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Figure 1. Space-time domain for selected meteorologic and geologic processes that can cause floods. Selected floods also

shown. After Hirschboeck (1988).

Mexico, for which total rainfall exceeded volumes ranging
between 6.5-10° and 4-10” m®. The World Meteorological
Organization [1986, p. 261-263] has compiled observations
of maximum depth-area-duration for individual storms
(Figure 2b), for which the largest measured rainfall volume
resulted from a 1916 hurricane centered in Florida that
delivered an average of 226 mm of rainfall over 260,000
km?, for a total of 6-10'° m® of water. Similarly, 4.3-10"° m’
of water was precipitated by a 1967 hurricane in Texas. The
thunderstorm that produced the record 4.5-hour rainfall at
Smethport, Pennsylvania, during July 17-18, 1942 (Figure
2a) had a total storm volume in excess of 2.7-10° m’. Excep-
tionally large and wet hurricanes not included in the World
Meteorological Organization database likely produced even
more precipitation. For example, maps of total precipitation
resulting from the Oct.-Nov. 1998 Hurricane Mitch in
Central America
(http://cindi.usgs.gov/hazard/event/mitch/mitch/atlas/
hmprecip.html; May 25, 2001) indicate a total precipitation
volume of about 2:10'' m®.

Persistent patterns of moisture delivery. Floods in larger
basins more typically result from persistent precipitation-
enhancing synoptic weather or climate. Precipitation is still
delivered by individual storms or convective cells as
described in the previous section, but the frequency,
intensity, and duration of such storms can be affected by
regional or global atmospheric patterns that can persist for
months to decades. Such patterns include quasi-stationary
trough-and-ridge patterns of upper atmospheric circulation
that can promote continued atmospheric convergence over
areas of 10° to 107 km? for several days or weeks. Such a
condition over the north-central United States was the cause
of the Mississippi River floods of 1973 and 1993
[Hirschboeck, 1991; 2000]. Climatic conditions of annual
to decadal duration that can cause regionally enhanced
precipitation include coupled atmospheric and oceanic
phenomena of hemispheric or global scales such as the El
Nino/Southern oscillation (ENSO) and the Pacific Decadal
Oscillation (PDO; e.g. Cayan and Peterson, 1989; Dettinger
and Cayan, 2000). Even longer-term climate fluctuations,
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Figure 3. Quaternary floods with discharges greater than 100,000 m3/s, arranged by causative process. From data of table
4.
measurements. Nevertheless, we can draw some Floods from Ice-Dammed Lakes

fundamental inferences from this partial list as well as from
other documented large floods and paleofloods.

All known terrestrial floods with discharges greater than
5-10° m*/s resulted from rapid release of water stored behind
natural dams or within glaciers (Table 4, Figure 3). The
largest known floods of the Quaternary had peak discharges
of about 2-10” m*/s and resulted from breaches of glacial-
age ice dams that blocked large mid-continent drainage
systems. Most of the other largest floods ever documented
resulted from breaches of natural dams, including landslide
dams, ice dams, releases from caldera lakes, and ice-jam
floods. Only 4 of the 27 largest documented floods were
primarily the result of meteorological conditions and
atmospheric water sources. However, if only historic events
are considered, the proportion of large meteorological
floods rises to 4 of 10.

The largest floods in Earth history have resulted from
derangement of drainage networks. During the Quaternary,
interactions of continental ice sheets with marginal drainage
systems have been a primary source of landscape-shaping
floods. These floods include the 2107 m*/s Missoula Floods
along the Cordilleran Ice Sheet margin (e.g. Bretz, 1923,
1969; Baker, 1973; O’Connor and Baker, 1992], giant
floods along the margins of the Laurentide Ice Sheet [e.g.
Kehew and Lord, 1987, Lord and Kehew, 1987; Thorson,
1989; Teller and Kehew, 1994], and more recently
discovered giant Pleistocene floods in central Asia [e.g.
Baker et al., 1993; Rudoy and Baker, 1993, Rudoy, 1998].
These floods all resulted from rapid release of water
impounded either in (1) preexisting river valleys dammed
by ice or (2) proglacial lakes formed along isostatically
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Table 1. Paleohydraulic parameters for bedrock and alluvial channelways, including cataclysmic flood
channels - Chuja, Altay [Baker et al., 1993] and Missoula Flood channels [Baker, 1973].

Flood Channel  Discharge: Width Depth Slope Velocity Bed Shear Power
Stress, per Unit
Q w D N v T Area, ®
m3s-! km m ms-1 Nm2 Wm-2
Chuja 2 x 107 3 400 0.02 20-45 5x10°  105-106
(Altay) 2 x 10*
Rathdrum 2x 107 6 175 0.01 25 1x104 2x 10
(Missoula)
Grand Coulee 5 x 108 1.7 100 0.01 30 1x104 3x 105
(Missoula)
Amazon River 3 x 10 2 60 1x 105 2 6 12
Katherine Gorge 6x10%  0.05 45 3x103 7.5 15x10° 1x 104

These processes generate a sequence of erosional forms on
rock surfaces in bedrock stream channels. Initial channels
have relatively smooth floors. These are marked by,
longitudinal grooves, which mimic the longitudinal
vorticity of the streaming fluid. Deeper erosion creates
irregular surfaces that generate flow separation and/or kolks. |
As erosive activity concentrates at these sites, the result is
greater accentuation of the surface irregularities [see
Hancock et al. this volume]. A critical threshold has to be
crossed to achieve this change from longitudinal forms to
the production of irregular potholes.

Experimental studies of fluvial erosion utilizing simulated
bedrock [Shepherd and Schumm, 1974] indicate that a
sequence of erosional bedforms may develop in bedrock as a
function of time. First to appear in these experiments were
the faint streaks of longitudinal lineations associated with
potholes and transverse erosional ripples. The lineations
then became enlarged into prominent longitudinal grooves.
Eventually the grooves decreased in numbers, and finally
one narrow, deep inner channel formed. In the layered basalt
bedrock of the Channeled Scabland inner channels develop
headwardly by the recession of subfluvial cataracts [Baker,
1978b]. Multiple horseshoe-shaped headcuts separate the
inner channels from scabland surfaces marked by potholes
and longitudinal grooves (Figure 1).

THE KATHERINE GORGE EXAMPLE

The Katherine Gorge is a 20-km long canyon developed in
jointed, resistant sandstone. It is located in the north-central
part of Australia (Figure 2), 32 km northeast of the town of
Katherine, Northern Territory. The gorge is a slot-like
chasm averaging 50 to 150 m wide and 40 to 60 m deep

(Figure 3). Linear side canyons join the main gorge; these
tributary mouths are ideal sites for slackwater sediment
accumulation during rare, great flows (Figure 4).

The Katherine Gorge shows many morphological
similarities to the Channeled Scabland. Inner channels are
cut through broad surfaces of the very resistant quartzite
bedrock (Figures 3 and 5). Locally, flood water even exceeds
the capacity of the gorge, spilling across adjacent uplands
(Figure 6). This latter phenomenon is a type of
“overfitness” [Dury, 1964]. Overfitness is a characteristic of
the Channeled Scabland in which flood flows exceed the
capacity of stream valleys. Although such a condition
would not persist long in an alluvial valley, the resistance
of bedrock provides an opportunity to preserve overfit
stream relationships.

EXAMPLES FROM CENTRAL INDIA

The Narmada and Tapi Rivers in central India (Figure 7)
are situated in an environment typical of the monsoon
tropics, with large floods during the summer monsoon
season. Although the two rivers differ in basin size and

~morphology they have two hydro-geomorphic character-

istics in common: high seasonal variability in the volume
of flow and sediment load, and high-magnitude floods
associated with monsoon depressions originating over Bay
of Bengal [Kale et al., 1994].

The Narmada and Tapi are characterized by both alluvial
and bedrock channels. The morphological characteristics of
the bedrock and alluvial reaches are strikingly different and
reflect the control of lithology, gradient and flood processes.
The bedrock reaches are characterized by rapids, waterfalls,
scablands, inner channels and boulder berms. The
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