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SYNOPSIS

In recent years very accurate and complete catalogs of ancient,
extraordinary floods have been developed through scientific study of slackwater
deposits and palaeostage indicators (SWD-PSI) in stable-boundary fluvial
reaches. SWD-PSI palaeoflood hydrology is particularly suited to studies of
tropical bedrock rivers, such as the Narmada River in India. Advances in
geochronology, hydraulic flow modeling, and censored-sample maximum likelihood
flood-frequency analysis have produced a scientific breakthrough in palaeoflood
studies. Palaeoflood information is of immense value for determining the
likelihood and frequency of extraordinary floods larger than can be documented
with conventional flow data. Applications of palaeoflood hydrology include the
design of dam spillways and testing the reasonableness of flood estimates obtained
in modeling studies.

1.0 INTRODUCTION

1.1 Palaeoflood hydrology is the study of past or ancient flood events which
occurred prior to the time of human observation or direct measurement by modern
hydrologic procedures. Most studies involve prehistoric floods, although the
methodology may also be applicable to historic or modern floods in remote areas
not subject either to modern hydrologic analysis or to human observation. Thus,
palaeoflood hydrology may be distinguished from both historical flood analysis and
conventional flood hydrology. The latter involves continuous monitoring of flood
properties by hydrologists, while the former requires human documentation of flow
events, generally in a non-systematic manner by non-hydrologists.

1.2 The most accurate and complete palaeoflood hydrological studies are
achieved in work on stable-boundary fluvial reaches characterized by slackwater
deposits and palaeostage indictors (SWD-PSI) emplaced by extraordinatry floods
[3,7,19]. Slackwater dpeosits consist of sand and silt (occasionally gravel) that
settle relatively rapidly from suspension during major floods, particularly where
flow boundaries result in markedly reduced local flow velocities [6,18,29]. For
palaeoflood studies, the selected slackwater sedimentation sites should be optimum
for both the accumulation and the preservation of the relatively fine-grained
flood sediments carried high in flood flows at their maximum stage [6,8,20]. The
slackwater deposits and other palaeostage data are transformed to discharge
estimates by hydraulic flow modeling [14,26,28]. Flood palaeodischarges can then
be used for comparison to conventional flood data, or they can be used in a flood-
frequency analysis.



o i o Wl sl NN L B b L

2.0 APPLICATIONS

2.1 Historical and palaeoflood data have been used since the early 1970s for
flood-frequency analysis related to spillway design for high-risk dams in China
[5,12,23,32,33,40]. 1In the United States a National Research Council review of
dam safety [24] advocated the analysis of physical evidence of large palaeofloods
to provide objective evidence of the likelihood and frequency of larger floods
than can be documented by gauged flows. Another recent major review of methods
for estimating extreme flood probabilities [25] concluded that palaeoflood
hydrology provided one of several opportunities to improve the practice and
science of rare flood hydrology. Dawdy and Lettenmaier [13] propose a procedure
in which palaeoflood data are combined with recorded flood series in censored-
sample maximum likelihood estimation procedures [35] to extend fiood frequency
distributions to the magnitudes of extremely rare events. The resulting estimates
of low probability floods can then be compared to conventional estimates of the
Probable Maximum Flood, determined by hydrometeorology and rainfall-runoff
modeling.

2.2 The use of palaeoflood data as a test or check on conventional flood
estimates contributes to.a scientific basis for design [1,17]. Especially
important are applications in regions where conventional hydrological data records
are sparse [9,11,39] and where the temporal and spatial variability of rainfall
and runoff yield complex flood behavior [31]. The coupled arid-semiarid-savanna
regimes of the tropics are important regions for applied palaeoflood hydrology.

3.0 STUDY AREAS

3.1 The best palaeoflood sites are located in channel reaches with flow
boundaries constrained by bedrock, immobile sediment, or other resistant boundary
materials. Such channels produce relatively large stage changes for changes in
flood discharge [2,4,8,27]. Moreover, they do not change their cross sections
appreciably during major floods, as commonly occurs in alluvial channels. The
relatively high stages achieved by floods in resistant—-boundary channels produce
several kinds of high-water indicators. Most common are deposits of sand, silt,
and (rarely) gravel that accumulate relatively rapidly from suspension in highly
energetic floods. These accumulate in local areas of reduced flow velocity and
are called "slack-water deposits."

352 SWD-PSI palaeoflood studies are best accomplished in river reaches
displaying the following characteristics: (i) adequate concentrations of sand and
silt in transport by floods, (ii) resistant-boundary channels not subject to
appreciable aggradation, (iii) depositional sites with high potential for
preservation of SWD-PSI features, and (iv) narrow, deep canyons or gorges in
resistant geological materials. Major studies accomplished to date or in progress
are located in near-tropical areas affected by severe storms (Fig. 1).




Figure 1. Sites of SWD-PSI palaeoflood hydrological investigations, including
active (dots) and potential (triangles) study areas. Source areas of tropical
storms (small arrows) are indicated by dot pattern. Cold-water ocean currents are
indicated by large arrows. '

3.3 Local bedrock reaches suitable for SWD-PSI studies generally display
sedimentary and erosional landforms related to floods of exceptional stream power
per unit area w, calculated as

w = Y98 =T Vi,
w

where w is expressed in Wm_z, yis the fluid specific weight in Nm_3, Q is the

1

discharge in m3s" y, W is the channel width in m, T is the boundary shear stress in

Nm_z, and V is the mean flow velocity in msﬂl. Typical w values achieved by

extreme floods at SWD-PSI sites range from 103 to IOQ Wm~ 2 [4,8]. The local sites
of slackwater sediment accumulation in such rivers include the following:

(i) tributary mouths, (ii) abrupt channel expansions, (iii) in the lee of bedrock
flow obstructions, (iv) in channel-margin caves and alcoves, (v) at meander bends,
and (vi) upstream of abrupt channel expansions. Laboratory flume studies [6,21]
and field observations [6,20,29] have confirmed the flood-emplacement processes
for these deposits.

3.4 An example of an excellent SWD-PSI study reach is the central Narmada
River Valley in the state of Madhya Pradesh, India (Fig. 2). Historical floods in

this reach have achieved discharges of approximately 60,000 m3s"1, generating an




estimated power per unit area of 3000 Wmﬁz. The newly discovered palaeoflood
features of this area are presently under study.
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Figure 2. Map of Narmada River Valley near village of Punasa, Madhya Pradesh,
India. Areas of coarse-grained slackwater deposition (D) are indicated by coarse
dot pattern. Areas of fine grained slackwater deposition (F) are indicated by
fine dot pattern at Chota Tawa River and Pipaighati Nula. Bedrock erosional
features in this reach include streamlined hills (S) and inner channels (I).

3.5 In tropical countries, such as India, there are numerous local
opportunities to generate excellent SWD-PSI palaeoflood records. The expense of
such studies is minor in relation to planning costs for major high-risk projects
such as large dams. At present these opportunities are largely being ignored,
with the notable exception of work in the People's Republic of China
(5,12,23,32,33,40]. 1In some cases valuable palaeoflood records are actually being
destroyed by reservoir construction. There is a critical need to generate
palaeoflood data at optimum SWD-PSI study sites.

4.0 METHODOLOGY

4,1 The field investigation and subsequent laboratory analysis of
palaeoflood information are interdisciplinary activities combining expertise in




geology, geomorphology, hydrology, and hydraulic engineering. The slackwater
sedimentation sites are analyzed by stratigraphic geology. Individual flood
sedimentation units are recognized, discriminated, and correlated between multiple
sites along a palaeoflood study reach [3,20,28,39]. Most important is the use of
geochronologic procedures to provide absolute dates of the individual flood
events. Numerous recent advances have been made in the geochronology of
palaeofloods [3,10,19]. Palaeoflood records up to 10,000 years long have been
analyzed [30]. The goal of the stratigraphic analysis is to obtain a complete
catalog of the largest palaeostages indicated by slackwater deposits, silt lines,
erosion scars, and other indicators over a known time span.

4.2 The palaeostages indicated by the geological analysis of the SWD-PSI
study reach are transformed to palaeoflood discharges by step-backwater analysis
[14,26,28,39]. A significant advantage of the method is that the calculations can
be run independently of the high-water indicator survey. Thus, problems in the
geomorphology of palaeoflood indicators can be separated from problems in
specifying the hydraulics of the study reach. Recent advances in computer flow
modeling [27] have greatly facilitated the latter. Of prime importance to
accurate flow modeling is a precise characterization of channel geometry. In
stream channels with non-deformable boundaries (the preferred application) the
survey cross sections should be chosen to account for the major energy losses that
occur at channel expansions and constrictions.

4.3 Discharge estimation error in palaeoflood hydrologic analysis can be
reduced in several ways. The categories of error reduction include:

(a) palaeoflood cross-sectional stability, (b) palaeoflood water-surface
estimation, and (c) palaeoflood flow coefficients. An important strategy is to
separate the problems of categories (a) and (b), which depend on field conditions,
from category (c), which depends on calculation procedure. Discharge estimation
error in palaeoflood studies is somewhat analogous to estimation error in historic
flood studies. However, several aspects of palaeoflood studies allow more precise
controls on error than possible in historic flood studies or even some systematic
flood studies. The main reason for this is the preservation of the best
palaeoflood information at exceptionally stable geological sites. Methods of
reducing palaeodischarge estimation error in the various categories are discussed
by Baker [3], O'Connor and Webb [26], and Webb and others [39].

5.0 FLOOD FREQUENCY ANALYSIS

5.1 A recent scientific breakthrough has occurred in the use of both
historical and palaeoflood information in flood-frequency analysis [34]. The key
to the new approach is in structuring the information content of SWD-PSI sequences
through the concept of censoring levels or thresholds. Palaeoflood evidence for
various time intervals is analyzed in terms of exceedances or nonexceedanes of the
censoring levels or threshold discharges [35]. Maximum-likelihood methods are
then used to fit both palaeoflood and conventional flood data to various
probability distributions [34,35]. Stedinger and Cohn [36] show in Monte Carlo




tests that the maximum-likelihood analysis of censored data is more flexible,
efficient, and robust than are alternative procedures. The maximum—likelihood
procedure has recently been demonstrated in application to a dam spillway design
problem in central Arizona [37], in which palaeoflood data [14,15,28] were key
inputs for generating accurate estimates of extreme flood probabilities and
magnitdues.

D2 It must be noted that some statistical procedures do not make
appropriate use of palaeoflood information. The standard U.S. method of moments
technique [38] has recently been shown to contain flawed assumptions with regard
to palaeoflood data [22]. It makes inefficient use of historical and palaeoflood
information in the estimation of flood quantiles [36]. Similarly, the maximum-
likelihood approach advocated by Hosking and Wallis [16] applied the wrong
censoring procedure for use with SWD-PSI palaeoflood data.

6.0 CONCLUSIONS

6.1 The emerging science of palaeoflood hydrology allows the accurate,
quantitative reconstruction of flood histories in appropriate settings. Narrow
deep bedrock canyons with stable channel geometries and appropriate sediment
characteristics may preserve remarkably detailed sequences of ancient flood
slackwater deposits and palaeostage indicators (SWD-PSI). Recent advances in
geochronology, flow modeling, and statistical analysis of palaeoflood data have
greatly increased the ability to extract useful hydrologic information from
SWD-PSI studies. SWD-PSI investigations can provide reconstructions of discharges
and magnitudes for multiple palaeofloods with remarkably high accuracy over time
scales of centuries and millennia. The new censored-sample maximum-likelihood
procedures of Stedinger and Cohn [35] are particularly suited to flood frequency
analysis incorporating palaeoflood information.

624 Palaeoflood information should be sought in appropriate tropical fluvial
reaches as a part of risk analyses for major dam projects. The information can be
incorporated into flood-frequency analysis, or it can be used to test the
reasonableness of flood estimates from modeling procedures. The palaeoflood data
may be generated at sites that lack a record of conventional flow measurements.
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