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Ab stract
The term ex treme rain fall re fers to an event dur ing which the thresh olds of vari ous hy dro logi cal and geo mor phic pro -
cesses are ex ceeded. The fre quency of ex tremes var ies in dif fer ent cli matic zones and in time.
The clus ter ing of ex treme events hap pens when the ex tremes are re peated every 2–3 years, every year or even sev eral
times a year. Such clus ter ings dis turb the equi lib rium of slope and river chan nel sys tems and are sepa rated by pe ri ods
of sta bil ity and re cov ery. The oc curences of clus ters are ex em pli fied by pres ent – day pro cesses, his tori cal rec ords and 
geo logi cal rec ords. On this base a model of phases with fre quent and rare clus ter ings dur ing the Holo cene was con -
structed.
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IN TRO DUC TION

The ex treme rain fall re fers to an event dur ing which the
thresh olds of vari ous pro cesses like over land flow and slope
wash, dif fer ent mass move ments or bank full dis charge and
over bank depo si tion are ex ceeded. This leads to the dis tur -
bance of equi lib rium and trans for ma tion of slope or/and river 
chan nel sys tems.

The type and scale of the trans for ma tion de pends on
vari ous con di tions in pre cipi ta tion, run off and wa ter stor age,
con nected also with dif fer ences in re lief en ergy, li thol ogy of
sub stra tum and vege ta tion cover (cf. Starkel 1976, 1998).
There is a dis tinct dif fer ence in ef fec tive ness be tween lo cal
heavy down pours with rain fall in ten sity reach ing sev eral
mm/min, con tinu ous rain fall with its to tals ex ceed ing sev eral 
hun dreds of mm in 2–5 days, rainy sea son with high ground -
wa ter stor age and fi nally rapid snow melt (Starkel 2002).
Espe cially in ten sive pro cesses are con nected with the su per -
po si tion of two dif fer ent events like con tinu ous rain fol lowed 
by down pour or rapid snow melt com bined with heavy rain.

Type and fre quency of ex tremes dif fer in vari ous cli -
matic zones. In the sub arc tic and bo real zone an nu ally oc cur -
ring snow melt floods are the most com mon (Lvo vitch 1979).
In the tem per ate zone vari ous types of ex tremes may ap pear:
in ad di tion to heavy down pours con tinu ous rains and other
are pres ent. Their fre quency also fluc tu ates, al though usu ally 
there are not more than ten events in one cen tury. In arid zone
the rare heavy down pours are the most char ac ter is tic phe -
nom ena. In the hu mid trop ics the fre quency of heavy rain -
falls, dis turb ing the equi lib rium of natu ral sys tems, may
dif fer from sev eral in one cen tury (Starkel, Basu 2000) to
more than one every sum mer (Starkel et al. 2002).

CLUS TER ING OF EX TREMES AS TRIG GERS
OF DIS TUR BANCE OF NATU RAL SYS TEMS

The clus ter ing of ex treme events oc curs when the
extremes are re peated every 2–3 years, every year or even
sev eral times in one year. Clus ter ings are sepa rated by pe ri -
ods of sta bil ity and re cov ery of the dis turbed natu ral sys tems. 
Those pe ri ods are at least sev eral times longer than the clus -
ter ing.

Clus ter ing it self means that the time for re laxa tion is
missed and there fore dis tur bance of equi lib rium of natu ral
sys tem may eas ily oc cur and a new equi lib rium may be
formed (Fig.1). Such con di tions can be ob served in the rec -
ords of last cen tu ries in vari ous parts of tem per ate and Medi -
ter ra nean Europe as well as in mon soonal Asia, and arid
SW- USA.

In case of Cher ra punji (Starkel et al. 2002) sev eral ex -
treme rain falls are re corded every year and there is no time
for re laxa tion. In such cir cum stances a new equi lib rium of
the sys tem has been formed. Simi lar an nual floods are re -
corded in the Brah mapu tra river val ley, where every year part 
of the catch ment is suf fered by heavy rain falls (Gos wami
1998).

CLUS TERS TRANS FORM ING
THE FLU VIAL SYS TEMS

The clas si cal ex am ple is de scribed from the Gila River in 
Ari zona (Burk ham 1972) where the flood clus ter ing be tween 
1905 and 1920 caused a change from the chan nel to braided
form and even next 20 years were not enough for re turn to its
pre vi ous shape.



In the Pol ish Car pa thi ans such clus ters are very com mon
(Fig. 2). The wid en ing of river chan nels and dis tinct trans for -
ma tion of slopes were ob served af ter a se quence of con tinu -
ous rains in 1958- 60 in Be skid ̄ ywiecki (Ziêtara 1968). The
turn to in ci sion of the Ropa river chan nel fol lowed af ter
floods in 1970- 74 (Soja 1977). Vari ous types of heavy rain -
falls be tween 1997 and 2001 re ac ti vated many Car pa thi ans
land slides (R¹czkowski, Mro zek 2002). In the Du na jec
catch ment ap peared an in ci sion and wid en ing of chan nels in
many creeks af ter sev eral lo cal down pours su per im posed on
con tinu ous rain in July 1997 (Froeh lich 1998). Three lo cal
down pours in 1995 and 1996 af ter 60 years of sta bil ity
caused jointly in ten sive slope wash, gully ero sion and al lu -
via tion over the loess pla teau north of Cra cow (Starkel ed.
1997).

In the Tyne ba sin in north ern Eng land the clus ters of
floods in the late 18th, late 19th cen tury and in 1950s and
1960s trig gered the in ci sion of river chan nel and set off the
for ma tion of next al lu vial fills (Rumsby, Mack lin 1996).
Clus ters of floods in the last cen tu ries are re corded from vari -
ous Euro pean riv ers (cf. Probst 1989), among them the Span -

ish ones (Be nito et al. 1996, Lopez- Aviles et al. 1998), the
Ga ronne (De camps et al. 1989), and the up per Vis tula
(Starkel 1998, 2002).

At the mar gin of Bhu tan ese Hi ma laya in 1993, 1996 and
1998, 3–4 heavy con tinu ous rains with rain to tals of 800–
1500 mm were re corded. Each of those events caused an ex -
pan sion of land slides and de bris flows as well as an ex ten sion 
of ag gra da tional braided chan nel pat tern in the moun tain
fore land as re corded on sat el lite pic tures (Starkel, Sar kar
2002). As a re sult an ex ten sive pied mont plain is be ing
formed and its roots en ter up stream into the moun tains.

CLUS TER ING IN HOLO CENE RE CORDS

Clus ter ings of heavy rain falls and floods are com monly
docu mented in his tori cal rec ords es pe cially from the Lit tle
Ice Age (Be nito et al. 1996, Ca muffo, Enzi 1994, Pavese et
al. 1992, Brazdil et al. 1999, Starkel 2001). Very dis tinct
clus ter ings were re corded in 1520- 60s at the be gin ning of the
Lit tle Ice Age. Simi lar clus ter ings of heavy down pours re -
flected in de bris flow fre quency were found in early 19th cen -
tury in the Ta tra Mts (Ko tarba 1995).

Late Me di ae val clus ters from the 12th–15th cen tu ries are
de scribed from Medi ter ra nean riv ers of It aly (Ca muffo and
Enzi 1994) and Spain (Be nito et al. 1998) rep re sent ing a tran -
si tional phase from the Me di ae val warm ing to the Lit tle Ice
Age.

The clus ters can also be rec og nised in geo logi cal rec ords 
of al lu vial fills. Among them there are the re sub fos sil oak
trunks found in river val leys of South ern Ger many (Becker
1982, Le usch ner et al. 2000) and South ern Po land (Kr¹piec
1992, 1998, Starkel et al. 1996). Es pe cially dis tinct are the
oak clus ters from the Kraków- Kujawy site in the Vis tula val -
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Fig. 1. Sin gle ex treme event with re laxa tion phase (a) and clus -
ter ing of ex tremes lead ing to new equi lib rium (b).

Fig. 2. Dis tinct clus ter ings of floods (B) in the Vis tula val ley in Cra cow in 19–20- th cen tury (based on Bie lañski 1984 – af ter Starkel 2002) 
and land slides (A) in the Car pa thi ans since 1890s (af ter R¹czkowski, Mro zek 2002). On ver ti cal scale the wa ter level rec ords in me ters used
at pres ent and in 19- th cen tury (in brack ets).



ley dated at 450–480, 500–520, 900–920, 960–970 and
1060–1120 AD (cf. Starkel 2003).

In a simi lar way in arid zone the long rec ords of cata clys -
mic floods un abled to es ti mate their fre quency per cen tury
and fi nally iden tify the clus ter ing phases (En zel et al. 1996,
Frum kin et al. 1998).

Tak ing the Lit tle Ice Age as the ex am ple simi lar clus ters
in the rec ords rep re sent ing simi lar al ter nat ing wet ter and
cooler phases of the Holo cene were ex pected. Such rec ords
were in deed found in de pos its from the old est pre- Neolithic
phase dated at 8.5–8.0 kyr 14C BP, visi ble in vari ous parts of
the world due to co in ci dence of de cline in so lar ac tiv ity and
high vol canic ac tiv ity (Bry son, Bry son 1998, Starkel 1999a).

The al lu vial fan of small tribu tary of the Wis³oka river at
the mar gin of the Pol ish Car pa thi ans ex posed 5.2 m of pro lu -
vial sedi ments is dated be tween 8390±130 and 7785±145 14C 
BP (Niedzia³kowska et al. 1977, Starkel et al. 1996, Czy-
¿owska 1997). The se quence con tains 14 peaty- muddy lay -
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Fig. 3. Al lu vial fan se quence at Pod grodzie pre sent ing dis tinct
clus ter ings of heavy rains and depo si tion be tween 7785 and 8390
14C yrs BP (af ter Starkel et al. 1996, Czy¿owska 1997). 1 – clus ter -
ings of sandy and silty lay ers; 2 – or ganic peaty ho ri zons.

Fig. 4. Hi er ar chic model: phase- cluster- event. In the mid dle: al -
ter nate phases with vari ous fre quency of events and clus ter ings. On
the left: en larged wet ter phase with many clus ters. On the right drier
phase with lower fre quency of events. 1 – clus ter ings; 2 – events.



ers, each from sev eral to 28 cm thick, al ter nat ing with 13
sandy- silty beds in which de tailed granu lo met ric and tex tural 
analy sis helped to dis tin guish more than 100 lay ers rep re -
sent ing 95 events. Each “bed” be tween two or ganic lay ers in -
cludes usu ally 3–20 events that to gether can be in ter preted as
a clus ter ing (Fig. 3).

CON CLU SIONS

The analy sis of present- day clus ter ings of ex treme rain -
falls and their hy dro logi cal, geo mor pho logi cal and sedi men -
to logi cal ef fects as well as the ex ami na tion of his toric flood
rec ords (es pe cially from the Lit tle Ice Age) and geo logi cal
rec ords from vari ous parts of the Holo cene helped to con -

struct a hi er ar chic model of re la tion ship be tween events,
clus ter ings of events and cli matic phase of the Holo cene
(Fig. 4). Its pre limi nary ver sion was pre sented a few years
ago (Starkel 1999b).

The Holo cene can be di vided into a se quence of wet ter
and cooler phases sepa rated by rela tively drier ones. The
wet ter phases are char ac ter ized by higher fre quency of ex -
treme events and co in cide with ad vances of al pine gla ciers,
rises of lake lev els etc. (Magny 1993, Patzelt 1977, Starkel
2003). These phases seem to be re lated to the de clines in the
so lar ac tiv ity, rises of re sid ual D14C (Stuiver et al. 1991,
Bond et al. 1997) as well to in creased fre quency of vol canic
erup tions (Bry son, Bry son 1998).

The wet ter phases are com menced by the clus ter ings of
heavy rain falls, which are longer and more fre quent than dur -
ing al ter nat ing “drier” phases (Fig. 4). It is not ex cluded that
these clus ters are con nected with the varia tions of ENSO,
with vol canic ac tiv ity and other fac tors.

Clus ters of ex treme rain falls are re flected in the flu vial
en vi ron ment. These are re spon si ble for a change to wards
chan nel in ci sion or to ag gra da tion (Fig. 5). Also, as it was
sug gested by Rumsby and Mack lin (1996) the clus ter ing ini -
ti ate new cut and fill in the val ley floor (Fig. 6). This means
that the cut- and fill sys tem rec og nised in the Vis tula catch -
ment long time ago (Starkel 1983) may not only re flect the
se quence of wet ter and drier phases, but also clus ter ings of
shorter du ra tion. It is also not ex cluded that af ter the ex ten -
sive de for es ta tion of Euro pean catch ments due to ac cel er ated 
run off and sedi ment load the clus ters dur ing the last cen tu ries 
took over the role of longer wet ter phases in the ear lier part of
the Holo cene.
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Fig. 5. Ef fects of clus ter on chan nel in ci sion (A) or ag gra da tion
(B). 1 – bed rock; 2 – al lu via; 3 – phases of evo lu tion (a–d).

Fig. 6. Effects of cluster or phase on cut and fill system in evolution of alluvial plain: A: lateral shift; B: avulsion; C: cut and fill with
incision. 1 – channel facies; 2 – overbank facies; 3 – paleochannel facies; 4 – direction of evolution.
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