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The Effect of Intersite Dependence on Regional 
Flood Frequency Analysis 

J. R. M. HOSKING AND J. R. WALLIS 
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Regional flood frequency analysis usually assumes that flood records from different sites are statis- 
tically independent. This assumption is unlikely to be valid in practice, so it is important to know how 
intersite dependence affects flood quantile estimates obtained by regional analysis. We use Monte Carlo 
simulation to assess the effect of realistically specified intersite dependence on the regional probability 
weighted moment algorithm, a robust and efficient procedure for regional flood frequency analysis. Our 
principal conclusions are as follows. Any bias in flood quantile estimates is unchanged by the presence of 
intersite dependence. The accuracy of flood quantfie estimates decreases when intersite dependence is 
present, but this effect is less important for practical applications than the bias in flood quantile estimates 
due to heterogeneity (inequality of the flood frequency distributions in the region). Even when both 
heterogeneity and intersite dependence are present and the form of the flood frequency distribution is 
misspecified, regional flood frequency analysis is more accurate than at-site analysis. 

1. INTRODUCTION 

In regional flood frequency analysis, data from a number of 
sites are combined to yield estimates of flood risk at some site 
of interest. It is usually assumed that the underlying flood 
frequency distributions at each site are known apart from a 
finite number of parameters, that these flood frequency distri- 
butions are, after some prescribed scaling or transformation, 
identical, that data from different years are independent and 
that data from different sites in the same year are independent. 
If these assumptions are violated then estimates of flood quan- 
tiles at the site of interest may be biased and inaccurate. 
Errors due to misspecification of the flood frequency distri- 
bution can be minimized by using an estimation procedure 
which is robust to reasonable minor departures of the flood 
frequency distribution from the specified form: the method of 
regional probability weighted moments (PWM), used by 
Wallis [1980'], Hosking et aI. [1985a'], and Hosking and Wallis 
[!986b, c'l can form the basis of a robust procedure. Hetero- 
geneity of flood frequency distributions at different sites has 
been considered by Lettenmaier et aI. [1987'1, who concluded 
that regional estimation methods that fit a Wakeby or gener- 
alized extreme value (GEV) distribution by the method of 
PWM are reasonably insensitive to modest regional hetero- 
geneity in the coefficient of variation (CV) of the flood fre- 
quency distribution, although significant biases can occur at 
those sites most dissimilar from the regional average. The 
consequences for regional flood frequency analysis of depen- 
dence in the data, which so far have been little studied, are the 
main concern of this paper. 

It has long been recognized that regional flood frequency 
analysis is less accurate when intersite dependence is present. 
Although intersite dependence does not introduce any bias 
into flood quantile estimates [Stedinger, 1983], it does increase 
their sampling variability. Alexander [1954] considered the 
estimation of the mean annual flow in a region by J•, the 
average of the observed at-site mean annual flows. Suppose 
that the region contains N sites and that the at-site flood 
frequency distributions have common mean and variance and 
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average cross correlation fl. Alexander found that var(,•)in 
this correlated region was the same as if the at-site flood fre- 
quency distributions were independent and the number of sites 
in the region was 

N 

N.4 = { 1 + (N -- 1)15} (1) 
which Alexander called the "effective number of independent 
sites" in the region. 

Alexander's [1954] formula (1) was used by Benson [1962], 
who analyzed flood data from 164 sites in New England and 
found the effective number of independent sites to be about 3. 
Benson's result is widely known among hydrologists and is 
sometimes quoted, for example, by Haan [1977, p. 154] and 
Stedinger et al. [1983], as though it referred to all aspects of 
flood frequency analysis. This is misleading, because Alexan- 
der's formula applies only to estimation of a regional mean. In 
index flood procedures, regional data are used only to esti- 
mate the second and higher moments of the flood frequency 
distribution and, as Stedinger [1983] showed, the effect of in- 
tersite dependence is less severe on estimates of these higher 
moments. 

Stedinger [1983] considered regional estimation of the vari- 
ance of flow data. In Alexander's [1954'1 analysis, suppose 
additionally that the joint distribution of the data is multi- 
variate normal. Then the common variance of the flood fre- 

quency distributions is estimated unbiasedly by $2, the 
average of the at-site sample variances, and from Stedinaer 
[1983, equation 35] it follows that Var(S 2) is the same as for a 
region with independent at-site flood frequency distributions 
and 

N 
N s = (2} 

{1 +(N--1)p 2) 

sites, where p2 is the average of the squared correlations be- 
tween each pair of at-site flood frequency distributions. Equa- 
tion (2) is an alternative measure of the effective number of 
independent sites. For any N > 1 and any set of cross corre- 
lations between the at-site flood frequency distributions, Ns in 
(2) is greater than N.4 in (1). Thus the effect of dependence is 
less severe when estimating a variance than when estimating a 
mean. 
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Fig. 1. Simulated correlation matrices for a 2i-site region with (a) Pined -- 0.2 and (b) Pmcd= 0.4. 
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For index flood procedures in which the mean annual flood 
is estimated from at-site data and other parameters of the 
flood frequency distribution, in effect the higher moments of 
the distribution, are estimated by regional averaging, we 
would expect (2) to be a better guide than (1) to the magnitude 
of the effect of intersite dependence. A more accurate assess- 
ment of the effect of intersite dependence can be obtained by 
Monte Carlo simulation, and this we do in the following sec- 
tions. 

2. SIMULATION PROCEDURE 

The regional PWM algorithm, introduced by Wallis [1980] 
and Greis and Wood [1981], is an index flood procedure for 
regional flood frequency analysis which uses the method of 
PWM to fit a flood frequency distribution to data which have 
been scaled by division by the at-site sample mean annual 
flood. Recent research has shown that for regions whose 
annual flood series are statistically independent, the regional 
PWM algorithm is reasonably robust both to heterogeneity of 
the flood frequency distributions in the region [Lettenmaier et 
aI., I987], and to misspecification of the form of the flood 
frequency distribution [Hosking et al., 1985a; Hosking and 
Wallis, 1986a], and yields more accurate flood quantile esti- 
mates than do the current standard British and American 

procedures for flood frequency analysis [Hosking et aL, 1985a; 
Wallis and Wood, !985]. Because it is efficient and robust, we 
use this algorithm as the basis for investigating the effect of 
intersite dependence on regional flood frequency analysis. 

As was noted previously, we expect that the main effect of 
intersite dependence on an index flood procedure such as the 
regional PWM algorithm will be to increase the variability of 
the estimated growth factors and quantlies. The magnitude of 
this effect is a function of the number of sites in the region and 
of the overall amount of intersite dependence as measured by 
some such quantity as •5 in (1) or p2 in (2). Several other 
factors may also need to be taken into account' the length of 
the gauged records, the nature of the regional flood frequency 
distribution (whether it has high or low CV, high or low skew- 
hess, etc.), the nature of the intersite dependence structure (for 
example, whether or not there is any variation of correlation 
with flood magnitude, as considered below), and the return 
period corresponding to the quantile of interest (whether it is, 
say, the 100- or 1000-year flood). The regional PWM algo- 
rithm must in practice be used when not all of its assumptions 
are satisfied, so the increased variability in flood quanti!e esti- 

mates re•ulting from intersite dependence must be compared 
in importance with the bias in flood quantile estimates re- 
sulting from misspecification of the regional flood frequency 
distribution or from heterogeneity in the at-site flood fre- 
quency distributions. 

For Monte Carlo simulation we need to generate data xit, 
t = 1,.-., n s, i- 1,..., N, where suffix i indexes sites and t 
indexes years. Data from different years are to be indepen- 
dent; data from the same year may be dependent. The pat- 
terns of dependence in the simulated data must of course be 
similar to those observed in real-world data. 

We may regard the data-generating mechanism as having 
three components: (1) the marginal distribution of the ith site's 
data, (2) the magnitude of the dependence between data from 
different sites for the same year, as measured for example by 
the cross-correlation matrix, and (3) all other aspects of the 
dependence structure. A particularly convenient form of de- 
pendence structure arises from assuming that if each site's 
flood frequency distribution were transformed to normality, 
call this transformation •-, then the joint distribution for all N 
sites would be multivariate normal. Examination of British 

annual flood series shows that this assumption is fairly well 
supported by real-world data [Hosking and Wallis, 1987]. 
Data generation then involves the following steps: (1) generate 
the matrix P of inter-site correlations, (2) generate a random 
vector y having a multivariate normal distribution with corre- 
lation matrix P, and (3) apply the inverse of transformation •- 
to obtain data with the required marginal distribution. We 
used this procedure for all of our simulations, except those 
described in section 6. A detailed description of the simulation 
procedure now follows. 

TABLE 1. Relative Bias and Relative rmse of Qr for a 
Homogeneous Region With 20 Sites, 20 Years of 

Record at Each Site, and Flood Frequency 
Distribution EV1 With CV 0.4 

T= 10 T= 100 T= 1000 

P•,,d Bias rmse Bias rmse Bias rmse 

0.0 0.006 0.091 0.023 0.105 0.042 0.132 
0.2 0.005 0.093 0.023 0.116 0.045 0.159 
0.4 0.005 0.095 0.024 0.130 0.050 0.194 

Fitting by GEV/PWM. 
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TABLE 2. Effect of Intersite Dependence on rmse of Estimators, 
As Record Length at Each Site Varies 

a(0.4; {Jr) zx(0.4; 

n T= 10 T= 100 T= 1000 T= 10 T- 100 T= 1000 

10 1.04 1.20 1.52 1.9 1.81 1.91 
20 1.04 1.24 1.47 2.0 1.75 1.79 
40 1.05 1.25 1.46 2.1 1.81 1.78 

Tabulated values are those of A(0.4) for (Jr and •r in a homoge- 
neous region with 20 sites, record length n at each site, and flood 
frequency distribution EV1 with CV 0.4. Fitting by GEV/PWM. 

3. SIMULATION ALGORITHM 

Let N be the number of sites in the region' let n• be the 
record length at site i' let Fk be the cumulative distribution 
function of the true flood frequency distribution at site k' let 
Pm•a be the median correlation between at-site flood frequency 
distributions after transformation to normality. 

I. Generate the population correlation coefficients. (1) 
Ch•)ose the N sites to be points randomly located, with uni- 
form distribution, in the unit square. (2) Set the correlation p•j 
between sites i and j to be exp (-ed•fi, where dij is the dis- 
tance between sites i and j and 0• is chosen so that the median 
of the p•, 1 < i < j _< N, is equal to Pm•d' 

2. Generate the data. For each year t = 1, ---, max (n•). (1) 
Find out which sites require data for that year, the sites being 
those for which n s < t' without loss of generality suppose these 
to be sites 1, 2, --., m. (2) Let P be the matrix whose elements 
are the cross correlations for sites 1, 2, -.-, m. (3) Generate a 
vector y = (y• ... ym) r of random multivariate normal deviates 
with mean zero and covariance matrix P. (4) Transform to 
the correct marginal distribution' set x•t=Fi-•((1)(yi)), 
i--- 1, .--, m, where (I) is the cumulative distribution function 
of the standard normal distribution. 

3. Apply the regional PWM algorithm. (1) Scale the data 
by dividing each xi• by :•i, the sample mean at site i. (2) Calcu- 
late PWM of the scaled data, using the "plotting-position esti- 
mators" defined in the Appendix to Hosking et al. [1985a]. 
Average the PWM across sites, weighting proportionally to 
record length, to obtain regional PWM. (3) Fit the regional 
flood frequency distribution by equating the regional PWM to 
the population PWM of a GEV (or Wakeby, or three- 
parameter lognormal) distribution. (4) For each return period 
T of interest, estimate the regional growth factor c•r by the 
1 - 1IT quantile of the fitted regional flood frequency distri- 
bution, and the at-site quantiles Qri, i= 1,..., n, by Qr• = 

- ,, 

xiqr. 

4. Repeat steps 2 and 3 a large number of times and calcu- 
late the mean and variance, and thence the bias and root- 

mean-square error (rmse), of the estimated growth factors and 
flood quantiles. 

The method of generation of the p•j in step 1 of the simula- 
tion procedure is not intended as a realistic model of the 
variation of correlation with intersite distance, but merely as a 
means of achieving a realistic spread of p•j values while en- 
suring that the correlation matrix is valid, i.e., positive definite. 
The entire set of correlations is parametrized by the single 
value Prncd which determines a "typical" correlation coefficient 
and the "total amount of correlation" in the region. The 
choice of the median correlation, rather than the mean corre- 
lation, to parametrize the total amount of correlation was 
made on grounds of computational simplicity, and should 
make little practical difference. 

Taking the generated p• as correlations of flood data trans- 
formed to Normality, rather than of the data themselves, is 
also a matter of computational convenience. It too makes 
little practical difference, for, as shown by Hosking and Wallis 
[1987], the correlations of a bivariate Normal distribution are 
fairly close to those of the same distribution transformed so 
that its marginal distributions are GE¾ with skewness be- 
tween 1 and 3. 

Some typical correlation matrices generated by this pro- 
cedure are shown in Figure 1. These are the matrices used in 
all our simulations with 21-site regions and Pined equal to 0.2 
or 0.4. In both figures the sites have been reordered so as to 
bring the largest correlations close to the leading diagonal of 
the matrix. The pattern of correlation for Prned--0.2 is quite 
similar to that of the sample correlations of British flood data 
examined by Hosking and Wallis [1987], suggesting that this 
procedure for generating correlation matrices does give realis- 
tic results. 

The population flood frequency distributions F, used in the 
simulations of sections 4 and 5 were GEV distributions, with 
cumulative distribution function 

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

F(x) = exp [--exp {--(x -- •)/e)'l 

k•O 

k=O 

The parameters •, e, and k were chosen to give distributions 
with specified values of CV and skewness. The special case 
k = 0 of the GEV distribution yields the extreme value type I 
(œV 1) or Gumbel distribution, with skewness 1.14. 

The simulations used three different choices of the distri- 

bution fitted by regional PWM algorithm at step 3 of the 
simulation procedure: the distributions were GEV, Wakeby, 
and three-parameter lognormal. The last two distributions 
were used to check the robustness of our conclusions to mis- 

specification of the form of the regional flood frequency distri- 
bution. Estimation of these distributions using PWM is dis- 
cussed by Hosking et al. [1985b], Landwehr et al. [1979], and 
Hosking and Wallis [1986a]. 

TABLE 3. Trade-Off Between Number of Sites and Length of Record 

T = 10 T-- 100 T = 1000 

1. Relative rmse of (Jr for N -- 20, n = 10, Pined '-- 0 
2. Relative rmse of (Jr for N = 10, n = 20, Pined = 0 
Ratio (1)/(2) 
3. Relative rmse of (Jr for N -- 20, n = 10, Pm•d = 0.4 
4. Relative rmse of (Jr for N -- 10, n = 20, Pm•,i = 0.4 
Ratio (3)/(4) 

0.130 0.147 0.181 
0.093 0.114 0.158 
1.40 1.25 1.15 
0.135 0.183 0.275 
0.097 0.140 0.218 

1.39 1.31 1.26 

Homogeneous region with N sites, n years of record at each site, and flood frequency distribution EV1 
with CV 0.4. Fitting by GEV/PWM. 
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Fig. 2. Relative rmse of estimated growth factor and flood quantil½s at return period 100 years as a function of region 
size for regions with different amounts of dependence as measured by the median correlation p. Homogeneous EV1 world 
with CV 0.4, record length 20 at each site, and fitting by GEV/PWM. 

The number of repetitions used at step 4 was 10,000. This 
value was chosen so that the estimated biases and rmse of 
flood quantfie estimates appeared stable to within 1 or 2 units 
of the last digit quoted in Tables 1-3. 

We are principally concerned with the effect of varying Pined 
on the accuracy of the estimators Qr of Qr, the T year flood, 
and t• r of qr, the regional growth factor at return period T 
years. To measure the accuracy of 0. r we use the relative bias 
of •r, i.e., the bias of (•r divided by Q r itself, and the relative 
rinse of •)r, similarly defined as rmse (Qr)/Qr- To measure the 
effect of intersite dependence on •r we frequently use the ratio 

x(a; 
rmse (Qr) when Pm.d--' •0 
rmse ((•r) when Pined --'• 0 

Relative bias, relative rmse, and the rmse ratio A(p' •r) are 
similarly defined for the estimator •r- We sometimes write 
A0a) to denote A(p; Qr) or A(p; •r) indifferently. We prefer 
A(p) to the "effective number of independent sites" because it 
gives a more direct quantitative measure of the increase in 
rinse due to intersite dependence. Ratios similar to A(p) can be 
derived from formulas for the effective number of independent 
sites: Alexander's [1954] formula (1)implies that 

•X(p- :•) = { • + (•v - •)•} •/: (4) 

and Stedinger's [1983] formula (2) implies that 

x(p; s =): ( + - TM (5) 
where • and p2 are the mean correlation and the mean 
squared correlation in a region with Pm,a: P, respectively. 

4. SIMULATION RESULTS' HOMOGENEOUS REGIONS 

All of our simulations supported the conclusion that for an 
index flood procedure the bias of flood quantile estimates is 
largely unaffected by intersite dependence. As an example, 
consider a region with 20 sites, each with 20 years of record 
and a flood frequency distribution which is EV1 with CV 0.4. 
The relative bias and relative rinse of flood quantile estimates 
are given in Table 1. It is clear that the effect of intersite 
dependence on bias is negligible' for example, the change in 
the bias of (•xooo when Pined varies between 0 and 0.4 is less 
than 1% of the true quantile value. Henceforth, therefore we 
shall ignore bias and report simulation results only for rinse. 

The main series of simulations was designed to assess the 
relationship between the rinse of the flood quantfie estimate 
(Jr, the number N of sites in the region, and the amount of 
intersite dependence as measured by P•,ea' Return periods 
T = 10, 100, and 1000 were combined with N = 1, 2, 4, 6, 8, 

- o+ -I---+ Theoretical formula (4) ... 
- •,... A Theoretical formula (5) -'+" 

o---o Growth factor estimator, T=100 +.'" ,..- 
©.--© Ouantile estimator, T=• 00 ..+.-' 
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Fig. 3. Ratio A(0.4), derived from theory and simulation. Homogeneous EV1 world with CV 0.4, record length 20 at each 
site, and fitting by GEV/PWM. 
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Fig. 4. Relative rmse of estimated growth factor and flood quantiles as a function of region size. As in Figure 2, but for 
return period 10 years. 

10, i5, 20, 30, 40, 60, and 80 and Pm,a = 0, 0.2, and 0.4. Each 
site had record length 20 and a flood frequency distribution 
which was EV1 with CV 0.4. The regional estimation algo- 
rithm was GEV/PWM, i.e., the regional PWM algorithm with 
the three-parameter GEV distribution (3) as the assumed flood 
frequency distribution. 

First consider the results for return period T = !00. Rela- 
tive rmse of growth factor estimator •T and the flood quantile 
estimator Qr are given in Figure 2. The main points to note 
are as follows. 

!. The error in •t is always larger than the error in {r, the 
difference being attributable to the need to estimate the mean 
annual flood when calculating {•r-For an EV1 distribution 
with CV 0.4 and n = 20, the relative rmse of the sample mean 
is 0.089. Thus when the relative rmse of Or is less than this 
value, the error in {Jr is due more to estimating the at-site 
mean than to estimating the regional growth factor. This situ- 
ation occurs for N > 5 when Prncd--0, for N > 8 when 
Praed = 0.2, and for N > 15 when Pined = 0.4. 

2. When Pm,a = 0 the rmse of t• r decreases steadily as N 
increases, and in theory tends to zero as N-, co. When 
Pined > 0 this rmse approaches a nonzero limit as N increases, 

and the accuracy of the dr for a large region can be seriously 
affected by intersite dependence. 

3. The rmse of {Jr is less affected by intersite dependence 
than is the rmse of •r. Even when Pmea = 0 the relative rinse of 
{Jr approaches a nonzero limit as N increases, for the need to 
estimate the mean annual flood from the at-site data limits the 

accuracy of {Jr. When Pmea > 0, the rmse of {Jr reaches its 
asymptotic value fairly quickly as N increases-no worthwhile 
improvement in the accuracy of Qr can be obtained by taking 
N any larger than 15. 

4. Even when intersite dependence is present, rmse of •r 
and {Jr are much less for regional anlaysis than for at-site 
estimation (the case N = 1). 

The ratio A(p), defined in section 3, measures the reduction 
in the accuracy of {Jr and dr caused by intersite dependence. 
In Figure 3 the ratio A(0.4) is plotted as a function of N, the 
number of sites in the region, for the estimators {Jr and •r. 
Values of A(0.4) obtained from (4) and (5), equivalent to Alex- 
ander's [1954] formula (1) and Stedinqer's [1983] formula (2), 
are also plotted for comparison. It is clear that both (4) and (5) 
overestimate the effect of intersite dependence on the accuracy 
of the estimators. In practical applications the most important 

0.50 

uJ 

g; 0.20 
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Fig. 5. Relative rmse of estimated growth factor and flood quantiles as a function of region size. As in Figure 2, but for 
return period 1000 years. 
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Fig. 6. Ratio A(0.4; (•r) at three return periods in two homogeneous regions. Flood frequency distributions are EVI 
with CV 0.4 for the "EVI" region, GEV with CV 0.8, and skewness 3 for the "GEV" region. Both regions have 20 sites and 
record length 20 at each site. Fitting by GEV/PWM. 

aspect of intersite dependence is its effect on the accuracy of 
(Jr, and this is much less than either (4) or (5) imply. The ratio 
A(0.4; Qloo) increases to a limiting value of about 1.3 as N 
increases, so the rmse of the estimated 100-year flood should 
be no more than 30% higher when Pined-" 0.4 than when the 
region is independent. 

For return periods T = 10 and T--- 1000, relative rmse of 
(Jr and tj r are given in Figures 4 and 5. The patterns of 
increase in the rmse of •r when intersite dependence is present 
are much the same for T -- 10 and T = 1000 as for T = 100, 

but somewhat different results are obtained for (•r-At T = 10 
there is only a small benefit in using regional rather than 
at-site estimation (because most of the variance of (Jr is due to 
estimation of the at-site mean), but the effect of intersite de- 
pendence on the accuracy of Qr is negligible. At T = 1000, the 
error in estimating Qr is predominantly due to estimating the 
growth factor even in large regions when Pra,d > O, and the 
effect of intersite dependence is more severe than at lower 

return periods' rmse ((Jlooo) can be up to 70% larger when 
Pined = 0.4 than when Pmea = 0. 

To test whether the foregoing results are also valid for flood 
frequency distributions which are heavier tailed than the E¾1 
distribution, another group of simulations was run in which 
the flood frequency distribution at each site was a GEV distri- 
bution with CV 0.8 and skewness 3. Figure 6 compares the 
ratios A(0.4; (Jr) obtained from EV1 and GEV flood frequency 
distributions for quantile estimators at return periods T = 10, 
T = 100, and T = 1000. The ratio A(0.4; (•o) is even closer to 
1 in the GEV region than in the EV1 region, but for higher 
return periods the different regions give very similar results. It 
seems therefore that the effect of intersite dependence should 
be comparable for most reasonable flood frequency distri- 
butions. 

We have so far assumed that the record length is 20 at each 
site. This assumption is not critical, for there is in theory no 
reason to suppose that intersite dependence affects the rate at 

TABLE 4. Record Lengths, Parameters, and Moments of the Sites 
in Region A 

Site n • • k Mean CV Skew 

1 30 0.8047 
2 29 0.8013 
3 28 0.7979 
4 27 0.7946 
5 26 0.7912 
6 25 0.7879 
7 24 0.7846 
8 23 0.7813 
9 22 0.7780 

10 21 0.7747 
11 20 0.7714 
12 19 0.7681 
!3 18 0.7649 
14 17 0.7616 
I5 16 0.7583 
16 15 0.7551 
17 14 0.7519 
18 13 0.7487 
19 12 0.7455 
20 11 0.7423 
2! 10 0.7391 

0.2739 --0.1217 1.00 0.4250 2.1500 
0.2770 --0.1252 1.00 0.4325 2.1925 
0.2800 --0.1286 1.00 0.4400 2.2350 
0.2829 -- 0.1319 1.00 0.4475 2.2775 
0.2858 --0.1353 1.00 0.4550 2.3200 
0.2888 --0.1385 1.00 0.4625 2.3625 
0.2918 --0.1414 1.00 0.4700 2.4050 
0.2947 --0.1444 1.00 0.4775 2.4475 
0.2976 -- 0.1473 1.00 0.4850 2.4900 
0.3004 --0.1501 1.00 0.4925 2.5325 
0.3033 --0.1529 1.00 0.5000 2.5750 
0.3061 --0.1556 1.00 0.5075 2.6175 
0.3090 --0.1583 1.00 0.5150 2.6600 
0.3119 --0.1607 1.00 0.5225 2.7025 
0.3147 --0.1632 1.00 0.5300 2.7450 
0.3175 -- 0.1657 1.00 0.5375 2.7875 
0.3203 --0.1681 1.00 0.5450 2.8300 
0.3231 --0.1703 1.00 0.5525 2.8725 
0.3259 --0.1726 1.00 0.5600 2.9150 
0.3286 --0.1748 1.00 0.5675 2.9575 
0.3315 --0.1769 1.00 0.5750 3.0000 

TABLE 5. Record Lengths, Parameters, and Moments of the Sites 
in Region B 

Site n • a k Mean CV Skew 

1 30 0.8277 0.2417 -0.1217 1.00 0.3750 2.1500 
2 29 0.8220 0.2481 -0.1252 1.00 0.3875 2.1925 
3 28 0.8163 0.2545 -0.1286 1.00 0.4000 2.2350 
4 27 0.8106 0.2608 -0.1319 1.00 0.4125 2.2775 
5 26 0.8050 0.2670 --0.1353 1.00 0.4250 2.3200 
6 25 0.7994 0.2731 -0.1385 1.00 0.4375 2.3625 
7 24 0.7937 0.2793 -0.1414 1.00 0.4500 2.4050 
8 23 0.788i 0.2854 --0.1444 1.00 0.4625 2.4475 
9 22 0.7825 0.2914 -0.1473 1.00 0.4750 2.4900 

10 21 0.7769 0.2974 -0.1501 1.00 0.4875 2.5325 
11 20 0.7714 0.3033 -0.1529 1.00 0.5000 2.5750 
12 19 0.7658 0.3091 -0.1556 1.00 0.5125 2.6175 
13 18 0.7603 0.3150 -0.1583 1.00 0.5250 2.6600 
14 17 0.7547 0.3208 -0.1607 1.00 0.5375 2.7025 
15 16 0.7492 0.3266 -0.1632 1.00 0.5500 2.7450 
16 15 0.7437 0.3322 -0.1657 1.00 0.5625 2.7875 
17 14 0.7382 0.3379 -0.1681 1.00 0.5750 2.8300 
18 13 0.7327 0.3436 --0.1703 1.00 0.5875 2.8725 
19 12 0.7273 0.3492 -0.1726 1.00 0.6000 2.9150 
20 11 0.7218 0.3547 -0.1748 1.00 0.6!25 2.9575 
21 10 0.7164 0.3603 -0.1769 1.00 0.6250 3.0000 
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Fig. 7. Relative bias and relative rmse of estimated flood quantiles at return periods 100 and 1000 years for a 
heterogeneous GEV region, "region A" of section 5. Regional estimation by GEV/PWM. RMSE for at-site estimation with 
T - 1000 vary from 0.49 (site 1) to 1.04 (site 21). 

which the rmse of flood quantile estimates decreases as the 
record length increases. Confirmatory simulation results are 
given in Table 2, which contains values of the ratio A(0.4) for 
(•r and 4r in a region with 20 sites and record length 10, 20, 
or 40 at each site, the at-site flood frequency distributions 
being EVi with CV 0.4. As the record length varies, the vari- 
ation in A(0.4) is negligible. 

One effect of record length may, however, be important. 
Consider a region with N sites and n years of record at cacti 
site. For a fixed quantity of data, i.e., a fixed number Nn of 
station years, quantile estimates are more accurate if N is 
small and n is large rather than vice versa. This effect was 
noted by Hosking et al. [1985a] for an independent region but 
is even stronger at high return periods when the region is 
correlated, as is illustrated by the simulation results in Table 
3. Thus when intersite dependence is present it is particularly 
advantageous to use regions which contain some sites with 
long records. 

SIMULATION RESULTS' HETEROGENEOUS REGIONS 

We present simulation results for two regions which are 
designed to contain heterogeneity in a way which might plau- 
sibly occur in practice. Both regions have 21 sites and record 
lengths decreasing linearly from 30 at site 1 to !0 at site 21. 
The at-site flood frequency distributions are all GEV, with 
skewness increasing linearly from 2.15 at site 1 to 3 at site 21. 
The regions differ in the CVs of their flood frequency distri- 
butions: for "region A" the CV increases linearly from 0.425 at 
site 1 to 0.575 at site 21, while for "region B" the CV increases 
linearly from 0.375 at site 1 to 0.625 at site 21. Record lengths, 
parameters, and moments of the sites in each region are given 
in Tables 4 and 5. Lettenmaier et al. [1987• denoted by M(C¾) 
the average of the at-site CV, by R(CV) the range of the at-site 
CV and by R*(CV) the ratio R(CV)/M(CV); in this notation 
region A has M(CV)= 0.5 and R*(CV)= 0.3, and region B 
has M(CV)= 0.5 and R*(CV)= 0.5. Regions A and B are 
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Fig. 8. Relative bias and relative rmse of estimated flood quantiles at return periods 100 and 1000 years for a 

heterogeneous GEV region, "region B" of section 5. Regional estimation by GEV/PWM. Rmse for at-site estimation with 
T = 1000 vary from 0.47 (site 1) to 1.06 (site 21). 

almost identical to the regions with these values of M(CV) and 
R*(CV) used by Lettenmaier et al., and region B is similar to 
regions used for simulation by Hosking et al. [1985a'] and 
ttosking and Wallis [ 1986b, c]. 

Figure 7 gives the relative bias and relative rmse of the 
flood quantile estimates Qxoo and Qxooo at each site of region 
A when a GEV distribution is fitted to the data by the re- 
gional PWM algorithm. Results are also given for at-site esti- 
mation by fitting a GEV distribution using the method of 
PWM. Figure 8 gives the corresponding results for region B. 
At site 11, in a sense the site most typical of the region as a 
whole, there is negligible bias and the increase in the rmse of 
quantile estimators as Pined increases is about 50% greater 
than for a homogeneous region. For example, for region A the 
relative rmse of Q•oo at site 11 is 0.128 when Pined = 0 and 
0.176 when Pm,,t = 0.4, and the ratio A(0.4' Q xoo) is 1.38' for a 
comparable homogeneous region, with 20 sites and record 
length 20 at each site, we found (compare Table 2 and Figure 
6) A(0.4; (•o0) to be about 1.25. At sites less typical of the 

region, such as sites 1 and 21, Qr has significant bias and its 
relative rmse is higher than at site 11' however, the pro- 
portional rise in rmse as Pined increases is less. 

Studying Figures 7 and 8 as a whole we would judge that 
bias due to heterogeneity is a more serious problem for re- 
gional flood frequency analysis than is the increase in rmse 
due to intersite dependence. However, even when both hetero- 
geneity and intersite dependence are present, provided that 
R*(CV) < 0.5 and Pmea < 0.4, regional analysis is much prefer- 
able to at-site analysis so long as biases of 4-15-20% are 
tolerable at a few sites. We believe that the criteria 

R*(CV) _< 0.5 and Pined -< 0.4 can be attained provided that 
good regionalization procedures are used, such as those de- 
scribed by Wiltshire [1986a, b]. 

In practice, it is unreasonable to suppose that the form of 
the flood frequency distribution can be precisely identified, but 
even if the distribution is misspecified our conclusions are 
little changed provided that a robust estimation procedure is 
used. Consider, for example, fitting the GEV data of region B 



596 HOSKING AND WALLIS' INTERSITE DEPENDENCE AND REGIONAL FLOOD FREQUENCY ANALYSIS 

0.2 -- 

o 0.1 

•- 0.0 

._ 

m -0.1 

-0.2 

n... [] At-site 

o 0.4 f o 0.3 

II D... D ..-D ø" 

o.....o....t_e_..&__-•...•e••....,.,- - •0•0•0• • 

• o.1 • 
o.o 1 11 1 

Site number 

o---o Regional, Pmed:O e---© Regional, Pmed:O.2 +---+ Regional, Pmed=0.4 

** I-1 =" 

.ID ---ID'"" 0'"' Q'" 

0.2 

o 0.1 

•_ 0.0 

;• -0.1 
-- 

-0.2 - 

m--- m At-site 

0.4 - 

0.3 

0.2 

o--o Regional, Pmed:O e---e Regional, Pmed=0.2 +----I- Regional, Pmed=0.4 

0•_ O• 0 . ß 0__0••0 • 

-- 

_ I I I I I I I I I I '1 ' ' ' ' ' ' ' ' ' 2'1 0.0 1 6 1 16 
Site number 

Fig. 9. Relative bias and relative rmse of estimated flood quantiles at return periods 100 and tOO0 years for a 
heterogeneous GEV region, region B of section 5. Regional estimation by LN3/PWM. Rmse for at-site estimation with 
T = 1000 vary from 0.47 (site 1) to 1.06 (site 21).. 

by a three-parameter lognormal distribution or by a Wakeby 
distribution. We denote by LN3/PWM and WAK/PWM the 
corresponding variants of the regional PWM algorithm. The 
results of using these variants to fit data simulated from region 
B are given in Figures 9 and 10. The lognormal distribution 
has a lighter tail than the GEV distribution, so flood quantile 
estimates obtained using LN3/PWM are more negatively 
biased than those obtained using GEV/PWM. The general 
pattern of biases and rmse is, however, much the same for 
both algorithms; in fact, LN3/PWM yields lower rmse than 
GEV/PWM for •)•oo at 9 of the 21 sites when Prned '-- 0 and at 
12 of the 21 sites when Prnea = 0.4, although the true flood 
frequency distributions are GEV. This is just one aspect of the 
generally good performance of the LN3/PWM algorithm 
noted by Hosking and Wallis [1986a]. The Wakeby distri- 
bution with its five parameters is flexible enough to mimic a 
GEV distribution fairly well and so the biases of WAK/PWM 
estimators are almost the same as those of the GEV/PWM 
estimators. The WAK/PWM estimators have slightly larger 

rmse than the GEV/PWM estimators, both when /)meet =0 
and when firned > 0. The proportional increase in rmse as Pm,a 
increases is very similar for all the estimators. 

6. AN ALTERNATIVE DEPENDENCE STRUCTURE 

Real-world flood data provide some evidence that extremely 
high or low annual maximum floods might be more highly 
correlated than annual maximum floods of more typical mag- 
nitude. An example is given in Figure 11, in which the annual 
floods of the British rivers Trent and Severn are plotted. The 
long "tails" of points in the lower left and upper right quad- 
rants of Figure 11 are indicative of high correlation in the 
extremes. This phenomenon might be explained in physical 
terms by the tendency of exceptionally severe flood events and 
droughts to affect larger areas than do meteorological con- 
ditions of more modest magnitude. Extremely high annual 
maximum floods, and annual maxima in otherwise dry years, 
might therefore be of comparable magnitude at sites suf- 
ficiently far apart as to have no appreciable correlation be- 
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Fig. 10. Relative bias and relative rmse of estimated flood quantiles at return periods 100 and 1000 years for a 
heterogeneous GEV region, region B of section 5. Regional estimation by WAK/PWM. Rmse for at-site estimation with 
T = 1000 vary from 0.47 (site 1) to 1.06 (site 21). 

tween their typical annual maximum floods. The phenomenon 
0f high correlation between extreme floods is not the norm in 
real-world data, at least for Great Britain [Hosking and 
Wallis, 1987], but because it does sometimes occur, and be- 
cause it has a plausible physical explanation, its effect on flood 
frequency analysis is of interest. We therefore ran some simu- 
lations designed to give rise to this phenomenon. 

Let Y be a random variable distributed as a mixture of 
normal distributions: 

Y --• N(--0.1, 0.8) with probability 0.8 
(6) 

Y -- N(0.4, 1.6) with probability 0.2 

Ihe numerical values in (6) are to some extent arbitrary: they 
are chosen to ensure that Y has mean 0 and variance 1 and 

that the less frequently occurring component of the mixture 
has the higher mean and variance. The random variable 
X = exp (0.3Y) has a mixed lognormal distribution which is 

plausible as a flood frequency distribution: the distribution of 
X has CV 0.32, skewness 1.50 and kurtosis 8.17 and closely 
resembles (see Figure 12) a GEV distribution with parameters 
• = 0.84, •z = 0.23, and k---0.0675, which has CV 0.33, 
skewness 1.61, and kurtosis 8.34. To generate correlated flood 
records at N sites, each year's data may be independently 
sampled from the mixed multivariate lognormal distribution 
of the random vector X = (X• .-. X•v) r defined by 

Xi = exp (0.3 Y•) 

½•1 --• N(-0.11, 0.8P (•)) 
•• --• N(0.41, 1.6P t2)) 

i=1 ..... N 

with probability 0.8 

with probability 0.2 

(7) 
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Fig. 11. Annual maximum floods of the river Trent at Trent 
Bridge, Nottingham, England, and of the river Severn at Bewdley, 
Worcestershire, England. Data are from Natural Environment Re- 
search Council [ 1975]. 

where I is an N vector of l's and P(•)= (pij (•)) and pt2) ._ 
(pij (2)) are the correlation matrices of the two components of 
the distribution. The correlation Pij between log Y• and log Yj 
can be evaluated theoretically, and is given by 

Pu = 0'64pu(•) + 0'32pu(2) + 0.04 
To achieve a given Pu, we could take 

pij(•) .. (2) --" !'/ij --' 

which we term the "uniform-correlation variant" or UC vari- 

ant. This would yield a correlation structure very close to that 
used in the simulations of section 5. Alternatively, noting that 
the second component of the distribution of Y has the higher 
variance and therefore tends to yield more extreme values 
than does the first component, we can obtain a correlation 
structure with extra correlation among the extreme values, we 
call it the ECE variant, by choosing pu (2) to be larger than 

0.9 0.87 0.95 
0.8 0.74 0.90 
0.7 0.61 0.84 
0.6 0.48 0.78 
0.5 0.36 0.72 
0.4 0.24 0.65 
0.3 0.12 0.57 
0.2 0.02 0.47 
0.1 0.00 0.19 
0.04 0.00 0.00 

pu (•). In particular, to achieve a given Pu we take (again, 
somewhat arbitrarily) 

piti 2) = 0.04 + 0.96pu •/2 

Pij (t) = (Pu -- 0'32U(2) -- 0.04)/0.64 
(Sa) 

unless this gives pU(1)< 0, in which case to avoid negative 

3.5 

3.0-- 

2.5 

2.0 

1.5 

1.0 

0.5 

Flaturn period 

o.o i I i i i 
-2. 0 2 4 6 8 

-Iog(-Iog F) 

Fig. 12. Inverse cumulative distribution functions of the mixed 
lognormal distribution used in section 6 (solid curve) and of a GEV 
distribution with parameters • = 0.84, • = 0.23, and k---0.0675 
(dotted curve). 
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TABLE 7. Relative Bias and Relative rmse ot (Jr for a Homogeneous Region With 20 Sites, 20 Years 
of Record at Each Site, and Flood Frequency Distribution the Lognormal Mixture Defined in Section 6 

rinse (Qr)/Qr rmse (t•r)/q r 

T -- 10 T = 100 T = 1000 T = 10 T = I00 T = 1000 

1. UC variant, Pmcd= 0.04 
2. UC variant, Prncd -- 0.2 
3. UC variant, Pined - 0.4 
Ratio (3)/(1) = A(0.4) 
4. ECE variant, Pined = 0.04 
5. ECE variant, Pined ?' 0.2 
6. ECE variant, Pined = 0.4 
Ratio (6)/(4)- A(0.4) 

0.104 0.112 0.133 0.023 0.054 0.109 
0.106 0.133 0.182 0.027 0.078 0.150 
0.109 0.153 0.228 0.031 0.099 0.190 
1.05 1.37 1.71 1.35 1.83 1.74 
0.104 0.112 0.133 0.023 0.054 0.109 
0.109 0.150 0.219 0.028 0.092 0.178 
0.111 0.173 0.278 0.032 0. i 15 0.227 
1.07 1.54 2.09 1.39 2.13 2.08 

Fitting by GEV/PWM. 

correlations we take 

Pij (1) = 0 PiJ (2) = (Pu -- 0.04)/0.32 (8b) 

Example values of pij (•) and p•j(2) obtained by this procedure 
are given in Table 6. Examples of bivariate probability density 
functions of log-transformed flows generated by these two 
variants are given in Figure 13. As was intended, contours of 
equal probability density for the ECE variant are more elon- 
gated at the extremes of their major axes than are the ellipses 
characteristic of a multivariate normal distribution. 

It is possible to regard (7) and (8) as a model of the oc- 
currence of floods: "component 2" years, which are respon- 
sible for most of the very large and very small annual floods, 
might correspond to years in which annual floods occur on or 
about the same day across the entire region. However, we do 
not formally claim that the details of the model are physically 
meaningful. It is sufficient for our purposes that data simulat- 
ed from (7) and (8) should resemble actual flood data closely 
enough to be useful in evaluating the robustness of procedures 
for flood frequency analysis. 

Hosking and Wallis [1987] give some bivariate scatter dia- 
grams of data simulated from the UC and ECE variants. In 
general, it is difficult to detect much difference between the 
patterns of dependence of data generated by the two variants. 
Patterns as extreme as that of Figure 11 occur only rarely in 
simulated data even for the ECE variant, but this is also true 
of real-world data. We are satisfied that both variants yield 
data which bear a reasonably close resemblance to real-world 
data. 

Differences are apparent, however, when data generated by 
the two variants of the lognormal procedure are analysed by 
the GEV/PWM algorithm. Table 7 gives the relative rmse of 
(Jr and Or for a region with 20 sites and record length 20 at 
each site. When Pined = 0 both variants yield the same data 
and thence the same rmse, but the increase in rmse when 
Pro.ca > 0 is much greater for the ECE variant than for the UC 
variant. We cannot attribute the difference in the simulation 

results for the two variants to any of the following causes: 
bias, because bias is almost the same for both variants and for 
all values of Pined; choice of fitted distribution, because the 
LN3/PWM and WAK/PWM algorithms gave results similar 
to those obtained with GEV/PWM; effect of size of region, 
because the qualitative pattern of the results is the same for 
regions with between 5 and 40 sites; effect of size of Pr•d, 
because similar results were obtained with Pm•a = 0.2 and 
Pmcd= 0.4; problems arising from a few simulations which 
gave particularly poor flood quantile estimates, because the 
qualitative pattern of the results is unchanged whether varia- 

bi!ity of an estimator is measured by rmse or by the difference 
between the 5th and 95th percentlies of the simulated distri- 
bution of the estimator. 

We believe that the differences in the results must be at- 

tributed to some aspect of the dependence structure of the 
ECE variant which is not apparent in bivariate scatter dia- 
grams of simulated data, perhaps because it concerns depen- 
dence affecting three or more sites simultaneously. We must 
therefore accept that the conclusions drawn from our simula- 
tions may be affected by aspects of intersite dependence struc- 
ture not easily detectable by standard analyses of bivariate 
data. 

7. CONCLUSIONS 

We have investigated the effect of intersite dependence on 
the regional PWM algorithm, an established efficient and 
robust procedure for regional flood frequency analysis. Two 
properties of regional flood frequency analysis for independent 
regions should be noted first. 

1. Error in the flood quantile estimate Qr for T < 100 is 
often due more to estimating the at-site mean than to esti- 
mating the regional growth factor' it is only the latter compo- 
nent which can be affected by intersite dependence. 

2. As the number of sites N in the region is increased, 
there comes a point after which further increases in N yield 
little reduction in the rmse of •)r. For example, when esti- 
mating O,•oo in a region with 20 sites, record length 20 at each 
site and a flood frequency distribution which is EV1 with C¾ 
0.4, this point is reached at about N = 40. 

Now consider the effect of intersite dependence. For homo- 
geneous regions our main conclusions are as follows. 

1. Any bias in the estimators (•r of quantiles and tjr of 
regional growth factors is unaffected by the presence of inter- 
site dependence. 

2. The effect of intersite dependence on the rmse of Qr and 
•r is largely independent of the record lengths at the sites in 
the region and of the CV and skewness of the flood frequency 
distribution of the region. 

3. The rmse of t• r increases when intersite dependence is 
present. The amount of increase is overestimated by the theo- 
retical formulas (4) and (5), derived from Alexander [1954] 
and Stedinger [1983]. 

4. The rmse of Qr also increases when intersite depen- 
dence is present, but the amount of increase is substantially 
less than for •r- For a realistic amount of intersite depen- 
dence, Pined = 0.2 in the notation of section 3, the increase in 
rmse due to intersite dependence for a region with 20 sites is 
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negligible for (•xo, less than 15% for Q•oo and less than 35% 
for Q• ooo' 

5. The point at which adding further sites to a region 
becomes profitless is reached more quickly when intersite de- 
pendence is present; for example, at about N-- 15 for esti- 
mating {• oo in a region with 20 sites, record length 20 at each 
site, EV1 flood frequency distributions with CV--0.4 and 
median intersite correlation P,•ed = 0.2. 

For regions containing a realistic amount of heterogeneity 
in their at-site flood frequency distributions, our conclusions 
are as follows. 

1. Any bias in {•r is unchanged by the presence of intersite 
dependence. 

2. The rmse of Qr increases when intersite dependence is 
present, but this effect is less important for practical appli- 
cations than the bias in Qr due to heterogeneity. 

3. Even wheh both heterogeneity and intersite dependence 
are present and the form of the flood frequency distribution is 
misspecified, regional flood frequency analysis is preferable to 
at-site analysis. 

These conclusions were obtained for simulated regions with 
the dependence structure defined in section 2. These con- 
clusions may be subject to change when the dependence 
structure of the data is more complicated than this, e.g., if 
extremely high or low annual floods are more highly interde- 
pendent than are annual floods of average magnitude. It is, 
however, not easy to decide whether such an effect is present 
in any given data set. 
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