mountains and
quently associated with moisture fluxes from the east or thehe Mediterranean as an important source of precipitation in
north. the Southern Alps. Nevertheless, the proportion of different

It is remarkable that moisture fluxes from the west andmoisture sources varies significantly in the Southern Alps
south have their maxima in the autumn, whereas those fronthroughout the year, while a pronounced moisture source
the east and north have their maxima in the summer. Theremaximum occurs in autumn in the western Mediterranean.
fore, the climatology of moisture flux seems to be one of theThe well-pronounced seasonal and the inter-annual variabil-
major reasons for the annual distribution of extreme runoffity of the Mediterranean moisture source seems to be a prob-
events in the study region. This result should be confirmedable reason for the larger variability in precipitation and, con-
in other regions in the future. sequently, higher frequency of precipitation extremes in the
Southern Alps detected by Frei and 8cfi1998).

Our previous research projectRezcova et al., 2005;
1 Introduction Miuller et al., 2009b) as well as other studies (Keil et al.,

1999; James et al., 2004) have clearly demonstrated the asso-

The Alps are one of the most significant climate boundariesciation of heavy precipitation and floods with intense fluxes
in Europe (Wanner et al., 1997). Considering the heavy preof moisture in the troposphere. A similar finding was con-
cipitation and floods in the Mediterranean region, they arefirmed for the Southern Alps too by numerous case stud-
often associated with convective storms in the warm secies (Massacand et al., 1998; Reale et al., 2001; Turato et
tors of cyclones (Homar et al., 2007). In comparison, majoral-, 2004).  This finding inspired our study for a “quan-

central-European floods are characterised by non-convectivditative classification of the circulation types” (Mer and
KaSpar, 2010). When applied to extreme rainfall-runoff

) events in various central European river basins, it enables
Correspondence tavl. Muller the distinguishing of several homogenous regions with dif-
BY (muller@ufa.cas.cz) ferent synoptic causes of rapid increases in runoff. The
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E 125 L £ Table 1. Studied catchments

2200

1700 River Station Area [krf] Data range

1400 Mur/Mura  GornjaRadgona 10197 1958-2001

1000 Drau/Drava Borl 14662 1958-1980, 1990-2001
Sava Catez 10186 1958-2001

400 and better suited to our purposes. Moreover, if we study me-

275 teorological causes of floods, it seems to be more appropri-

ate to select reference events that are characterised by a rapid
increase in discharge rather than the highest values. A prob-
able reason is that the absolute magnitude of the flood can
be significantly influenced by the antecedent saturation. If it
is high, a rather non-significant meteorological event can re-
Fig. 1. The topography of the studied area. The studied parts of thesUIt in high peak_ flows. Hence, we _deC|ded _to s_elect extreme
2 R ; . runoff events using a more sophisticated criterion:
rivers are distinguished by different colours; black dots represent
the water gauges (see Table 1). Green crosses mark the centres of _ (Qmax— Omin) Omax o
the studied pixels of the ERA-40 grids. X Omin+ Omed

175

100

50

where Omax is the local maximum in the data series @f,
south-eastern Alps were recognised as one of the region@min is the minimum o0y registered 1-4 days before and
where these events were concentrated in the autunitiéM  Omed is the median ofQq values calculated from the en-
et al., 2009a), and were frequently associated with signifi-tire time series. The motive for such a criterion is that the
cant moisture flux anomalies from the south or easil{&t magnitude of runoff-increase (represented ®@yiax—Omin)
and Ka&par, 2010). The aims of the present paper are: (i) tos saturation-dependent, with higher valuegafax—Qmin in
describe the annual distribution of extreme runoff events incases of more saturated catchments. This factor is balanced
the south-eastern Alps (Sect. 3), (ii) to demonstrate their asby the Omax/ Omin ratio, which overemphasizes the role of
sociation with moisture fluxes (Sect. 4.2), and (iii) to ex- the antecedent saturation. For a detailed discussion of the
plain the annual distribution by the moisture flux climatology criterion and its comparison with precipitation totals, please
(Sect. 4.3). refer to Miller et al. (2009a).

To assess the rarity of an event in a catchment, we defined

the variable as follows:
2 Data and methods P

R=,/- 2)
The methodology consists of two main steps, which are de- r
scribed below. Primarily, extreme runoff events were se-wheren is the number of years with data for the respective
lected (Sect. 2.1) from 1958 to 2001 covered completely bygauge (see the last column of Table 1) anepresents the

the database ERA-40, which was used for the evaluation ofanking of theQy value within the study period if only in-

moisture flux anomalies (Sect. 2.2). dependent maxima are considered. Finally, the significance
of an event within the entire study area was estimated by the
2.1 Selection of reference events following equation:

The hydrological data needed for selecting extreme runoffft = Rs+ Ro+ Ru ®)
events were provided by the Global Runoff Data Centrewhere the letters S, D and M represent the Sava, Drava and
(GRDC). The GRDC database is comprised of values ofMura rivers, respectively. The root in (2) slightly increases
mean daily flow Q4), among others, for the three rivers run- the weight of events that had affected two or all three study
ning eastward from the south-eastern Alps (Fig. 1). Catch-catchments since larger events were more significant to our
ments with similar areas were selected and are listed in Taresearch. The threshold for selecting the reference events
ble 1. was subjectively set ak; = 1.75 so that the number of ref-

Normally, the magnitude of a flood is evaluated by peakerence events is 39, i.e., almost one event per year on an av-
flow. However, this value is substantially affected by non- erage. For example, the October 1998 floods in the Mediter-
meteorological factors, mainly by the summation of the ranean (Reale et al., 2001) significantly affected the Drava
runoff from individual tributaries (Bazdil et al.,, 2005). and Sava rivers and the variakie was recorded at a value
Therefore, the daily resolution of discharge data is sufficientof 4.72.
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2.2 Moisture flux anomalies 12

Ri=Rs+Ro+Ru

The synoptic data was excerpted from the database of re-1;
analyses ERA-40 (Uppala et al., 2005), with a horizontal res- * Mura
olution of 2.%. The focus of our study was the four standard °]  *®==
isobaric levels (850, 700, 500 and 300 hPa) and the six pixels _| sae
around the study region (Fig. 1). Due to vertical wind shear,
we investigated the moisture flux at the individual levels sep- |
arately and not as a vertically integrated measure. Lower lev- I ] I
els were omitted because of the relatively high topography in 2| ] ‘ I h
the study domain. ‘ [ ] |
The grid data of the zonal and the meridional components ° " — - - -~ . . . - . _
of moisture flux (¢, and ®,, respectively) were calculated
by the following formulas:

Fig. 2. Annual distribution of extreme runoff events within the

®,=pUQ (4) study catchments. The height of the whole column represents the
magnitude of the evenk; within all three catchments which are
®,=pVQ0 (5) distinguished by the colours.

wherep is the density of airQ is the specific humidity, and
U and V represent the zonal and meridional wind compo- occurred, the affected rivers were probably Sava and Drava
nents, respectively. We used a standard coordinate systef9 cases). In contrast, significant increases of Sava and Mura
where the zonal flux from east to west and the meridionaloccurred together only twice without a significant increase of
flux from north to south are negative. The daily means wereDrava, probably because its catchment location is between
calculated for each day from 1958-2001 (16 071 calculatedhe Sava and the Mura (see Fig. 1). Moreover, there was
means). Because of the coarse resolution of the data, out0 significant increase in the discharge of the Drava River
research was limited to large-scale humidity fluxes. without a significant increase in the discharge of at least one
Apart from the absolute values of moisture flux neighbouring catchment.
(gm~2s~1), normalized values were applied because the ab- Fromthe seasonal point-of-view, the reference events were
solute values’ ranges df, and®, varied among the six pix- concentrated in the summer and the autumn months (Fig. 2).
els considered, and the abnormality of circumstances seemédore than 75% of them occurred from mid-June to the end
to be the main criteria in differentiating the variants of ex- of November. The eight most significant events vh>
treme runoff events. The cumulative distribution function 5 occurred exclusively in this part of the year with no such
was used for these purposes; it assesses the probability @vent occurring in November.

not exceeding the value of according to: Nevertheless, there were significant differences among the
) rivers considering the seasonal distribution of discharge in-

F(xj)= o (6)  creases. The Sava events were distributed most evenly dur-
L+1 ing the year, except during the high summer when the Mura

Wherei is the number of values that were less than or€vents were most frequent. As mentioned above, the Drava
equal tox; and L is the total number of values (in our case, events occurred exclusively together with a significant in-
L=16071). Regarding,, values ofF, close to 0 or 1 cor- Crease in discharge of one of the neighbouring rivers — of
respond to an intense flux from the east or the west, resped¥iura in summer or more frequently, of the Sava in au-
tively. For ®,, values ofF, close to 0 or 1 correspond to tumn. These results correspond with the findings by Seibert
an intense flux from the north or the south, respectively. Aset al. (2007) who detected a very pronounced summer max-
a result, we were able to compare the extremeness of botfnum of heavy precipitation frequency in the central part of

horizontal moisture flux components in various pixels and atAustria (where the upper Mura catchment is located), but a
different vertical levels. main autumn maximum in the south and a secondary autumn

maximum in the south-eastern part of the country (where the
Drava catchment is located).
3 Seasonal distribution of extreme runoff events

Significant increases in the discharge of the study rivers of-
ten coincided (Fig. 2). Among the reference events (with
Rt > 1.75), more than half significantly affected two or all
three rivers (“significantly” means that thes, Rp or Ry
values were higher than 1 in the respective catchment). If it
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Fig. 3. Daily means of moisture flux components during 1958-2001

at the pixel [15E; 47.5N], and respective values of the cumulativeFig. 4. Extremity of moisture flux during extreme runoff events

distribution function. Directions of moisture flux components are in the south-eastern Alps. Columns represent 39 individual events

marked by letters. Extreme values of each component are higharranged according to their annual distribution (respective months

lighted by large signs. are expressed by numbers). Rows in the upper part of the diagram
represent the extremity of moisture flux during six days before the
river's culmination(C) at the four isobaric levels using the value of

4 Moisture flux associated with extreme runoff events the cumulative distribution functioR. The colour marks the mois-
ture flux component at one of six studied pixels where the moisture

4.1 Magnitudes of moisture fluxes within the study flux was the most abnormal during that respective dayhe value

region of F was mostly distant from 0.5). Affected catchments are high-
lighted at the bottom of the diagram.

It is obvious from Eqgs. (4) and (5) that generally, the magni-

tude of moisture flux®) rapidly decreases with altitude due ) ) .

to its dependence on air temperature and density. While thé-2 Moisture flux anomalies during extreme runoff

mean value ofb in the six study pixels is 27.9gms ! at events

850 hPa and 19.6 at 700 hPa, it drops to 6.7 at 500 hPa and

approximately 0.76 at 300 hPa. The variability in mean val-tPhe directions and the intensities of moisture flux during ex-

ues among the individual pixels also decreases fe20% treme runoff events are depicted in Fig. 4. It demonstrates
¢ that almost all events were associated with abnormal val-

at 850 hPa tat4% at 300 hPa. Nevertheless, day-to-day di X , ;
.ues of moisture flux, usually during several successive days

ferences may be even more significant; the statistical distri- . . .
bution of & values was rather asymmetric, with the coeffi- and at more isobaric levels. Moreover, the absolute maxima

cients of variance increasing from 71% (at 850 hPa) to 84%(0r minima regarding negativé values) of the respective
(at 300 hPa) component occurred at least in one pixel during seven refer-
From the ;/iewpoint of this study, the directions of mois- €€ events. The most frequent direction was from the south,

ture flux are also very important. Figure 3 demonstrates theﬁ"’h'Ch dominated almost half of all reference events, often

the western component of the moisture flux was more fre_accompanied with values &, being higher than 0.999. The

guent than the eastern one, mainly at the higher levels and iﬁequency of the western component was rather similar to the

the northern part of the study region. The northern Compo_eastern one, but usually without exceptionally high values of

nent was generally slightly more frequent than the southernF“' Finally, the extra intense northern moisture flux occurred
one. rarely and at lower levels.

With regard to the extra strong moisture fluxes, maximal. Another important feature of moisture flux anomalies dur-

intensities were connected with the southern component afd extreme runoff events was the difference in their direc-

the 850 hPa level and with the western component at all othefons during individual seasons. While the southern direc-

levels. Relatively slow decrease of moisture flux intensities:'orl dgrgm:ahte((jjm ?“t“m”’ tfhti sumTer n;pntfl_s weredcr:arag-
with altitude was another typical feature of the western com- ersed by the dominance of the eastérn direction and aiso by

ponent. In contrast, the extra values of the eastern componeﬁtPe EXCIUS'YG occurrence of the northern a”‘?m"?‘"es- The ab-
were least significant and decreased rapidly with altitude. normal moisture fluxes from the west were distributed rather

equally with higher frequencies in November and January.
The seasonal differences correspond with the seasonal dis-
tribution of reference events that has already been discussed
in Sect. 3. When eastern or northern anomalies occurred,
the Mura River was always affected. In contrast, events with
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gm’s™ 5 Conclusions
100 — —E_gs0 E_500
—W_850 —W_500 f \, While studying the three neighbouring catchments in the
g0 | N850 —N_500 south-eastern Alps in detail, we detected several differences
5850 —5.500 \ﬂ in extreme runoff events, defined as rapid increases in the

discharge of the rivers. The catchments vary partly in the

60 —_— >
/ \ annual distribution of extreme runoff events. In general, the
0o~ events were concentrated in summer and autumn. Neverthe-

less, there was a significant time shift from summer to au-

N w tumn when moving from the north (Mura River) to the south
—_— (Sava River).

Extreme runoff events were usually associated with
anomalies in moisture flux which were the most frequent
from the south. However, there were differences between the
Fig. 5. Annual cycle of intense moisture fluxes within the study horthern and the southern part of the region. While southern
region. For each month, the means of 10 most intense moistur@nd western moisture fluxes are typical of the increases of
fluxes from each direction are depicted. The intensity of moisturedischarge of the Sava River, summer events in the Mura and
flux is averaged over six studied pixels. Drava catchments were frequently associated with moisture
fluxes from the east or the north at the 850 hPa level. This

. ) is noteworthy because the eastern moisture fluxes used to be
western anomalies affected the Sava River. Southern anomanych less significant than the fluxes from the other direc-

lies were most typical of the Drava River events. Therefore,tjgns.

the following section of the paper is related to the climatol-  The main finding of our study is the fact that the annual
ogy of intense moisture fluxes as one of the possible reasongistribution of extreme runoff events in the south-eastern
for different seasonal distributions of extreme runoff events zps fits well with the annual distribution of intense mois-
among the rivers. ture fluxes associated with these events. The eastern and
northern moisture fluxes, typical of extreme runoff events
in the northern part of the region, are most intense in the
summer, when the events are concentrated there. In contrast,

While considering intense moisture fluxes from the four di- h th q A isture fl hich tvpical
rections (means of 10 maximum values per month), it has € southern and western moisture Tuxes which are typica

to be noted that there are significantly different annual cy-Of extrerp_e trunoff_ e\t/r(]ants Itn the sohuth?:]n part (t)f the region
cles for each of them, mainly at the lower levels (Fig. 5). are most intense in the autumn, when thé events are concen-

At 850 hPa, the climatology of intense moisture fluxes no_trated there. Therefore, the climatology of the moisture flux

ticeably resembles the annual distribution of extreme runoffsefmS to be cf)fne of tthe. reti\]sonf Lor the.annulal ;ﬂltstrlbu'flhon of
events in the south-eastern Alps. Significant increases in th& reltmehrun% lever;)s n f_e S(l;fy ret?:on. n future, these
discharge of the Mura River were fairly concentrated in sum-'ESUIts should also be confirmed for other regions.

mer (Fig. 2) and were often assomatgd with intense rnOIstur(:'AcknowledgementsThe contribution was prepared under the
fluxes from the east or the north (Fig. 4). It correspondedsypport of the project no. MSM0021620831 “Geographic Systems
with the summer maximum of magnitudes of intense mois-angd Risk Processes in the Context of Global Change and European
ture fluxes from these directions (Fig. 5). In contrast, signifi- Integration” by the Ministry of Education, Youth and Sports of the
cant increases in the discharge of the Drava River were mor€zech Republic. The ECMWEF is acknowledged for the ERA-40
frequent in autumn (Fig. 2), when they were associated withdata, and the Global Runoff Data Centre (GRDC) for the runoff
intense moisture fluxes mainly from the south (Fig. 4). It data. Special thanks go to the CIMA research foundation which
corresponded with the significant autumn maximum of mag-@warded the Med-storms prize for young researchers to our oral
nitudes of intense southern moisture fluxes (Fig. 5). Fina”y,presentatlon at the 11_th Plinius Conference on Mediterranean
the Sava River discharge increases were distributed equallyi©™s: Barcelona (Spain), September 2009.

throughout the year with thelr_maln concentration in autumn_ .. o by: G. Boni

(Flg_. 2). Be_S|d'es southerp moisture fluxes, they were a]so SReviewed by: two anonymous referees

sociated with intense moisture fluxes from the west (Fig. 4);

their annual cycle is relatively less significant (Fig. 5).

4.3 Seasonal distribution of intense moisture fluxes
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