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A common problem in flood frequency analysis is estimation, from a short gauged record, of the flood 
corresponding to a return period of 50-1000 years. One would expec•t that an estimate of the historical 
maximum event' i.e., the maximum flood in a period of perhaps 100-200 years, Would, if properly 
included in the estimation procedure, improve the resulting estimate of the flood magnitude at the given 
return period. We attempt to assess the value of historical information using computer simulation. An 
annual flood sequence and a historical maximum event are generated from an extreme-value distribution 
(of type I or II) and quantiles of the distribution are estimated by maximum likelihood, both including 
the excluding the historical event. After many such simulations have been performed the accuracy of the 
quantile estimates is assessed. We also consider the effect of errors in the magnitude of historical 
discharge estimates and the use of historical data in regional flood frequency analysis. 

INTRODUCTION 

It is often possible to augment the annual peaks of a gauged 
streamflow record with estimates of the peak discharges of 
flood events which occurred before gauging began. The in- 
clusion of reliable historical data in flood frequency analysis 
may be expected to yield improved estimates of the parame- 
ters and quantiles of the flood frequency distributions. The 
improvements which the use of historical data makes possible 
can be quantified by computer simulation, and a number of 
simulation experiments have been reported in the literature. 

Tasker and Thomas [1978] compared the performance of 
five variants of the Bulletin 17 [U.S. Water Resources Council, 
1982] method of flood frequency analysis. Annual floods were 
generated from a log-Pearson type III distribution. A gauged 
record length of between 15 and 65 years was used together 
with a measurement of the maximum flood in a period of 
between 25 and 145 years. Tasker and Thomas reported gains 
of up to 30% in the accuracy of the estimated 100-year flood 
when the historical maximum flood was included in the analy- 
sis. 

Condie and Lee [1982] generated annual flood data from an 
approximation to a lognormal distribution, with a gauged 
record of 50 years and historical data in the form of the one or 
two largest flood magnitudes in a pregauging period of 51 or 
52 years. Three-parameter lognormal distributions were fitted 
to the data by the method of maximum likelihood and by a 
historically weighted moment method similar in spirit to that 
of Bulletin 17. The use of two historical flood measurements 
rather than one gave a 10% reduction in the root-mean- 
square error (RMSE) of the maximum likelihood estimate of 
the 100-year flood; no comparison was made with analyses 
which ignored the historical data. 

Cohn [1984] and Stedin•ler and Cohn [1986] fitted two- 
parameter lognormal distributionS, by the maximum likeli- 
hood and Bulletin 17 methods, to data generated from either 
lognormal or log-Pearson type III distributions. Gauged 
record lengths varied from 10 to 100 years, and historical data 
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consisted of observations over a period of 20-2000 years of all 
floods exceeding a known threshold of discharge correspond- 
ing to a quantile in the range (0.90, 0.99) of the flood frequency 
distribution. $tedinger and Cohn [1986] concluded that "in 
reasonable cases, 50 years of historical observation• can pro- 
vide as much information as 10-30 years of additional system- 
atic flood record." 

The present paper also reports results of computer simula- 
tions of flood frequency analyses using historical data. Our 
approach overlaps to some extent with those described above, 
but we address two important points which have not pre- 
viously been considered. First, we acknowledge that estlmates 
of historical flood discharges are likely to be less accurate than 
the systematic gauged record, fi'nd we explicitly incorporate 
errors in historical flood estimates into our simulations. 

Second, we consider regional as well as single-site flood fre- 
quetacy analysis. Lettenmaier et al. [1986] have shown that a 
regional analysis which combines annual flood data from a 
number of more or less homogeneous and independent sites 
yields much more accurate estimates of extreme flood quan- 
tiles than does a single-site analysis. It is therefore of interest 
to assess whether the inclusion of historical data iri a regional 
analysis enables a further increase in the accuracy of quantile 
estimates to be attained. 

In Our simulations we used the generalized .extreme-value 
(GEV) distribution and it• special case the extreme-value type 
I (EV1) or Gumbel distribution for the generation and fitting 
of annual flood data. The GEV distribution, for suitable 
values of its parameters, may be regarded as floodlike, and is 
the recommended distribution for use in flood frequency 
analysis in the United Kingdom [Natural Environment Re- 
search Council (NERC), 1975]. We do not consider that our 
particular choice of the GEV distribution has any significant 
effect' we would expect to obtain similar results using any 
hydrologically plausible three-parameter distribution (e.g., log- 
normal, gamma, log-Pearson type III) in our simulations. The 
GEV distribution may be fitted by maximum lik•.elihood (ML) 
[Prescott and Walden, 1983' Hosking, 1985] or by the method 
of probability weighted moments (PWM) [Hosking et al., 
1985b]. The PWM method gives the more efficient small- 
sample quantile estimates of the GEV distribution, but we 
have not been able to derive a satisfactory method of incor- 
poration of historical information into the PWM method. In 
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practice, one would therefore use ML estimation when histori- 
cal information is included and PWM estimation when only 
the gauged record is used. For completeness, however, we also 
report the results of simulations which used ML estimation 
but no historical data. We did not use a weighted-moment 
procedure such as that of Bulletin 17B [U.S. Water Resources 
Council, 1982]: recent research has clearly demonstrated that 
this approach makes inefficient use both of gauged records 
[Wallis and Wood, 1985] and of historical data [Stedinger and 
½ohn, 1986] and does not merit serious consideration in a 
scientific approach to flood frequency analysis. 

HISTORICAL DATA 

Records of historical floods are nol uncommon. Thomson et 
al. [1964] and NERC [1975, vol 4] give large collections of 
historical data, and Potter [1978] describes the many possible 
historical sources of British flood data. The proper treatment 
of historical data in flood frequency analysis depends on the 
criteria, implicit or explicit, which were used in the past to 
determine whether a given flood should be recorded, and on 
what inferences may thereby be drawn concerning the unre- 
corded floods. For example, does the absence of any recorded 
flood during some time interval imply that no notably large 
flood event occurred in that interval? In particular, is it rea- 
sonable to assume that the earliest recorded historical flood 

was higher than all the floods in some number of years pre- 
ceding it ? These considerations can affect the estimated return 
periods of historical floods and can be resolved only by close 
examination of the circumstances which led to the historical 

data being recorded in the first place. 
Gerard and Karpuk [1979] give a careful discussion of how 

to evaluate historical flood information from different sources 

and assert that there exists a "perception stage," i.e., a water 
level which would certainly have been reported had it been 
exceeded. ½ohn [1984] argues that in consequence a set of 
historical flood events at one site should be treated as the 

exceedances of some threshold rather than as the rn largest 
floods with rn fixed in advance: in statistical terminology, that 
historical flood data arise from type I rather than type II 
censoring. This argument is not wholly convincing, however. 
When a long series of historical floods has been recorded it is 
certainly likely that the reason for recording a flood was the 
exceedance of some perception stage, though, of course, the 
perception stage may have changed during the period in 
which the historical records were made. Yet when only one or 
a few large historical floods have been recorded at a site it is 
equally plausible that these were recorded because they were, 
in human memory, the largest events to have occurred. In our 
simulations we used no more than one historical flood at any 
site and we therefore felt justified in treating a historical flood, 
during both data generation and model fitting, as the single 
largest flood event in a known pregauging period (the "histori- 
cal period"). 

When assessing the value of historical information for flood 
frequency analysis it is important to realize that estimates of 
the magnitudes of historical floods are unlikely to be as accu- 
rate as gauged flood records. Consider, for example, a typical 
case in which the maximum flood level has been recorded for 

a historical flood event and this level is converted into an 

estimated discharge by extrapolation of a stage-discharge re- 
lationship obtained from recent gauged flows. Any upward or 
downward bias in the stage-discharge relationship will affect 
the extrapolated discharge estimate just as much as the 
gauged record, while other sources of error will have a greater 
effect on the extrapolation than on the gauged record: possi- 

ble sources of error are sampling variability about the true 
stage-discharge relationship, incorrect specification of the 
functional form of the stage-discharge relationship, particu- 
larly in the region of extrapolation, and temporal variation in 
the stage-discharge relationship. The last two sources of error 
are very difficult to detect yet may seriously diminish the acc.u- 
racy of the historical discharge estimate. Historical discharge 
estimates obtained by other indirect methods such as the 
slope-area method are also subject to large errors. If the his- 
torical flood was recorded at some other place than the gaug- 
ing site then the transfer of the discharge from one place to the 
other introduces another source of error. In our simulations 

we used a range of values for the error in historical flood 
estimates' many of the results quoted in this paper use a 
random multiplicative error of + 25%, which we consider to 
be realistic. We chose to ignore the possibility of error in the 
gauged record for the same reason that we did not simulate 
multiple historical floods at a single site' the errors associated 
with different observations would not be statistically indepen- 
dent, so it would be necessary to specify a multivariate prob- 
ability distribution from which to generate the errors and this 
we felt to be too complicated to simulate in a realistic manner. 

SIMULATION PROCEDURE 

Our computer simulations to assess the value of historical 
data were largely structured after the pattern of our previous 
work on palaeological data [Hosking and Wallis 1986]. Fac- 
tors capable of affecting the value of historical information for 
flood frequency analysis are as follows: (1) nature of flood 
frequency distribution; (2) length of gauged record; (3) number 
of sites in regional analysis; (4) heterogeneity of sites in re- 
gional analysis; (5) correlation within and between annual 
flood series; (6) measurement error in gauged record; (7) speci- 
fication of historical information; (8) measurement error of 
historical data; (9) nonstationarity of annual flood sequences; 
(10) choice of fitted flood frequency distribution; (11) method 
of fitting the flood frequency distribution; (12) choice of quan- 
tile to be estimated; and (13) criteria for assessing the accuracy 
of estimated quantiles. The effects of factors 1, 2, 3, 4, 8, and 
10-13 were varied in our computer simulations. For dis- 
cussion of these factors see Hosking and Wallis [1986] and the 
preceding section of this paper. 

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

1. Generate a gauged record x•,..., xn of independent 
random variates from the GEV distribution: 

F(x) = exp [-{ 1 - k(x - •)/•z} a/k] k -• 0 
(1) 

F(x) = exp •--exp {--(x -- •)/•z}] k = 0 

with parameters •, •z, and k chosen to give specified values of 
CV and skewness. 

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

3. Subject y to a random multiplicative error of + e, 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). The mean of this normal distribution is chosen so 
that the discharge estimates are median-unbiased' i.e., over- 
estimation and underestimation are equally likely. The stan- 
dard deviation is chosen so that an error of e, i.e., over- 
estimation or underestimation by a factor of 1 + e, corre- 
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TABLE 1. The (RMSE of Q•oo)/Q•oo for a Two-site Region With 
Historical Maximum Event at Site 1 Only 

(H I, •'12) 

m (10, 10) (20, 20) (40, 40) 

0 0.157, 0.157 0.110, 0.110 0.078, 0.078 
100 0.113, 0.161 0.090, 0.111 0.070, 0.078 
200 0.107, 0.162 0.088, 0.111 0.069, 0.078 

Here, rn is historic period of historical event (rn- 0 indicates no 
historical information) and (n•, n2) are gauged record lengths at sites 1 
and 2, respectively. Parent distribution EV1 with CV- 0.4 at both 
sites; fitted distribution EV1. 

sponds to 1 standard deviation from the mean of the normal 
distribution. 

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 

{II 0)}a(y*. 0)} --' i=1 

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 historical data into the likelihood 
function is technically incorrect. However, this approach 
seems likely to be the procedure followed in practical appli- 
cations, because of the difficulty of estimating the accuracy of 
historical discharge estimates. We therefore consider that it 
offers the best basis for comparison of the various methods 
currently available to the practitioner. 

5. Calculate quantile estimates {jr = G-•(1- 1/T' 0), 
where G- x 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 many times and calculate the mean 
and variance of Qr and thence the bias and RMSE of {Jr, 
where Qr = G-•( 1 - l/T; O) is the true quantile of which (Jr 
is an estimate. 

When simulating a regional analysis the foregoing pro- 
cedure is generalized. Gauged records xq, i---1, ..., nj, 
j = 1, ..., N, are generated for the N sites and historical max- 

* ß subject to independent multipli- imum events yx , .., y•,*, 
cative errors, are generated for p of the sites (without loss of 
generality these are sites 1, ..., p). The assumption of regional 
analysis is that the distribution of X/#, where X is the annual 
flood and # is the mean of X, is the same at all the sites. In 
our simulations the site means are estimated by g• = nj -• 
•i x•, j - 1, ..., n, the sample means of the gauged records, 
and a flood frequency distribution is fitted to the scaled obser- 
vations {xo/g •, i= l,...,nj, j= I,...,N' y•*/g•, j= l, 
-.., 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. 

When no historical data were present and the GEV distri- 
bution was fitted, quantile estimates were calculated using the 
method of PWM as well as by maximum likelihood. The 

PWM estimation procedure is described by Hosking et al. 
[1985a, b] for regional and single-site data, respectively. 

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 1 or 2 
units of the last digit given in Tables 1-3. 

SIMULATION RESULTS 

Single-Site Analysis, Fitted Distribution EV1 

Suppose that the flood frequency distributions is EV1, i.e., 
GEV with k - 0, with CV of 0.4. This is a realistic choice for a 
distribution of annual floods, being typical of many British 
rivers and of many large rivers in other parts of the world. 
Suppose also that an EV1 distribution is fitted to the data' i.e., 
the flood frequency distribution is assumed known apart from 
two undetermined parameters. Figure 1 illustrates the effect of 
including an accurately measured historical maximum flood 
event in the analysis. The criterion of accuracy in quantile 
estimation is the relative RMSE defined as {E({jr- Qr)2/ 
Qr 2}x/2, where Qr and {Jr are the magnitude of the flood 
event of return period T years and its estimator, respectively. 
The reduction in RMSE when the historical maximum flood is 

included in the analysis is considerable, particularly when the 
gauged record length n is small; for a historic period m = 100 
years the reduction varies from 33% at n = 10 to 6% at 
n -- 80. 

The result for n = 20 and m = 100 in Figure 1 is the only 
one of our simulation results which may reasonably be com- 
pared with previously published simulations. We find in this 
case that inclusion of the historical flood reduces the RMSE of 

Q•oo by 22% $tedinger and Cohn [1986] corresponding result, 
at H = 100 in their Figure 2, is a reduction of 29% in the 
RMSE of log Qxoo. Given the different scales of measurement 
of RMSE, different flood frequency distributions and different 
types of censoring used in the two sets of simulations these 
results are not significantly discordant. 

If the magnitude of the historical maximum flood is subject 
to estimation error then there is less to be gained by including 
it in the analysis. Figure 2 quantifies this effect. An error in the 
magnitude of the historical maximum flood of _+25% (if 
n = 10) or ___ 16% (if n = 40) is sufficient to make the esti- 
mated 100-year flood less accurate when the historical flood is 
included than when only the gauged record is used. Very simi- 
lar results were obtained in our unpublished simulations for 
estimates of quantiles of return periods 50, 500, and 1000 years 
and for the case rn = 200. An error of + 25% in an estimated 

TABLE 2. The (RMSE of O•oo)/Q•oo for a Two-Site Region. With 
Historical Maximum Event at Site 1 Only 

(•'11, •/2) 

Estimation 

m Method (10, 10) (20, 20) (40, 40) 

0 PWM 0.239, 0.239 0.172, 0.172 0.123, 0.123 
0 ML 0.513, 0.513 0.196, 0.196 0.129, 0:129 

100 ML 0.130, 0.200 0.113, 0.147 0.096, 0.110 
200 ML 0.111, 0.184 0.099, 0.137 0.086, 0.103 

Here, m is historic period of historical event (m = 0 indicates no 
historical information) and (n•, n2) are gauged record lengths at sites 1 
and 2, respectively. Parent distribution EV1 with CV- 0.4 at both 
sites; fitted distribution GEV. 
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TABLE 3. The (Bias of Q•oo)/Q•oo and (RMSE of Q•00) ½ora Two-Site Region 

Estimation 

CV Skew n m Error Method RMSE Bias 

0.4, 0.4 1.14, 1.14 10, 10 0, 0 0 PWM 0.239, 0.239 0.03, 0.03 
0.4, 0.4 1.14, 1.14 10, 10 0, 0 0 ML 0.513, 0.513 0.00, 0.00 
0.z[, 0.4 1.14, 1.14 10, 10 100, 0 0 ML 0.130, 0.200 0.00, 0.01 
0.4, 0.4 1.i4, 1.14 10, 10 100, 0 + 25% ML 0.200, 0.253 0.01, 0.02 
0.4, 0.4 1.14, 1.14 40, 40 0, 0 0 PWM 0.123, 0.123 0.02, 0.02 
0.4, 0.4 1.14, 1.14 40, 40 0, 0 0 ML 0.129, 0.129 -0.01, -0.01 
0.4, 0.4 1.14, 1.14 40, 40 100, 0 0 ML 0.096, 0.110 0.00, 0.00 
0.4, 0.4 1.14, 1.14 40, 40 100, 0 + 25% ML 0.122, 0.133 0.00, 0.00 
0.8, 0.8 3, 3 10, 10 0, 0 0 PWM 0.403, 0.403 -0.03, -0.03 
0.8, 0.8 3, 3 10, 10 .0, 0 0 ML 1.22 , 1.22 0.10, 0.10 
0.8, 0.8 3, 3 10, 10 100, 0 0 ML 0.290, 0.451 0.03, 0.08 
0.8, 0.8 3, 3 10, 10 100, 0 + 25% ML 0.334, 0.486 0.04, 0.09 
0.8, 0.8 3, 3 40, 40 0, 0 0 PWM 0.221, 0.221 0.00, 0.00 
0.8, 0.8 3, 3 40, 40 0, 0 0 ML 0.246, 0.246 0.00, 0.00 
0.8, 0.8 3, 3 40, 40 100, 0 0 ML 0.190, 0.219 0.01, 0.02 
0.8, 0.8 3, 3 40, 40 100, 0 + 25% ML 0.204, 0.231 0.01, 0.02 
0.4, 0.45 1.14, 1.14 10, 10 0, 0 0 PWM 0.254, 0.238 0.06, 0.00 
0.4, 0.45 1.14, 1.14 10, 10 0, 0 0 ML 1.06 , 0.80 0.03, -0.04 
0.4, 0.45 1.14, 1.14 10, 10 100, 0 0 ML 0.132, 0.205 0.01, -0.05 
0.4, 0.45 1.14, 1.14 10, 10 0, 100 0 ML 0.232, 0.136 0.07, -0.01 
0.4, 0.6 1.14, 1.14 10, 10 0, 0 0 PWM 0.334, 0.264 0.18, -0.08 
0.4, 0.6 1.14, 1.14 10, 10 0, 0 0 ML 0.453, 0.383 0.10, -0.14 
0.4, 0.6 1.14, 1.14 10, 10 100, 0 0 ML 0.141, 0.268 0.04, -0.18 
0.4, 0.6 1.14, 1.14 10, 10 0, 100 0 ML 0.391, 0.150 0.26, -0.04 
0.4, 0.4 1.14, 3 10, 10 0, 0 0 PWM 0.257, 0.274 0.04, -0.04 
0.4, 0.4 1.14, 3 10, 10 0, 0 0 ML 0.75 , 0.81 0.05, -0.02 
0.4, 0.4 1.14, 3 10, 10 100, 0 0 ML 0.137, 0.215 0.00, -0.07 
0.4, 0.4 1.14, 3 10, 10 0, 100 0 ML 0.295, 0.217 0.11, 0.02 

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

historical flood discharge does not seem unrealistic so we con- 
clude that inclusion of a single historical maximum flood in a 
single-site flood frequency analysis is Unlikely to be beneficial 
if it is reasonable to assume that the flood frequency distri- 
bution is known apart from two undetermined parameters. 

Single-Site Analysis, Fitted Distribution GEV 

It is rare that a flood frequency analyst feels justified in 
specifying the distribution of annual floods apart from two 
unknown parameters, so three-parameter distributions tend to 
be more widely used in practice. The GEV distribution is of 
this form, so we now consider the utility of the historical 
maximum flood when fitting a GEV distribution to flood data 
drawn from an EV1 distribution with CV of 0.4. 

Figure 3 displays the relative RMSE of •00 for different 
combinations of gauged record length and historic period. 
Compared with the corresponding results for fitting an EV1 

distribution, given in Figure 1, it is clear that when the fitted 
distribution is GEV the RMSE's of quantile estimators are 
larger and the value of historical information is greater. The 
reduction in RMSE due to using ML estimation and the his- 
torical maximum flood of historic period 100 years, rather 
than PWM estimation and the gauged record alone, varies 
from 51% when n = 10 to 20% when n = 80. Thus even the 

longest gauged records gain substantially from the inclusion of 
historical information. 

The effect of error in estimation of the magnitude of the 
historical maximum flood is illustrated in Figure 4. Compared 
with the corresponding Figure 2, the amount by which the 
historical flood estimate can be in error yet still be beneficial 
to flood frequency analysis has increased to 39% when n = 10 
and 27% when n = 40. A similar pattern is evident in our 
uniaublished simulations of other flood quantile estimates at 
return periods of 50-1000 years. 
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Fig. 1. (RMSE of Q•oo)/Q•oo as a function of gauged record 
length n and historic period m of historical maximum event. Single- 
site analysis, parent distribution EV1 with CV = 0.4, fitted distri- 
bution EV1. 
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Fig. 2. (RMSE of •1oo)/Qloo as a function of measurement error 
of 100-year historical maximum event. Dashed lines denote (RMSE of 
Q•oo)/Q•oo when there is no historical data; n is length of gauged 
record. Single-site analysis, parent distribution EVl with CV = 0.4, 
fitted distribution EV 1. 
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Fig. 3. (RMSE of Q•oo)/Q•oo as a function of gauged record 
length n and ,historic period rn of historical maximum event. Single- 
site analysis, parent distribution EV1 with CV- 0.4, fitted distri- 
bution GEV. Different estimation methods when m = 0 are dis- 
tinguished by m = O/ML and m = 0/PWM. 

A GEV distribution with CV of 0.4 and skewness of 1.14, 
which was used for the simulations summarized in Figures 3 
and 4, has a fairly light upper tail compared with annual flood 
distributions typical of much of the world. We therefore pres- 
ent in Figure 5 results corresponding to those of Figure 4 but 
using a flood frequency distribution which is GEV with CV of 
0.8 and skewness of 3. Use of ML estimation and the histori- 
cal maximum flood, rather than PWM estimation with the 
gauged record alone, reduces the RMSE of the estimated 100- 
year flood even if the historical flood magnitude is subject to 
an error of +40% and even for gauged records as long as 40 
years. 

Historical data, particularly if accurately measured, can 
clearly be of considerable value when fitting a three-parameter 
distribution to flood data f•om a single site. Yet the absolute 
values of the RMSE's in Figures 3-5 are so large, particularly 
for short gauged records, that even the efficient use of a single 
site's data may do no more than indicate the order of mag- 
nitude of the extreme flood quantiles. The combination of 
data from different sites, provided that they are reasonably 
homogeneous and independent, increases the accuracy of 
flood quantile estimates [Lettenmaier et al., 1986], so next we 
consider the value of historical information in such an esti- 
mation procedure. 

Regional Analysis, Fitted Distribution EV1 

Most of our regional simulations used a region containing 
two sites' this is sufficient to demonstrate the main features of 
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b I I I • I I ' 0 I 20 30 40 5 60 70 

PERCENTAGE ERROR 

Fig. 4. (RMSE of Q•oo)/Q•oo as a function of measurement error 
of 100-year historical maximum event. Dashed lines denote (RMSE of 
Q•oo)/Q•oo for the specified estimation method (ML or PWM) when 
there is no historical data; n is length of gauged record. Single-site 
analysis, parent distribution EV1 with CV = 0.4, fitted distribution 
GEV. RMSE of ML estimator for m = 0 and n = 10 is greater than 
1.0. 
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Fig. 5. (RMSE of (J•oo)/Q•oo as a function of measurement error 
of 100-year historical maximum event. Dashed lines denote (RMSE of 
Q•oo/Qxoo) for the specified estimation method (ML or PWM) when 
there is no historical data; n is length of gauged record. Single site 
analysis, parent distribution GEV with CV -- 0.8, skewness = 3, fitted 
distribution GEV. RMSE of ML estimator for rn = 0 and n = 10 is 
greater than 1.0. 

the effect of historical information on flood frequency analysis. 
Table 2 reports results for a region whose two sites, "site 1" 
and "site 2," have identical EV1 flood frequency distributions 
with CV of 0.4, the fitted regional flood frequency distribution 
also being EV1. An estimate of the historical maximum flood 
for a historic period of 100 or 200 years is assumed to be 
available at site 1. Inclusion of the historical maximum flood 

in the analysis reduces the RMSE of quantile estimates at site 
1, and by a little more than for a single-site analysis with the 
same total number of years of gauged record. However, the 
accuracy of quantile estimates at site 2 is almost unaffected by 
the presence of a historical flood event at site 1' in other 
words, historical information cannot be transferred from one 
site to another in this kind of regional analysis. 

Regional Analysis, Fitted Distribution GEV 

As with a single-site analysis, the inclusion of historical data 
in a regional flood frequency analysis is more valuable when 
the flood frequency distribution has three unknown parame- 
ters than when it has only two. Table 2 presents results corre- 
sponding to those of Table 1 except that the fitted regional 
distribution is GEV rather than EV1. The RMSE of Qloo is 
now reduced at both sites, although the reduction, relative to 
the regional GEV/PWM algorithm, is twice as much as site 1 
(where the historical event occurred) as at site 2. 

Table 3 lists simulation results for a number of two-site 

regions with fitted GEV distributions. The simulations explore 
the effects of different CVs and skewnesses of the flood fre- 

quency distribution, record lengths, and errors in the historical 
data. We summarize the results as follows. An accurately esti- 
mated historical maximum flood at one site in a homogeneous 
region reduces the RMSE of quantile estimates by a substan- 
tial amount at the site where the historical event was recorded 

and by a small amount at other sites in the region. If the 
historical maximum flood is subject to estimation error of 
_+ 25% then there is no overall advantage in including it in the 
analysis rather than using the GEV/PWM algorithm with the 
gauged records alone. Slight heterogeneity in a region causes 
little degradation in quantile estimates whether historical data 
are present or not. More marked heterogeneity, particularly 
when it takes the form of unequal CV's at different sites, 
causes quantile estimators to have high RMSE's and signifi- 
cant biases. If the historical maximum flood at a site whose 

CV or skewness is high, relative to the rest of the region, is 
included in the analysis then severe bias and increased RMSE 
of quantile estimators can arise at other sites in the region. 
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TABLE 4. Summary Statistics for a Heterogeneous GEV Data Base 

Site k • •. Mean SD 

Probabilities and Quantiles 

CV Skew Kurtosis n 0.95 0.98 0.99 0.998 0.999 

1 -0.1769 4.00 8.50 11.6 

2 -0.1740 4.04 8.90 12.1 
3 -0.1711 4.08 9.30 12.5 
4 --0.1682 4.12 9.70 12.9 

5 -0.1653 4.16 10.10 13.3 
6 -0.1624 4.20 10.50 13.7 

7 -0.1595 4.24 10.90 14.1 

8 -0.1566 4.28 11.30 14.5 
9 -0.1537 4.32 11.70 15.0 

10 -0.1508 4.36 12.10 15.4 
11 -0.1479 4.40 12.50 15.8 

12 -0.1450 4.44 12.90 16.2 
13 -0.1421 4.48 13.30 16.6 
14 -0.1392 4.52 13.70 17.0 
15 -0.1363 4.56 14.10 17.4 
16 -0.1334 4.60 14.50 17.8 

17 -0.1305 4.64 14.90 18.3 

18 -0.1276 4.68 15.30 18.7 

19 -0.1247 4.72 15.70 19.1 

20 -0.1218 4.76 16.10 19.5 

6.94 0.60 
6.96 0.58 

6.99 0.56 
7.01 0.54 

7.04 0.53 

7.06 0.51 

7.09 0.50 
7.11 0.49 
7.13 0.48 

7.16 0.47 

7.18 0.45 

7.20 0.44 

7.23 0.44 

7.25 0.43 
7.27 0.42 

7.30 0.41 

7.32 0.40 

7.34 0.39 

7.36 0.39 
7.39 0.38 

3.00 29.4 10 24.1 31.0 36.9 53.8 62.6 
2.94 27.9 11 24.6 31.5 37.4 54.1 62.9 

2.89 26.6 12 25.1 31.9 37.8 54.5 63.2 
2.83 25.3 13 25.6 32.4 38.3 54.9 63.5 

2.78 24.1 14 26.1 32.9 38.8 55.2 63.8 
2.73 23.1 15 26.5 33.4 39.2 55.6 64.0 

2.68 22.1 16 27.0 33.9 39.7 55.9 64.3 
2.63 21.2 17 27.5 34.3 40.1 56.3 64.6 
2.59 20.3 18 28.0 34.8 40.6 56.6 64.9 

2.54 19.5 19 28.4 3.5.3 41.0 57.0 65.1 
2.50 18.7 20 28.9 35.7 41.5 57.3 65.4 

2.46 18.0 21 29.4 36.2 41.9 57.7 65.6 
2.41 17.4 22 29.9 36.7 42.4 58.0 65.9 

2.37 16.7 23 30.3 37.1 42.8 58.3 66.2 
2.33 16.2 24 30.8 37.6 43.3 58.7 66.4 
2.30 15.6 25 31.3 38.0 43.7 59.0 66.7 
2.26 15.1 26 31.7 38.5 44.2 59.3 66.9 
2.22 14.6 27 32.2 39.0 44.6 59.7 67.2 

2.19 14.1 28 32.7 39.4 45.0 60.0 67.4 
2.15 13.7 29 33.1 39.9 45.5 60.3 67.7 

Regional Analysis for a Large Region 

The final set of simulation results concern a region of a size 
more typical of hydrological practice. Consider a region of 20 
sites arranged in increasing order of catchment area. It is rea- 
sonable to suppose that the larger catchments will have flood 
frequency distributions with lower CV'5 and skewnesses and• 
longer gauged records than the smaller catchments. Such a 
region containing 390 station-years o[ data is summarized in 
Table 4. Four analyses were performed for this region' (1) 
PWM estimation, using only the gauged records' (2) ML esti- 
mation, using only the gauged records' (3) ML estimation, 
using gauged records together with the 100-year historical 
maximum flood events at sites 1, 3, 5,..., 19' and (4) ML 
estimation, using gauged records together with the 100-year 
maximum flood events at sites 1, 2, 3, ..., 10. Historical maxi- 
mum floods were generated with independent measurement 
errors of q-25%. Figure 6 gives for each site the bias and 
RMSE of the estimated 100-year flood. There is very little 
difference between the results for analyses (1) and (2). Inclusion 
of the historical data improves the accuracy of Q•00 at most of 
the sites but the redpction in RMSE relative to method (2) is 
never greater than 5%. Analysis (4) illustrates what can 

0.3 

-0 2 • os 

Fig. 6. {(Bias of Q,oo)}/Q,oo and (RMSE of Q,oo)/Q,oo for each 
site of the 20Zsite region described in Table 4. Solid curves: no histori- 
cal information, analysis by ML (open squares) or PWM (open cir- 
cles). Long-dashed lines' 100-year maximum events with +25% 
measurement error included at sites 1, 3, 5, -.., 19, analysis by maxi- 
mum likelihood. Short-dashed lines' 100-year maximum events with 
_+ 25% measurement error inchlded at site •1, 2, 3, -.., 10, analysis by 
maximum likelihood. 

happen when the sites at which historical information is avail- 
able are unrepresentative of the region as a whole. The accu- 
racy of flood quantile estimates is increased substantially at 
sites where historical floods were recorded, but a more than 
compensating deterioration in accuracy occurs at the other 
sites, where reliable information in the gauged records is being 
diluted by the unrepresentative historical da•ta. In summary, it 
seems that there is little advantage to bE gained by applying 
ML estimation to this amount of historical data and a large 
regional database, rather than using an efficient algorithm, 
such as GEV/PWM, and only the gauged records. 

CONCLUSIONS 

In a single-site flood frequency analysis, or a regional analy- 
sis using data from a small number of sites, historical infor- 
mation is of great value provided either that historical dis- 
charges are accurately estimated or that the flood frequency 
distribution has at least three unknown parameters. Historical 
information is also valuable if the flood frequency distribution 
has high CV or skewness or if gauged records are short. The 
inclusion of historical information at one site in a regional 
analysis gives little improvement in the accuracy of flood 
quantile estimates at other sites in the region. In a regional 
analysis using a large number of sites the inclusio•n of a realis- 
tic amount of historical information is U. nlikely to be useful in 
practice. 

NOTATION 

CV coefficient of variation. 

EV1 extreme value type I. 
GEV generalized extreme value. 

k shape parameter of GEV distribution. 
m return period of historical maximum event. 

ML maximum likelihood. 

n length of gauged record. 
PWM probability weighted moment. 

QT population quantile of flood frequency distribution. 

QT estimated quantile of flood frequency •iStribgtion. 
RMSE root-mean-square error. 

T return period corresponding to quantile of flood fre- 
quency distribution. 
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scale parameter of GEV distribution. 
location parameter of GEV distribution. 
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