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Paleoflood Hydrology and Flood Frequency Analysis 

J. R. M. HOSKING 

Institute of Hydrolo•7y, Wallingford, Oxon, En•71and 

J. R. WALLIS 

IBM Thomas J. Watson Research Center, Yorktown Hei•lhts, New York 

Techniques recently developed in paleohydrology enable the estimation of discharges and dates of 
occurrence of flood events which occurred thousands of years ago. We use computer simulation to assess 
whether a single paleoflood estimate, when included in a single-site or regional flood frequency analysis 
procedure, gives a worthwhile increase in the accuracy of estimates of extreme floods. We find that the 
main factors affecting the utility of this kind of paleological information are the specification of the fitted 
flood frequency distribution (whether it has two or three unknown parameters) and the size of the 
measurement error of paleodischarge estimates. Errors in estimating the date of the paleoflood are of 
minor importance. We conclude that paleological information is most useful when estimating a three- 
parameter flood frequency distribution for a single site possessing only a short gauged record. When 
several independent and homogeneous gauged records from different sites are used in a regional flood 
frequency analysis, the value of paleological information is, within the limits of this study, negligible. 

1. INTRODUCTION 

A common problem in flood frequency analysis is esti- 
mation, from a streamflow record, of the flood corresponding 
to a return period of 50-1000 years. The gauged record is 
rarely long enough to yield an estimate of such an extreme 
flood which is accurate enough to be useful, and so there is 
considerable interest in augmenting the flow record with infor- 
mation from other sources. Possible approaches include 
record extension by regression on correlated rainfall or 
streamflow sequences ['Matalas and Jacobs, 1964' Crawford 
and Linsley, 1966' Hirsch, 1979•, regional flood estimation 
[Riggs, 1973' Greis and Wood, 1981' Wallis, 1982a, b; Kuc- 
zeta, 1982-1, and inclusion of information on flood events 
which preceded the gauged record. The last approach includes 
the use of historic data, a technique which has been used in 
hydrology for many years [e.g., Benson, 1950; Leese, 1973] 
and is incorporated in official procedures for flood frequency 
analysis [-Natural Environment Research Council (NERC), 
1975' U.S. Water Resources Council, 1982]. Another source of 
information regarding presample floods is paleohydrology, in 
which the dates and magnitudes of flood events are deduced 
from physical evidence such as deposited mud layers and age 
of vegetation at the flood site [Costa, 1978•. 

One would expect that an estimate of the paleological maxi- 
mum flood event, i.e., the largest flood in a period of perhaps 
1000-10000 years, would, i.f properly included in the esti- 
mation procedure, improve the accuracy of the resulting esti- 
mate of the flood magnitude. at whatever return period is of 
int'erest. The utility of paleohydrology to flood frequency 
ana!ysis depends on whethelt it enables a worthwhile improve- 
ment 'in flood estimates to be obtained, but little work has 
been done on how big an improvement might be expected. 

•e attempt such an assessment using computer simulation. 
An annual flood sequence and a paleological maximum event 
are generated from an extreme value distribution (of type 1 or 
2) and quantiles of the flood frequency distribution are esti- 
mated by the method of maximum likelihood, both including 
and excluding the paleological event. After many such simula- 

tions have been performed the accuracy of the quantile est•- 
•mates is evaluated, and the utility of the paleological data is 
assessed. 

The value of paleological information depends on a large 
number of factors relating to the quantity and nature of the 
data and the methods of data analysis; these factors are dis- 
cussed in the next section. Our results indicate that the bene- 

fits obtained from the use of a single paleoflood estimate are 
very dependent on the quantity of information present in the 
gauged record. Consider for example the root mean square 
error (RMSE) of the estimated 100-year flood. This quantity 
may be more than halved by the addition of an accurate 
estimate of the 10000-year maximum event to a gauged record 
of length 10 years; however, if data are available for a reason- 
ably homogeneous regional data base of 390 station years of 
annual flood data (as in Table 4), then the addition of a realis- 
tic quantity of paleological information has a negligible effect 
on the accuracy of the estimated 100-year flood. 

2. FACTORS AFFECTING THE UTILITY 

OF PALEOLOGICAL INFORMATION 

The utility of paleological information to flood frequency 
analysis is affected by a number of factors, which we now 
discuss. In sections 2.1, 2.2, 2.3, 2.4, 2.8, 2.10, 2.11, 2.12, and 
2.13 are factors whose effects were varied, to however small an 
extent, in our computer simulations. 

2.1. Nature of fiood frequency distribution. For estimation 
of the extreme upper quantiles of a probability distribution, 
the important features of the distribution are those which re- 
flect its upper tail shape: coefficient of variation (CV), skew- 
ness, kurtosis, and "heavy tailedness," however measured. In 
our simulations we used extreme value distributions of types 1 
and 2 (EV1 and EV2) considered as the special case k = 0 and 
k < 0 of the generalized extreme value (GEV) distribution 
[Jenkinson, 1955] with distribution function 

F(x) = exp {--[1 -- k(x -- •)/0Q x/k} 

F(x) = exp { -- exp [-- (x -- •)/•] } 

k•0 

k=0 
(1) 
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Extreme value distributions are widely regarded as floodlike 
[Gumbel, 1958' NERC, 1975]' negative values of k in (1) yield 
distributions with heavier tails and larger skewnesses than the 
EV1 distribution. 
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Fig. 1. Comparison of errors in estimated return period and esti- 
mated flood magnitude for a 10,000-year event from an EV1 distri- 
bution with CV = 0.4. Heavy line is distribution function of the EV1 
distribution. 

2.2. Length of gauged record. The shorter the gauged 
record, the more useful one would expect paleological infor- 
mation to be. We considered gauged record lengths of be- 
tween 10 and 80 years to be realistic and used them in our 
simulations. 

2.3. Number of sites in regional analysis. Paleological in- 
formation can be included in regional flood frequency analysis 
even if, as is likely, paleological data are available only at a 
few sites. Most of our regional simulations used a region of 
two sites with an estimated paleoflood event at one site only. 
We also performed some analyses for a 20-site region with 
paleological data at three sites. We expect that qualitatively 
similar results would be obtained for regions of other sizes. It 
is clear that the more independent and homogeneous sites 
there are in a region, the less is the advantage that can be 
expected from the inclusion of a paleoflood estimate in the 
analysis. 

2.4. Heterogeneity of sites in regional analysis. Regional 
flood frequency analysis assumes that the sites in a region are 
homogeneous, i.e., that they have identical flood frequency 
distributions after appropriate scaling or transformation, but 
is robust in that even with slight heterogeneity in a region, 
more accurate estimates of the quantiles of the flood frequency 
distribution can be obtained by regional analysis than by sep- 
arate single-site analyses. The effect of heterogeneity in the 
presence of paleological information is not clear a priori and 
may depend on whether the sites at which paleoflood esti- 
mates are available are typical of the region as a whole. In our 
simulations we investigated the effect of heterogeneity by vary- 
ing the parameters of the GEV flood frequency distribution 
between the sites in a region. 

2.5. Correlation within and between annual flood series. 
The effect of correlation is to reduce the amount of infor- 

mation contained in the gauged record and thus to enhance 
the value of paleological information. Specification of realistic 
correlation structures, particularly for between-site corre- 
lation, is difficult, so we did not include correlated series in 
our simulations. Our simulation results may nevertheless be 
applied to the real world by considering a correlated data set 
to be equivalent to some smaller set of independent data. 

2.6. Measurement error in gauged record. Errors in 
gauged records may arise from errors in an estimated stage- 
discharge relationship or from errors in indirect discharge 
measurements of overbank flows [Potter and Walker, 1981]. 
We chose to ignore such errors in our simulations because 
they are likely to be much smaller than those of paleodis- 
charge measurements. 

2.7. Specification of paleological information. Techniques 
of paleohydrology have been described by Costa [1978, 1983], 
Kochel et al. [1982] and others. Some of these methods use 
paleological data to estimate the return periods of recent 
floods. In the present work we are more interested in cases 
where there already exists a gauged record of recent floods 
which may be augmented by estimates of the magnitude and 
historic period of paleofloods. The historic period of a paleo- 
flood event is the number of years for which all that is known 
is that their maximum floods did not exceed the paleoflood in 
magnitude. The historic period is often taken as equal to the 

ß 

number of years since the occurrence of the paleoflood event 
but may often be more reasonably estimated to be longer than 
this. This information can be obtained by dating of debris in 
paleoflood deposits, dating of soil buried by gravel from pa- 
leoflood events, or the analysis of slack-water sediments in 
tributaries of a flooded main river channel. Historic periods of 
paleoflood events may be obtained by radiocarbon dating of 
organic deposits contemporary with the flood event and dis- 
charge estimates by the slope-area method or other indirect 
methods described by Maizels [1983] and Jarrett [1984]. 
Typically, one or two paleofloods may be identified, estimated, 
and dated at a given site. In some cases, such as when the 
method of slack-water sediment analysis can be used, a large 
number of paleoflood events may be identified. For example, 
Kochel et al. [1982] found evidence of 30 events on the lower 
Pecos River, Texas, though they used data from only two of 
these events in estimating the flood frequency curve. 

In our simulations we assumed that the available paleo- 
logical information was an estimate of the largest flood in a 
period of 1000-10000 years. Although as remarked above 
there are circumstances in which estimates of several large 
floods may be available, our chosen specification avoids the 
complexitie• of multivariate error specification which would 
arise with multiple flood estimates and gives us a minimal but 
not unreasonable quantity of paleological information. 

2.8. Measurement error of paleological data. Errors in 
paleological data of course diminish the utility of the data, 
and it is inevitable that paleological data will suffer from 
larger errors than will gauged data. Two kinds of error are 
possible in a paleoflood estimate, since both the magnitude 
and historic period of the flood event must be estimated. The 
two kinds of error are not of equal importance, however. Sup- 
pose for example that the flood frequency distribution is ex- 
treme value type 1 with coefficient of variation 0.4 and that 
the paleoflood has a return period of 10,000 years (see Figure 
1). Then changing the return period of the flood by + 50% or 
-33%, to 15,000 or 6667 years, alters the flood magnitude by 
only + 3.4%. For distributions with higher CV this difference 
between the effects of the two kinds of error is smaller but still 

strikingly large. These results strongly suggest that errors in 
estimating the flood magnitude are much more important 
than errors in estimating the historic period. A few trial simu- 
lations confirmed this conjecture. We therefore included in our 
main simulations only the former kind of error. 

There are very few estimates of how large errors in paleodis- 
charge estimates can be. Maizels [1983, Table 5.2] gives esti- 
mates and standard errors for four paleodischarges each esti- 
mated by five different methods. The estimates vary by a 
factor of 2, and their estimated standard errors range from 
+44% to + 129%. Maizels concludes that "none of the meth- 
ods suggested can be expected to provide very accurate re- 
sults, but they should at least indicate the order of magnitude 
of palaeovelocities and palaeodischarge amounts." O'Connor 
et al. [1984] obtained eight independent discharge estimates 
for a paleological flood event on the Verde River, Arizona; 
their estimates vary from 600 to 5700 m 3 s -1. Kochel et al. 
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[1982, Figure 7] and Costa [1983, Table 6] compare paleodis- 
charge estimates with indirect discharge estimates, made using 
the slope-area method, for recent floods' they find a discrep- 
ancy of 30-70% between the two methods. They do not, how- 
ever, give a quantitative assessment of the accuracy of their 
paleodischarge estimates. In our computer simulations we 
have used errors in flood magnitude estimation varying from 
zero to _+ 100%. This range of errors certainly does not over- 
estimate the errors inherent in current techniques of paleohy- 
drology. 

2.9. Nonstationarity of annual flood sequences. Gauged 
streamflow records may be nonstationary as a result of land 
use changes, but if this effect is serious, it can usually be 
identified from the data. The magnitude and return period of a 
paleoflood event are affected by any nonstationarity which 
may occur during a period of thousands of years, and the 
effects of changes of climate or vegetation over such a period 
are very difficult to assess. Failure to recognize the presence of 
nonstationarity (for example, that a paleofiood event may 
have arisen from meteorological conditions which no longer 
apply, such as the melting of ice-age glaciers) can have serious 
consequences for the validity of flood frequency analysis. Esti- 
mation of paleodischarge is complicated because there may be 
no time-invariant relationship between discharge and channel 
morphology [Pickup and Warner, 1976], because present-day 
channels may not be typical of paleochannels [Mosley, 1981; 
Gregory and Madew, 1982], and because the pattern of sedi- 
ment accumulation may have been different in the past [Riley, 
1975' Ethridge and Schumm, 1978' Keller and Swanson, 1979]. 
In our simulations we did not explicitly include any effects 
attributable to nonstationarity, but it would be reasonable to 
think of nonstationarity as an additional and perhaps very 
important source of measurement error in paleological data. 

2.10. Choice of fitted flood frequency distribution. Most 
regional and single-site flood frequency analysis procedures 
involve fitting a probability distribution to the observed data, 
the distribution being usually fixed in advance apart from two 
or more unknown parameters. The most important features of 
a distribution for flood frequency applications are the number 
of parameters which must be estimated, whether the moments 
of the distribution cover the range of values which is feasible 
for the population flood frequency distributions from which 
the data might be generated, and whether the fitted distri- 
bution is sufficiently flexible to mimic the shape of the upper 
tail of the population distribution. In our simulations we used 
a limited range of distributions' EV1 (two free parameters) 
and GEV (three free parameters). We did not attempt to con- 
sider the infinite choice of possibilities which arises from per- 
mitting the parent and fitted distributions to have different 
functional forms. 

2.11. Method of fitting the flood frequency distribution. It 
is only fair when comparing different flood frequency analysis 
procedures to use the most efficient method of analysis in each 
case. The methods of regional analysis recommended by the 
U.S. Water Resources Council [1982] and NERC [1975] are 
hard to assess in this regard because they are not amenable to 
calculation of standard errors of flood estimates. In our simu- 

lations we mostly used the method of maximum likelihood. 
This method is statistically optimal when long gauged records 
are available and for many distributions, including the EV1, is 
competitive even when gauged records are short. It also has 
the advantage of being able to incorporate paleological infor- 
mation in a straightforward and logical manner. However, 
when fitting the three-parameter GEV distribution to data sets 
with no paleological data, we used the method of probability 
weighted moments (PWM) [Hosking et al., 1985a, b], since 
this yields more accurate quantile estimates in small and mod- 

erate samples than does the method of maximum likelihood. 
We have not yet found a generally reliable method of incor- 
porating paleological information into the PWM method. 

2.12. Choice of quantile to be estimated. Flood estimates 
are often required for floods of return period 50-1000 years. 
As the return period increases, the gauged record becomes less 
able to determine accurately the corresponding quantile of the 
flood frequency distribution, and one would expect the extra 
information obtained from an estimated paleoflood to be in- 
creasingly valuable. In our simulations we calculated flood 
estimates for return periods of 50, 100, 500, and 1000 years, 
i.e., the 0.98, 0.99, 0.998, and 0.999 quantiles of the flood fre- 
quency distribution. 

2.13. Criteria for assessing the accuracy of estimated quan- 
tlies. We compared quantile estimators in terms of their bias 
and RMSE. Although other measures of accuracy (e.g., mea- 
sures giving differing weights to errors of overdesign and un- 
derdesign) may be preferred in particular applications, bias 
and RMSE seem the most generally useful criteria. 

3. SIMULATION PROCEDURE 

The simulation procedure is described first for a single-site 
analysis incorporating a paleological maximum event of 
known historic period m years, whose magnitude is subject to 
measurement error. 

1. Generate a gauged record x•,.'., )c n of independent 
random variates from a GEV distribution, defined by (1), with 
parameters chosen to give specified values of CV and skew- 
ness. 

2. Generate a paleological maximum event of historic 
period m years, i.e., a random variate y whose distribution 
function is Fm(y ) -- {F(y)} m, with F defined as in (1). 

3. Subject y to a random multiplicative error of _+•, i.e., 
replace y by y* - yz, where log z is a random variate from a 
normal distribution with mean zero and standard deviation 

log (1 + e). 
4. Fit a flood frequency distribution by the method of 

maximum likelihood. If the fitted distribution has a distri- 

bution function G(x' O) and a density function g(x; 0), where 0 
is a vector of unknown parameters, then the likelihood func- 
tion is taken to be 

•()(;i' 0 g(y*' O){G(y*' 0)} m--1 
i 

i.e., the usual incomplete data likelihood [Kendall and Stuart, 
1979, section 32.17] ignoring the fact that the observation y* 
is measured with error. Because measurement error is ignored, 
this naive incorporation of paleological data into the likeli- 
hood function is incorrect. However, this approach seems 
likely to be the procedure followed in practical applications 
because of the difficulty of estimating the accuracy of paleodis- 
charge estimates. Maximum likelihood estimates for the gen- 
eralized extreme value distribution are obtained by numerical 
maximization of the likelihood function, using the algorithm 

of Prescott and Walden [1983]. 
5. Calculate quantile estimates (•T--G-•(1- 1/T' 0), 

where G-• is the inverse distribution function of the fitted 
flood frequency distribution, 0 is the maximum likelihood esti- 
mate of 0, and T is the return period of interest. 

6. Repeat steps 1-5 a large number of times and calculate 
the mean and variance of (Jr and thence the bias and RMSE 
of Qr, considered as an estimator of the true quantile Qr = 
G- •(1 -- 1/T' 0). 

When simulating a regional analysis, the foregoing pro- 
cedure is generalized. Gauged records xi•, i= 1,-.-,n•, 
j = 1,---, N are generated for the N sites and paleological 
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TABLE 1. (RMSE of Q•oo)/Q•oo for a Two-Site Region With 
Paleological Maximum Event at Site 1 Only 

(hi, n2) 

rn (10, 10) (20, 20) (40, 40) 

0 0.157, 0.157 0.110, 0.110 0.078, 0.078 
1,000 0.096, 0.164 0.080, 0.112 0.065, 0.078 

10,000 0.083, 0.168 0.072, 0.112 0.060, 0.079 

Notation: m is historic period of paleological event (m = 0 indicates 
no paleological information); (n•, n2) are gauged record lengths at 
sites 1 and 2, respectively. Parent distribution EV1 and CV = 0.4 at 
both sites; fitted distribution EV1. 

maximum events y•*, -.-, Yv*, subject to independent multi- 
plicative errors, are generated for p of the sites (without loss of 
generality these are sites 1, --., p). The assumption of regional 
analysis is that X/lu, where X is the annual flood and 3t is the 
mean of the distribution of X, is the same at all the sites. 

In our simulations the site means are estimated by •j = 
nj-•Zi xij, j = 1, '.., n, the sample means of the gauged rec- 
ords, and a flood frequency distribution is fitted to the scaled 
observations {x•j/gj, i= 1, ..., nj, j = 1, ..., N; yj*/•.•,j- 1, 
ß .., p}. This is not the same as a full maximum likelihood fit, 
which would estimate the site means as well as the parameters 
of the flood frequency distribution by maximizing the likeli- 
hood function. The method used in our simulations involves 

much less computation than the full maximum likelihood ap- 
proach and corresponds more closely to the current hydro- 
logical procedure of NERC [1975], which uses the site mean 
from the gauged record to estimate the mean annual flood. 

Most of our simulations used 10,000 repetitions of steps 1-5 
above. The exceptions were regional analyses with a fitted 
GEV distribution and sample sizes of less than 20: here we 
used 50,000 repetitions. These values were chosen so that the 
results for bias and RMSE appeared stable to within one or 
two units of the last digit given in Tables 1-3. 

4. SIMULATION RESULTS 

4.1. Single-site analysis, fitted distribution EV1. We con- 
sider first the situation in which the parent flood frequency 
distribution is EV1 with a CV of 0.4. This is typical of many 
British annual flood series. We assume that the form of the 

flood frequency distribution is known, so that the fitted distri- 
bution is also EV1. Figure 2 shows the relative RMSE, 
(RMSE of Q•oo)/Q•oo, for different lengths of gauged record 
and for three specifications of paleological information: (1) no 
paleological information, (2) estimated paleological maximum 
event of historic period rn- 1000 years, and (3) estimated 
paleological maximum event of historic period m = 10,000 
years. As one would expect, the improvement in the accuracy 
of (•x00 when paleological information is included is greatest 
when the gauged record is short' when n = 10, the reduction 
in the RMSE of (•00 is 43% if m = 1000, 50% if m = 10,000. 
Although not shown in Figure 2, very similar results hold for 
quantile estimates Qr for other return periods in the range 
50_• T_• 1000. 

In the simulations which produced Figure 2 it was assumed 
that the flood magnitude of the paleological maximum event 
was measured without error. It is more realistic to suppose 
that paleofiood discharges are measured less accurately than is 
the gauged record, so Figure 3 illustrates the effect of intro- 
ducing a random multiplicative error into the measured paleo- 
flood magnitude. Results are presented for m= 10,000, 
T- 100, and n- 10, 40. Results for m- 1000 and T- 50, 
500, 1000 are similar. We see that if the measurement error of 

paleoflood magnitude exceeds _+ 23% for n = 10 or _+ 15% for 
n--40, then the accuracy of the quantile estimate is actually 
reduced by the inclusion of the paleological maximum event. 
That adding information, even unreliable information, to a 
data set can reduce the accuracy of inferences drawn from the 
data may seem surprising at first sight. This effect is a conse- 
quence of not taking the unreliability of the paleological data 
into account in the data analysis. As remarked previously, this 
is what is likely to occur in practice. Because errors of _+ 23% 
are much less than one would expect from current paleohy- 
drological techniques, there seems to be no advantage to be 
gained from inclusion of a single paleoflood estimate in flood 
frequency analysis for a single site whose flood frequency dis- 
tribution is known, or confidently believed, to be EV1. 

4.2. Sin•Ile-site analysis, fitted distribution GEV. We re- 
peated the simulations of section 4.1 but used the three pa- 
rameter GEV distribution rather than the two parameter EV1 
distribution to fit the data. The parent distribution was still 
EV1 with C¾ = 0.40' this distribution is of course also a spe- 
cial case of the GE¾ distribution with k = 0. The need to 

estimate an additional parameter means that all quantile esti- 
mates are much less accurate and the value of paleological 
information is much greater than when the fitted distribution 
is EV1. As noted previously, when no paleological information 
is available, the parameters and quantiles of the GEV distri- 
bution are estimated more accurately by the method of prob- 
ability weighted moments than by maximum likelihood [ttosk- 
ing et al., 1985b]. Our simulations therefore used maximum 
likelihood estimators when there was palaeological infor- 
mation available and PWM estimators when there was not. 

Figure 4 shows the effect of palaeological information, in 
the form of a single paleoflood estimate, and length of gauged 
record on (RMSE of (J•oo)/Q•oo and may be compared with 
Figure 2. When the fitted distribution is GE¾, the benefits of 
inclusion of the paleological event are substantial, with more 
than a 50% reduction in the RMSE of Q•00 even when a 
gauged record of 80 years is available. For estimates of more 
extreme quantiles, not shown in Figure 4, the reduction in 
RMSE when the paleological event is included is even greater, 
e.g., for n = 10, (RMSE of Q•ooo)/Q•ooo is 0.131 for m = 1000 
and 0.101 for m = 10,000, compared with 0.660 in the absence 
of paleological information. 

Figure 5 shows the effect on the accuracy of estimated 
quantiles of measurement error in the paleological maximum 
event. The inclusion of the 10,000-year maximum event re- 
duces the RMSE of Qx00 provided that the measurement error 
is less than +_100% if n = 10 or less than _+50% if n = 40. 
For the 1000-year maximum event (not shown in Figure 5) the 
corresponding values are q- 75% if n = 10, q- 35% if n -- 40. 
Results for quantile estimates at other return periods are very 
similar. Given that paleodischarge measurements are unlikely 
to be accurate to within __. 50% and that errors of _+ 100% are 

TABLE 2. (RMSE of Qxoo)/Qxoo for a Two-Site Region With 
Paleological Maximum Event at Site 1 Only 

hi, n2) 

rn (10, 10) (20, 20) (40, 40) 

0 0.239, 0.239 0.172, 0.172 0.123, 0.123 
1,000 0.096, 0.162 0.081, 0.120 0.069, 0.090 

10,000 0.104, 0.151 0.077, 0.109 0.060, 0.081 

Notation: m is historic period of paleological event (m -- 0 indicates 
no paleological information); (n•, n2) are gauged record lengths at 
sites 1 and 2, respectively. Parent distribution EVl and C¾ = 0.4 at 
both sites; fitted distribution GE¾. 
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TABLE 3. {(Bias of •1oo) -- Qloo}/Qloo and (RMSE of (•1oo)/Qloo for a Two-Site Region 

CV Skew n rn Error RMSE Bias 

0.4, 0.4 1.14, 1.14 10, 10 0, 0 0 0.239, 0.239 0.03, 0.03 
0.4, 0.4 1.14, 1.14 10, 10 10,000, 0 0 0.104, 0.151 0.00, 0.01 
0.4, 0.4 1.14, 1.14 10, 10 10,000, 0 +50% 0.189, 0.221 0.02, 0.02 
0.4, 0.4 1.14, 1.14 40, 40 0, 0 0 0.123, 0.123 0.02, 0.02 
0.4, 0.4 1.14, 1.14 40, 40 10,000, 0 0 0.060, 0.081 0.01, 0.01 
0.4, 0.4 1.14, 1.14 40, 40 10,000, 0 +50% 0.162, 0.172 0.01, 0.01 
0.8, 0.8 3, 3 10, 10 0, 0 0 0.403, 0.403 --0.03, --0.03 
0.8, 0.8 3, 3 10, 10 10,000, 0 0 0.202, 0.308 0.02, 0.06 
0.8, 0.8 3, 3 10, 10 10,000, 0 + 50% 0.237, 0.353 0.03, 0.05 
0.8, 0.8 3, 3 40, 40 0, 0 0 0.221, 0.221 0.00, 0.00 
0.8, 0.8 3, 3 40, 40 10,000, 0 0 0.129, 0.168 0.03, 0.04 
0.8, 0.8 3, 3 40, 40 10,000, 0 + 50% 0.185, 0.212 0.04, 0.04 
0.4, 0.45 1.14, 1.14 10, 10 0, 0 0 0.254, 0.238 0.06, 0.00 
0.4, 0.45 1.14, 1.14 10, 10 10,000, 0 0 0.108, 0.161 0.02, --0.04 
0.4, 0.45 1.14, 1.14 10, 10 0, 10,000 0 0.174, 0.112 0.06, -0.02 
0.4, 0.6 1.14, 1.14 10, 10 0, 0 0 0.334, 0.264 0.18, --0.08 
0.4, 0.6 1.14, 1.14 10, 10 10,000, 0 0 0.142, 0.225 0.09, --0.15 
0.4, 0.6 1.14, 1.14 10, 10 0, 10,000 0 0.322, 0.134 0.24, --0.05 

CV and skew are those of the parent GEV distributions for each site; n is gauged record length; rn is historic period of paleological maximum 
event (rn = 0 indicates no paleological maximum event)' error is the measurement error of the paleological event. Pairs of numbers separated by 
commas refer to site 1 and site 2, respectively. Fitted distribution GEV. 

quite realistic, it seems that the naive inclusion of a paleo- 
logical maximum event in flood frequency analysis is unlikely 
to be beneficial if the flood frequency distribution is similar to 
EV1. 

We repeated the GEV single-site simulations using as 
parent distribution a GEV distribution with CV 0.8 and skew- 
ness 3. This distribution has a much heavier upper tail than 
does an EV1 distribution. In consequence, estimates of ex- 
treme upper quantiles are less accurate than when the parent 
distribution is EV1, and the better definition of the tail of the 

distribution offered by paleological information can be valu- 
able even when the paleological maximum event is subject to 
large measurement errors. Figure 6 gives results for estimating 
Q•00 from a gauged record of length n = 10 or n - 40 with a 
10,000-year palaeological maximum event subject to error. 
Even an error of + 100% in the paleological data still im- 
proves the accuracy of the quantile estimator 0,•oo- 

4.3. Regional analysis, fitted distribution EV1. Regional 
flood frequency analysis, like the use of paleological infor- 
mation, is a means of increasing the amount of information 
available for estimation of extreme floods at a given site. It is 
natural to enquire whether paleological information gives any 
improvement in accuracy of flood estimation beyond that ob- 
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Fig. 2. (RMSE of •)1oo)/Qloo as a function of gauged record 
length n and historic period rn of palaeological maximum event. 
Single-site analysis, parent distributi_on EV1 with CV = 0.4, fitted dis- 
tribution EV 1. 

tained from regionalization. Our simulations were for the sim- 
plest case of a region with two sites ("site 1" and "site 2") and 
a paleological maximum event of known historic period rn 
years observed at site 1 only. We believe that qualitatively 
similar results are valid for larger regions. 

First, we suppose that both sites in the region have identical 
EV1 flood frequency distributions with CVs of 0.4 and that 
the fitted regional distribution is also EV1. The accuracy of 
Q•00 at each site for different combinations of gauged record 
lengths and return period of the paleological maximum event 
is given in Table 1. The paleological maximum event is as- 
sumed to be measured without error. For site 1, at which the 
paleological maximum event is observed, the RMSE of (•00 is 
reduced by a similar proportion to that of the single-site case. 
However, inclusion of the paleological maximum event for site 
1 yields no reduction in the RMSE of extreme flood estimates 
at site 2. 

Our other simulation results for fitting a regional EV1 dis- 
tribution are not given in detail. They confirm the two main 
conclusions which may be drawn from Table 1 and Figure 3' 
that a paleological event at one site does not increase the 
accuracy of extreme flood estimates at other sites in the region 
and that if the paleodischarge is subject to measurement error 
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Fig. 3. (RMSE of (•100)/Q100 as a function of measurement error 
of 10,000-year palaeological maximum event. Dashed lines denote 
(RMSE of (•100)/Q100 when there are no paleological data' n is length 
of gauged record. Single-site analysis, parent distribution EV1 with 
CV = 0.4, fitted distribution EV1. 
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Fig. 4. (RMSE of (•oo)/Q•oo as a function of gauged record 
length n and historic period rn of paleological maximum event. Single- 
site analysis, parent distribution EV1 with CV = 0.4, fitted distri- 
bution GEV. 

of +25%, then the RMSE of extreme flood estimates is not 
reduced even at the site where the paleological maximum 
event was observed. 

4.4 Regional analysis, fitted distribution GEV. For a re- 
gional analysis, as for a single-site analysis, paleological infor- 
mation is much more valuable when the flood frequency dis- 
tribution being fitted has three rather than two undetermined 
parameters. Table 2 corresponds to Table 1 except that the 
fitted distribution is GEV. The main differences between 

Tables 1 and 2 are that all quantile estimates have higher 
RMSEs when the fitted distribution is GEV than when it is 

EV1 and that when the fitted distribution is GEV the in- 

clusion of the paleological maximum event reduces the RMSE 
of quantile estimates even at the site where no paleoflood 
event was observed. These results confirm the impression 
given by the single-site analyses that the main factor affecting 
the value of paleological information to flood frequency analy- 
sis is whether the parent flood frequency distribution may be 
assumed known apart from two undetermined parameters. 

Our other simulation results for regional analysis with a 
fitted GEV distribution are summarized in Table 3. The analy- 
ses start with a "basic setup" of two sites, each of whose flood 
frequency distributions is GEV with CV = 0.4 and skew- 
ness= 1.14 and each with 10 years of gauged record. Modifi- 
cations to this basic setup then explore the effect of errors in 
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Fig. 5. (RMSE of (•oo)/Q•oo as a function of measurement error 
of 10,000-year paleological maximum event. Dashed lines denote 
(RMSE of (•,oo)/Q,oo when there are no paleological data; n is length 
of gauged record. Single-site analysis, parent distribution EV1 with 
CV = 0.4, fitted distribution GEV. 
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Fig. 6. (RMSE of (•oo)/Q•oo as a function of measurement error 
of 10,000-year paleological maximum event. Dashed lines denote 
(RMSE of (•oo)/Q•oo when there are no paleological data' n is length 
of gauged record. Single-site analysis, parent distribution GEV with 
CV = 0.8, skewness = 3, fitted distribution GEV. 

the paleodischarge measurements, longer gauged records, 
heavier-tailed flood frequency distributions, and heterogeneity 
of the flood frequency distributions at the two sites. Results 
quoted are the RMSE and bias of Q •oo. Our main conclusions 
from Table 3 are as follows. 

The 10,000-year paleological maximum event, if accurately 
measured, greatly reduces the bias and variability of extreme 
flood estimates' the reduction in RMSE of Q•oo can be as 
much as 60% at the site at which the paleological event oc- 
curred and 35% at another site in a homogeneous region. 

Measurement error in the magnitude of the paleological 
maximum event greatly reduces the benefits of including it in 
the analysis. If gauged records of 40 years are available at 
each of two sites, then a + 50% error in paleodischarge esti- 
mates nullifies the utility of the naive use of the paleological 
maximum event in flood frequency analysis. 

Slight heterogeneity in a region has little effect on the utility 
of either regionalization or paleological information. A larger 
amount of heterogeneity can cause large biases in extreme 
flood estimates. This problem is exacerbated when a paleo- 
logical maximum event is used in the analysis if this event is 
observed at a site where the CV of the parent flood frequency 
distribution is high compared to other sites in the region. 

4.5. Regional analysis for a large region. Finally, we con- 
sider the effect of paleological information on regional flood 
frequency analysis for a region whose size is more typical of 
hydrological practice. Imagine a data base comprising 20 
catchments of different areas, and suppose that as catchment 
area increases, so does the mean annual flood and so does the 
standard deviation of the annual flood, although at a slightly 
lower rate (i.e., the CV of the floods declines slowly as catch- 
ment size increases). Imagine also that as catchment size in- 
creases the skewness of the annual flood distribution decreases 

and that the bigger the catchment, the longer the period of 
record. All these properties are hydrologically plausible, and 
from them we constructed the data base of 390 station years of 
data shown in Table 4, which reproduces Table 5 of Hosking 
et al. [1985a]. Suppose further that estimates of the 10,000- 
year paleological maximum event are available at sites 1, 10, 
and 20 and that these estimates are subject to independent 
measurement errors of +50%. Regional flood frequency 
analysis may be carried out by two methods' the GEV/PWM 
regional algorithm of Hosking et al. [1985a], ignoring the 
paleological information, and the regional maximum likeli- 
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TABLE 4. Summary Statistics for a Heterogeneous GEV Data Base 

Probabilities and Quantiles 

Site k • • Mean S.D. CV Skew Kurtosis n 0.95 0.98 0.99 0.998 0.999 

1 -0.1769 4.00 8.50 11.6 6.94 0.60 3.00 29.4 10 24.1 31.0 36.9 53.8 62.6 
2 -0.1740 4.04 8.90 12.1 6.96 0.58 2.94 27.9 11 24.6 31.5 37.4 54.1 62.9 
3 -0.1711 4.08 9.30 12.5 6.99 0.56 2.89 26.6 12 25.1 31.9 37.8 54.5 63.2 
4 -0.1682 4.12 9.70 12.9 7.01 0.54 2.83 25.3 13 25.6 32.4 38.3 54.9 63.5 
5 -0.1653 4.16 10.10 13.3 7.04 0.53 2.78 24.1 14 26.1 32.9 38.8 55.2 63.8 
6 -0.1624 4.20 10.50 13.7 7.06 0.51 2.73 23.1 15 26.5 33.4 39.2 55.6 64.0 
7 -0.1595 4.24 10.90 14.1 7.09 0.50 2.68 22.1 16 27.0 33.9 39.7 55.9 64.3 
8 -0.1566 4.28 11.30 14.5 7.11 0.49 2.63 21.2 17 27.5 34.3 40.1 56.3 64.6 
9 -0.1537 4.32 11.70 15.0 7.13 0.48 2.59 20.3 18 28.0 34.8 40.6 56.6 64.9 

10 -0.1508 4.36 12.10 15.4 7.16 0.47 2.54 19.5 19 28.4 35.3 41.0 57.0 65.1 
11 -0.1479 4.40 12.50 15.8 7.18 0.45 2.50 18.7 20 28.9 35.7 41.5 57.3 65.4 
12 -0.1450 4.44 12.90 16.2 7.20 0.44 2.46 18.0 21 29.4 36.2 41.9 57.7 65.6 
13 -0.1421 4.48 13.30 !6.6 7.23 0.44 2.41 17.4 22 29.9 36.7 42.4 58.0 65.9 
14 -0.1392 4.52 13.70 17.0 7.25 0.43 2.37 16.7 23 30.3 37.1 42.8 58.3 66.2 

15 -0.1363 4.56 14.10 17.4 7.27 0.42 2.33 16.2 24 30.8 37.6 43.3 58.7 66.4 
16 -0.1334 4.60 14.50 17.8 7.30 0.41 2.30 15.6 25 31.3 38.0 43.7 59.0 66.7 
17 -0.1305 4.64 14.90 18.3 7.32 0.40 2.26 15.1 26 31.7 38.5 44.2 59.3 66.9 
18 -0.1276 4.68 15.30 18.7 7.34 0.39 2.22 14.6 27 32.2 39.0 44.6 59.7 67.2 
19 -0.1247 4.72 15.70 19.1 7.36 0.39 2.19 14.1 28 32.7 39.4 45.0 60.0 67.4 
20 -0.1218 4.76 16.10 19.5 7.39 0.38 2.15 13.7 29 33.! 39.9 45.5 60.3 67.7 

S.D., standard deviation. 

hood method previously described, including the paleological 
information. The bias and RMSE of estimates of the 100-year 
flood at eac h site, obtained by the two methods, are compared 
in Figure 7. It is clear that there are only negligible differences 
between the two sets of results and that for this realistic data 

base ther• is nothing to be gained from incorporating this 
amount of paleological information into regional flood fre- 
que, ncy analysis. 

5. CONCLUSIONS 

The utility of paleological information for flood frequency 
analysis is affected by a large number of factors, not all of 
whose effects can be quantitatively assessed with confidence. 
The most important dichotomy is whether the parent flood 
frequency distribution may be assumed known apart from two 
parameters or whether its specification involves three or more 
unknown parameters. 

In the former case an estimate of the paleological maximum 
flood event is valuable only if accurately measured' if so, then 
the RMSEs of extreme flood estimates can be reduced by up 
to 50% (for a gauged record length of 10 years and a 10,000- 
year maximum event). If the paleological flood magnitude esti- 
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mate is subject to errors of +25% or more, then its value to 
flood frequency analysis is negligible. In a regional flood fre- 
quency analysis, an estimate of the paleological maximum 
event at one site in the region will not improve the accuracy of 
extreme flood estimates at other sites in the region. 

If the parent flood frequency distribution has three un- 
known parameters, then the value of paleological information 
is much greater. The shape of the extreme tail of a three- 
parameter distribution is difficult to determine at all accu- 
rately from a short gauged record, and the paleological maxi- 
mum event, even if subject to large errors, can yield a worth- 
while increase in accuracy. In a single-site analysis the in- 
clusion of the estimated paleological maximum event gives a 
substantial reduction in the RMSE of extreme flood estimates. 

The magnitude of this reduction cannot be explicitly stated 
since it depends on the length of the gauged record, the CV 
and skewness of the parent flood frequency distribution, the 
length of the return period of the paleological event, and the 
distance into the tail of the distribution of the quantile of 
interest (whether it is say the 100-year event or the 1000-year 
event). Even when the estimate of the paleological maximum 
event is subject to an error of + 50%, a worthwhile improve- 
ment in the accuracy of extreme flood estimates is still ob- 
tained. 

In a regional analysis with a fitted GEV distribution the 
value of paleological information decreases as the amount of 
recent information (station years of gauged record) increases. 
In small regions with short records, inclusion of a paleological 
maximum event is worthwhile and yields improved flood esti- 
mates even at sites where no paleological event has been ob- 
served. However, the inclusion of a paleological maximum 
event does not avoid, and can exacerbate, the biases in flood 
estimates which arise from heterogeneity in a region. In larger 
regions containing, say, 20 independent and more or less ho- 
mogeneous annual flood sequences the use of a realistic quan- 
tity of paleological information does not add to the benefits 
conveyed by regionalization. 

These conclusions are subject to a number of caveats. It is 
possible that more paleological information may be available 
at a site than just one estimate of a paleological maximum 
event, and we emphasize that the direct application of our 
results is restricted to cases in which only one paleological 
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event has been identified at a site. The effect of errors in 

paleological information may perhaps be set off against 
measurement errors in the gauged record. On the other hand, 
nonstationarity of annual flood sequences may cause paleo- 
logical information to be even more error prone than we have 
assumed. We chose not to include these factors in our simula- 
tions because realistic structures for measurement error would 

be extremely complicated and difficult to specify. More com- 
plicated estimation algorithms might be able to extract more 
information from error prone paleodischarge estimates. All 
statistical techniques in flood frequency analysis should be 
robust to reasonable minor departures of the form of the 
parent flood frequency distribution from that assumed in the 
analysis-this criterion is satisfied by the GEV/PWM regional 
algorithm without paleological information [Hosking et al., 
1985a-I, but the scope of our simulations did not enable us to 
check on the robustness of the maximum likelihood method 

which was used when paleological information was present. 
Nonetheless, we are confident that our simulations have 

identified the major factors affecting the utility of paleological 
information for flood frequency analysis. In summary, the use 
of a paleological maximum event is likely to be worth while 
only when estimating a three-parameter flood frequency distri- 
bution from a short gauged record from a single site or a 
small number of homogeneous sites. The accumulation of as 
large a number as possible of more or less homogeneous and 
independent gauged flood records, followed by a regional 
analysis using an efficient and robust algorithm such as 
GEV/PWM, will increase the accuracy of flood estimates to a 
level which cannot be significantly improved by the inclusion 
of a small amount of paleological information. 

NOTATION 

CV coefficient of variation. 

EV1 extreme value type 1. 
GEV generalized extreme value. 

k shape parameter of GEV distribution. 
m return period of paleological maximum event. 
n length of gauged record. 

PWM probability weighted moment. 
Qr population quantile of flood frequency 

distribution. 

{Jr estimated quantile of flood frequency 
distribution. 

RMSE root mean square error. 
T return period corresponding to quantile 

of flood frequency distribution. 
0• scale parameter of GEV distribution. 
• location parameter of GEV distribution. 
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