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Abstract

This paper proposes a practical approach to extreme value estimation for small samples of observations with truncated
values, or high measurement uncertainty, facilitating reasonable estimation of epistemic uncertainty. The approach, called
the likelihood-weighted method (LWM), involves Bayesian inference incorporating group likelihood for the generalised
Pareto or generalised extreme value distributions and near-uniform prior distributions for parameters. Group likelihood
(as opposed to standard likelihood) provides a straightforward mechanism to incorporate measurement error in inference,
and adopting flat priors simplifies computation. The method’s statistical and computational efficiency are validated by
numerical experiment for small samples of size at most 10. Ocean wave applications reveal shortcomings of competitor
methods, and advantages of estimating epistemic uncertainty within a Bayesian framework in particular.
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1. Introduction

Extreme value estimation characterizes the tail of a probability density distribution, and often requires extrapolation
beyond what has been observed [1]. Extrapolation is motivated by extreme value theory for the asymptotic distribution
of large values from any max-stable distribution. A basic assumption in fitting an extreme value model to a sample is that
observations are independently and identically distributed. This assumption usually holds for the rarest and severest of
ocean wave events (e.g. the storm peaks over threshold of significant wave heights in a tropical cyclone at a location). The
trade-off between sample size and adequate tail fit, and the fact that measurement errors on most extreme observations
tend to be large, render the analysis problematic.

The increasing availability of high quality measurements and hindcasts means that the metocean engineer is often blessed
with huge samples for estimation of return values for design purposes. Extreme value modelling is then a large-scale
computational task, within which the effects of non-stationarity and spatial dependence can be estimated [2]. However,
there are many other applications where large samples of high quality data are still not available. The metocean engineer
is then required to provide design values from small samples of typically poor quality. For such analysis, uncertainties in
extreme value parameters and return value estimates are large and often difficult to estimate well. The effective number
of influential observations in estimating extreme events with very low probability, such as at the ten thousand year return
period level, may be small even in samples corresponding to a hundred years of observations. The goal of this paper is to
explore a method for extreme value estimation useful for small samples (of size at most 10) of poor quality data, which
provides realistic estimation of epistemic model uncertainty. The approach, called the likelihood-weighted method (LWM),
involves Bayesian inference for the group generalised Pareto (or generalised extreme value) likelihood and uniform prior
distributions for parameters. Group likelihood provides a straightforward mechanism to incorporate measurement error;
adopting flat priors simplifies computation.

Statistical models exhibit two types of uncertainty [3]. Aleatory uncertainty represents the inherent randomness of
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nature and physics; it is intrinsic and cannot be reduced. Epistemic uncertainty represents our limited knowledge, and
can be reduced (e.g.) by increasing sample size or reducing sample measurement error. Realistic estimation of epistemic
uncertainty is critical to reliable extreme value modelling. We will demonstrate that estimation methods such as maximum
likelihood provide poor estimates of epistemic uncertainty from small samples of poor quality.

The organisation of the article is as follows. In Section 2, we review methods in extreme value analysis with emphasis
on uncertainty quantification from poor data. A description of LWM, our new estimation method, is given in Section 3.
In Section 4, LWM’s statistical and numerical efficiency is validated through numerical experiments. An application to
observed extreme wave height data is considered for further discussion in Section 5, followed by conclusion in Section 6.

2. Extreme value estimation for small samples measured with error

2.1. Ezxtreme value theory

The central limit theorem provides an asymptotic distributional form (the Gaussian distribution) for the mean A, (=
(1/n) Z;L:1 X,) of n independent observations of identically-distributed random variables X;, Xo, ..., X,, regardless of
the underlying distribution. Analogously, extreme value theory provides an asymptotic distributional form for independent
observations from any of a large class of so-called max-stable distributions [4]. The limiting forms for extreme values of
block maxima M,, (= max(X1,Xo,...,X,)) were given by Jenkinson [5], and were later rationalised into one generalised
extreme value (GEV) distributional form. [6] and [7] derived the generalised Pareto (GP) distribution for peaks over
threshold (POT) by considering the logarithms of the GEV.

GEV and GP are three-parameter distributions, with parameters shape ¢, scale o and location p (for GEV) or extreme
value threshold ¢ (for GP). Cumulative distribution functions (cdfs, Fggy and Fgp respectively) for these distributions
are given in Equations (1) and (2). Other distributional forms are used for extreme value estimation, including the Weibull
and log-normal distributions e.g. [8], [9]. Here we focus on GEV and GP, given their natural asymptotic motivation and
wide application.

-1/
Pr(M, <a) "R Fapv(t) = exp (— (1 + § (@ — m) ) for & # 0 (1)
= exp < exp <1 (x — u))) otherwise, and
o
large 1 g —1/¢
Pr(X <z|X >v¢) = Fgplx) = 1- <1+U(x—w)> for £ #0 (2)

1
1 —exp (— (x — w)> otherwise.
o

These distributional forms are correct asymptotically for block maxima and peaks over threshold, but only approximately
for finite samples. Increasing sample size for fitting is desirable to reduce estimated parameter bias and uncertainty, but
often is achieved at the expense of quality of fit of an extreme value distribution to the largest values in the sample (e.g. by
reducing block size for GEV, or reducing extreme value threshold for GP). We do not address this trade-off directly in this
work; rather, we assume that the sample is drawn from the extreme value distribution to be estimated, and concentrate
on estimating parameters and uncertainty.

2.2. Parameter estimation

There are many possible approaches for parameter estimation in extreme value analysis. Popular schemes include maximum
likelihood (ML), the method of moments, probability weighted moments (PWM), L-moments and Bayesian inference [9].
Graphical methods have also been proposed, but these are not recommended for quantitative work. Other empirically-
derived estimation methods such as Goda’s method [10] lack generality. Methods based on moments or likelihoods are
most common in the literature [11].
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For small samples, moment-based methods such as PWM and L-moments, are considered better than ML (in terms of
bias and mean square error) for point estimation of parameters [12]. Here our interest is not in deriving point estimates,
since large epistemic uncertainty is obviously unavoidable, and quantification of the epistemic uncertainty of much greater
importance. For both ML and PWM, confidence intervals can be estimated by the so-called delta method, or the profile
likelihood method; both are motivated by consideration of asymptotic behaviour, and strictly valid for large samples. [13]
considers extreme value estimation for a three-parameter Weibull distribution using maximum likelihood for sample size
of over 40, and discusses the resulting unusual likelihood shape. In some applications, even a sample size as small as 20 is
difficult to gather. This is the motivation for the current work: we focus on extreme value estimation from sample sizes
of at most 10.

Resampling methods such as bootstrapping are also used for uncertainty quantification. The simplest resampling scheme
draws random re-samples with replacement from the original sample [14], is easy to implement and widely used. Uncer-
tainty quantification from resampling is rather ad-hoc in nature, certainly compared with Bayesian inference. We will
illustrate the shortcomings of a simple bootstrap method for small samples in Section 4.

2.3. Bayesian inference

Bayesian methods exploit both the sample likelihood and prior distributions for parameters in inference. The favourable
performance of Bayesian inference in extreme value estimation from small samples has been discussed [15]. One advantage
of the Bayesian approach is the flexibility offered to estimate unusually shaped likelihood surfaces [13].

The basic equations of Bayesian inference are described below. The sample likelihood L(6; D) of parameter(s) 6 for sample
D = {z;}}_, is interpreted as the probability of the sample given parameters

n

f(D|6) = L(6; D) = [ ] f(:l6) - (3)
=1
The probability of the sample is then
1(0) = [ roioare) (4)

where we can interpret dF'(0) as f(0)d6 for continuous prior density f(6) for 8. We estimate the posterior distribution of
0 using Bayes theorem
f(D10)1(6)

(D) )

The posterior f(6]|D) can be used, amongst other things, to estimate credible intervals for parameters. The posterior
predictive distribution g(z|D) of any function g(x|6) is then the expected value of that function under the posterior
distribution f(6|D) for . The posterior predictive distribution therefore captures both epistemic and aleatory uncertainty

fO|D) =

9(2D) = Eoyp (9(a9)) = / o(x(6)£(60]D)d . (6)

In spite of its many advantages, there are several drawbacks to Bayesian inference. One objection lies in the difficulty
in specifying prior distribution f(6). Previous studies have focused on applying informative priors, which impose prior
knowledge or belief, compensating for lack of information in a small sample. For example, prior elicitation of extreme
rainfall was achieved using observations from neighbouring spatial locations [15]. The inferential value of prior information
can be enormous, especially when sample quality is poor. However, expert knowledge of extreme events is often not
available or regarded as overly subjective. Uninformative priors are intended to be as objective as possible, by limiting
the incorporation of “unintended information” presented by the prior as much as possible. The basic uninformative prior
is the uniform or flat prior. A uniform prior f(#) allocates the same prior probability to each prior choice of . However,
even this simple prior has problems: e.g. when defined for parameters with infinite range; moreover, prior uniformity is
not transformation invariant. Jeffreys’ priors [16] and reference priors [17] have been studied to deal with transformation
invariance. However, none can theoretically be justified to be objective [18]. In this sense, the choice of flat prior can
be argued to be more or less subjective [19]. Computation can also be a problem for Bayesian inference [15]. Ounly in
special cases can the equations above be solved in closed form. The development of Markov Chain Monte Carlo (MCMC)
simulation methods has made the computations required for Bayesian inference in general tractable and popular [20].
However, MCMC requires implementation expertise [9, 2] especially for larger problems.



100

105

110

115

120

125

130

135

140

2.4. Measurement uncertainty

Adequate sample size is critical for good inference. The quality of individuals in the sample is equally important, especially
for observations of extreme values. In an ocean engineering context, [21] assesses the quality of visual observations for
wave data, an important source of information for historical wave records. In-situ observations of severe ocean events
are likely to be made with large uncertainty, compared to observations of typical events [2]. Moreover, [22] notes that
maximum values of significant wave height may be overestimated in storms, suggesting additional bias effects for finite
samples. Some authors consider the effect of measurement uncertainty for extreme value estimation in ocean engineering
settings. [23] quantifies measurement uncertainty and explores its impact: data uncertainty is described as the joint effect
of observational or instrumental error and sampling variability. Pre-specification of scale and shape parameters for the
extreme value distribution is one proposed approach to limit the impact of data uncertainty on inferences.

Measurement uncertainty in general is a combination of systematic bias and random error. Systematic bias can sometimes
be reduced by (e.g.) calibration. The impact of random measurement error on extreme value inference is not easily
understood. For example, consider a sample of relatively small size containing a single large extreme observation: naive
extreme value fitting might suggest a heavy-tailed distribution. However, if the single large value is due to random
measurement error of the observation process, the underlying distribution may in fact be short-tailed. Understanding and
quantifying the effects of measurement uncertainty in extreme value analysis is clearly critical.

2.5. The case for an improved approach

As outlined above, the combined effect of small sample size and large measurement uncertainty is a real challenge in many
ocean engineering applications of extreme value analysis. Naive adoption of results from asymptotic statistical theory,
appropriate only for large samples, cannot be justified for uncertainty quantification with small samples. Moreover,
measurement error cannot be ignored, and should be accommodated appropriately in any extreme value model.

It is common engineering practice to provide a point estimate of a return value estimated under an extreme value model,
typically by assuming that the best-fitting combination of model parameters is a correct and certain inference from the
extreme value fit. For example, the conventional closed-form definition of a return value typically corresponds to a
particular quantile of the distribution (due to aleatory uncertainty alone) of the maximum value which would be observed
during the return period under consideration, near the mode of that distribution. Such a point estimate already ignores
the fact that a larger value than the return value might be expected to occur routinely during the return period due to
natural variability. Introducing additional epistemic uncertainty due to uncertain model parameter estimates exasperates
the issue. Uncertainty in point estimates is mitigated in structural design by incorporation of safety factors. These
are calibrated using historical analysis and expert knowledge, and sometimes tuned for specific ocean basins. Yet the
magnitude of epistemic uncertainty of a point estimate from any study is dependent on the available data for that study,
and may not therefore always be appropriately accounted for in safety factors. We conclude that the point estimate of
return value may well not be a wise estimate, e.g. in the light of a preference for conservatism in structural design.
[24] proposes that a high quantile of the distribution of the maximum value during the return period might be more a
appropriate choice, particularly considering the influence of uncertain GP shape parameter estimate. This proposal is
made to account for aleatory and epistemic uncertainty in extreme value estimation. Using a high quantile value seems
rational for reliable design, yet for small samples, the value of the (e.g.) 90% percentile is likely to be unrealistically
large due to epistemic uncertainty. High quantiles have also been recommended for other reasons: Det Norske Veritas
[25] concludes that a quantile in the order of 85-95% is a reasonable choice for return values of environmental conditions
and structural loads for use in design, to account for cases when the short-term variability of a process (such as structural
loading) within a sea-state is not otherwise being considered.

Our aim therefore is to develop a practical method for extreme value estimation to a small sample of relatively poor quality,
which provides reasonable estimation of extreme value models and return values, and allows realistic quantification of
epistemic uncertainty. Given that the posterior predictive distribution outlined above provides an intuitive framework to
quantify both aleatory and epistemic uncertainties, it seems natural to use the framework of Bayesian inference to achieve
this.
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3. The likelihood-weighted method

The likelihood-weighted method (LWM) is a straightforward Bayesian approach to extreme value estimation for small
samples of poor quality. Its purpose is to provide reasonable estimates of extreme value model parameters and their
uncertainties to estimate return values for subsequent structural design calculations, from small samples of poor quality.
The LWM model has two distinct features: a group likelihood (see Section 3.1, as opposed to a standard likelihood), and
near-uniform prior distributions (see Section 3.2). Section 3.3 provides brief comments on computation.

3.1. Group likelihood

Group likelihood is a simple approach to incorporate measurement uncertainty in (Bayesian) inference. Group likelihood
was originally proposed to overcome non-regularity issues in ML. We focus on the group likelihood of [26]. Suppose we
sample D = {z;}? ; independently from identically-distributed random variables Xi, X, ..., X,,, related to underlying
identically-distributed random variables Y7, Y5,...,Y,, of interest to us, such that in terms of the conditional density
e s

1
f(Xi=xlYs =w) = %forxi—5§yi<$i+5 (7)
= 0 otherwise.
That is, we observe a discretised version X; of each Y;; the underlying values of Y; is uniformly distributed on the interval

[x; — d,z; + &). Observation of X; allow us to make posterior predictive inferences about Y; using Equation 6. If the
density f(Y;|0) of Y; is given in terms of parameters 6, the conditional density at X = x; with respect to 6 is

z;+0
fale) = [ el sl = 55 [ o) 0

1
= 55 (Flai+010) = F(z; — 6]6)) |

where F is the cdf of Y;, and for the full sample

La(0) = J[f(il0) (9)

=1

<.

( (i +0|0) = F (i — 6]0))

n':]:

*
20

Group likelihood takes account of data uncertainty, whereas typically extreme value estimation is made assuming no
measurement error. In most cases, our knowledge of measurement error will be approximate; it is important to keep this
in mind [27]. Of course, many forms of error distributions f(X;|¥;) might be considered, e.g. the case where the range

[z7in %] of possible values for Y; corresponding to observation z; is known. Now
- 1 max min
Lg(0) = HW (F (7" 0) — Pz 0)) (10)
i=1 "1 [

Given that sample size is small and measurement error an issue, it is essential that every available piece of information is
well used. Even knowledge that an extreme event occurred, but that no observation was possible, can be incorporated by

use of suitable [z 21"9%]. Equivalently, we might be able to specify § differently for each observation, such that
Tl
Lg(0) = — (F(zi + 6;]0) — F(x; — ;16 11
o = Tl e+ 810~ Flwi = 10) ()

in the obvious notation. Of course, yet more general error structures might be considered, but these would require more
sophisticated methods (e.g. MCMC) for estimation. In particular, we note that § here represents uncertainty due to
instrument precision alone. In practice, we might expect additional sources of uncertainty to contribute to the overall
measurement error, as mentioned in 2.4.
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3.2. Near-uniform prior

The second feature of LWM is the use of near-uniform priors; improper uniform priors are avoided ([28], [29]) and near-
uniform Gaussian prior distributions N(c«, 8) with mean « and large variance 5 adopted. The corresponding density is
near-uniform near the mean, yet the distribution provides a proper prior in that it integrates to unity. For studies below,
unless otherwise stated, we proceed as follows, assuming a priori that ¢ ~ N(0,10%), logo ~ N(0,10%) and ¢ = 0 as
suggested by [30] for peaks over threshold (GP), and & ~ N(0,10%) , logo ~ N(0,10%), and p ~ N(0,10*) recommended
by [28] for block maxima (GEV).

We note that both the uniform and Gaussian distributions are not conjugate to GP (nor to GEV). Therefore, a numerical
procedure is required for parameter estimation.

3.3. Inference scheme

For sample D = {z;}?_, and specified §, LWM inference proceeds as follows for peaks over threshold.

Estimation of group likelihood: Define an index set {QJG};”:I of m combinations of parameters on a rectangular grid
covering a plausible 2-dimensional domain for parameters £ and log o, with suitable grid resolution for each parameter,
with threshold 1 assumed to be the minimum value in the sample. The plausible domain for £ and logo is estimated
from a prior trial analysis using the full prior parameter domain and course grid resolution; based on the trial, a sensible
restricted grid domain and increased grid resolution are specified.

Compute the group likelihood at each GJG on the index set. Sum the group likelihood over the index set, then divide the
group likelihood at OJG by the sum. The result is the estimate for posterior density f (HJG|D) on the index set

La(0§)F(05)  uiitorm  La(65)

ST Lal0%) £0%) S Lo(65)

FO71D)A = (12)

where the near-uniform prior f (HJG) is assumed constant over the index set, and A is (constant) grid cell volume. The
posterior is seen to be a weighted likelihood, motivating the choice of name “likelihood-weighted method”. The obvious
analogous scheme (with 3-dimensional rectangular grid for &, logo and p) is employed for inferences with block maxima
data.

Estimation of credible regions: Credible regions for parameters are estimated by sorting the values in {f (6’3(4;|D)}}”:1 in
decreasing order to yield f (Hr( )|X ) for sorting array {r(j)}7,. Given a probability level p, the subset of the index set

contributing to the credible region is then simply {HT(J)} where

Jj=1
k= argmme ])|D JA>p. (13)

Boundaries of credible regions can be further refined if necessary by a simple interpolative scheme. Marginal credible
intervals are estimated analogously.

Estimation of posterior predictive distributions: Distributions g(x|D) for arbitrary functions g(z|#), including return value
distributions, are also trivially estimated as

g(x|D) = Zg(x\Gf)f(f)le)A - (14)

4. Evaluation of LWM

In this section we evaluate the performance of LWM in three ways. First, for small samples of GP- and GEV- distributed
data with known parameter values, we estimate coverage probabilities of credible regions and compare them with expected
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Table 1: Description of the Monte Carlo experiment

Shape Scale Threshold/Location Sample size Number of cases
GP ¢€=-0.5,0,05 c =4 =0 N =10, 20,50 Npr = 1000
GEV £=-0.5,0,05 c =4 p=1 N =10, 20,50 Ngr = 1000
01 GPD ¢ =-0.5 /Sample Size =10 01 GPD ¢ =0.0/Sample Size =10 01 GPD ¢ =0.5/Sample Size =10
ISl
0 S 0 0 R S L
-0.1 -0.1 -0.1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 o] 0.2 0.4 0.6 0.8 1
01 [7GPD ¢ =-0.5 Sarmplo Size 20 01 ["GPD ¢ 0.0 /Samplo Size =20 01 [7GPD ¢ =05 /Samplo Size =20
0 0 0 AT T N et
-0.1 -0.1 -0.1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 o] 0.2 0.4 0.6 0.8 1
01 - — 0.1 - — 0.1 - —
& GPD ¢ =-0.5 /Sample Size =50 GPD ¢ =0.0/Sample Size =50 GPD ¢ =0.5 /Sample Size =50
&
g e et WY
g [o] ~ e W e i S 0 <~ o] =
A -0.1 -0.1 -0.1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 o] 0.2 0.4 0.6 0.8 1
Probability, p

Figure 1: Discrepancy p — p in coverage probabilities for credible regions, as a function of probability p, for GP samples. Rows represent
different sample sizes N = 10, 20, 50 and columns different values of £ = —0.5,0,+0.5.

values. Then, we compare estimation of credible regions for parameter from LWM, Bayesian inference using the Metropolis-
Hastings algorithm and a maximum likelihood scheme with bootstrap uncertainty estimation, in terms of quality of
inference and computational efficiency of inference. Finally, we assess whether the LWM method is able to identify a
known measurement ¢ in simulated truncated samples.

For large samples and small measurement §, we can assume that LWM and ML (using the standard likelihood) have
similar statistical efficiency. Since ML is considered asymptotically efficient [31], LWM is approximately so also. However,
here we focus on small samples, for which we might speculate that LWM and ML would yield different statistical and
computational efficiencies.

4.1. Coverage probabilities for credible regions

We simulate Np = 1000 random realisations of samples of GP and GEV data with parameters listed in Table 1, with
measurement § = 0.005 imposed. 3 different sample sizes N for each of 3 GP cases and 3 GEV cases are considered. For
each realisation 7 of each sample size for each case, we evaluate credible region C(6,;p) corresponding to probability p for
p=0.01,0.02,...,0.99. Using the Np realisations, we estimate a coverage probability p,

Ngr

1
ZIG e C(6,;p)) for p=0.01,0.02, ...,0.99 . (15)

p=—

R
where [ is the obvious indicator function. The discrepancy p—p in coverage probability is plotted against p for all GP cases
in Figure 1, and for all GEV cases in Figure 2. The dashed horizontal lines in each panel of Figures 1 and 2 correspond to
a = 0.025 and a = 0.975 quantiles for the distribution of the Kolmogorov-Smirnov (KS) statistic Dx = sup,¢o,1) [P — p|-
For sample size N, critical values @ for the KS statistic Dy are calculated using Q@ = N~/2k,, where k, is a quantile of
the Kolmogorov distribution with non-exceedance probability 1 — «

Pr(K <kq)=1- QZ DU Yexp(-22k2)=1-a . (16)

From the figures, we see that excellent agreement between actual and estimated coverage probabilities for critical regions
is obtained in all cases. Of course, performance in general depends critically on the value of § relative to the spread of
samples values before truncation. As J increases, inference becomes increasingly difficult and critical regions for parameters
inflate.
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(IR e e VN N 0 o O Mt PN N —
-0.1 -0.1 -0.1
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Probability, p

Figure 2: Discrepancy p — p in coverage probabilities for credible regions, as a function of probability p, for GEV samples. Rows represent
different sample sizes N = 10, 20, 50 and columns different values of £ = —0.5,0,+0.5.

4.2. Comparison of estimated critical regions from LWM with competitor methods

Here we compare estimated for parameter credible regions from LWM with 2 competing approaches, in terms of quality
of estimate and computational efficiency of the estimation, based on a sample size N = 20 from a GP distribution. The
competitor methods considered are (a) Bayesian inference using a simple Metropolis-Hastings (MH) scheme [32], and (b)
a simple maximum likelihood estimation with bootstrap resampling for uncertainty estimation. We also briefly compare
credible regions for a sample size N = 200, and compare estimates for marginal tail quantiles based on a sample size
N = 20.

Some care was taken in specifying schemes (a) and (b) so that reasonably fair comparison with LWM was possible. In
LWM, we evaluate the posterior density on a rectangular grid of m pre-specified parameter combinations {QJG};”:I as
described in Section 3.3. The Bayesian MH (a) is an iterative scheme in which the product of the group likelihood and
the near-uniform prior is evaluated for candidate parameter combinations corresponding to a Gaussian random walk with
respect to the current state, and accepted with a certain probability (to achieve a specified proposal acceptance rate). With
the variance of the random walk step adjusted to achieve reasonable acceptance rate of around 0.35 per candidate, the
total number of accepted parameter combinations mj; g therefore represents a reasonable measure of the computational
burden of the Bayesian inference, although the number of candidate posterior densities evaluated is larger than this. In
the ML-bootstrap method (b), ML estimation is undertaken for a large number of bootstrap resamples of the original
sample, with each ML estimation involving a function minimisation step. We use the number mpgg of bootstrap resamples
as a measure of computational burden, but realise that the actual burden is larger due to ML estimation. Whenever ML
failed, estimation as suggested by [6] was performed.

The detailed comparison was set up as follows. We assume a GP-distributed sample of size N = 20 with known parameters
E=0and 0.5, 0 =1, ¥» =4 , measurement § = 0.005 and evaluate credible regions for parameters using LWM, Bayesian
MH and ML-boostrap. For LWM, appropriate parameter index sets corresponding to m = 10* and m = 10 were specified.
For Bayesian MH, estimates from chain lengths ma;z = 10* and ma;g = 10° were obtained. Care was taken that the
chain converged to its stationary distribution, and that parameter combinations corresponding to MCMC burn in were not
used for inference. To estimate credible regions, kernel density estimation [33] was used, involving still further computation
relative to LWM. For ML-bootstrap, mpgs = 10* and mpg = 10° resamples were generated and ML estimates obtained
for each. Again, kernel density estimation was used to estimate credible regions.

Fig. 3 shows estimated credible regions corresponding to probabilities 0.1,0.3,0.5,0.7 and 0.9 for the 10 case (LWM)
and the 10° case for Bayesian MH and ML-bootstrap for both ¢ = 0 and 0.5. For LWM, estimates based on m = 10* and
m = 105 are indistinguishable. We conclude that m = 10* is sufficient for evaluation of credible regions for this sample.
We observe that credible regions are not symmetric in £ or log o, and that the domain of parameters is constrained by the
identity £(z+ — 1) + 0 = 0 when £ < 0, where =™ is the finite upper end point of the GP distribution. Credible regions
are clearly not symmetric in parameters, and parameter estimates are clearly not multivariate normally distributed. A
maximum a posteriori (MAP) estimate for GP shape near zero is found for both £ = 0.0 and £ = 0.5. This corresponds
to a large estimation error for £ = 0.5, and shows the importance of considering epistemic uncertainty. Specifically, the
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Figure 3: Credible regions for GP parameter estimates from LWM (right), Bayesian MH (centre) and ML-bootstrap (left) for probabilities
0.1,0.3,0.5,0.7 and 0.9. Results for 104 computations (LWM) and 108 computations (Bayesian MH and ML-boostrap). Sample size N=20 from
GP distribution with £ =0 and 0.5, 0 = 1, ¥ = 4.

credible region for LWM clear does not exclude a GP shape of 0.5 in the case £ = 0.5. 10* estimates for Bayesian MH and
ML-boostrap (not shown) are very poor, since the number of parameter combinations available to describe credible regions
corresponding to higher probabilities in particular is small. In this case, the somewhat arbitrary choice (e.g.) of kernel
width for kernel density estimation will have a large undesirable influence on estimated credible regions. Estimates for
credible intervals using Bayesian MH with m ;g = 10% are in much better agreement with LWM, but again uncertainties
in the location the boundary of the credible region, especially for higher probabilities, is larger that for LWM. This is
despite the fact that Bayesian MH uses at least 2 orders of magnitude more function evaluations. The figure illustrates
also that the ML-bootstrap method is inadequate for estimation of credible regions, regardless of the number of bootstrap
resamples used. Specifically, when a bootstrap resample fails to include the largest observed value in the sample, the
estimation suggests a shorter-tailed distribution. As a result, the posterior density partitions as shown in the figure. We
also note as expected that the maximum a posteriori (MAP) estimates for shape parameter ¢ are biased towards more
negative values for all inference methods.

As validation for a larger sample, estimation was repeated for a sample of size N=200 from the same GP distribution
with m = my g = mpg = 10%. As can be seen from Figure 4, the-three inferences from LWM and Bayesian MH are in
relatively good agreement. We see that posterior densities of parameters approach their multivariate normal asymptote ;
and. We also note the relative improvement in ML-bootstrap performance, but this inference still exhibits bimodality for
& =0 . The negative bias of MAP estimates for £ is also reduced for all inference methods.

Using the posterior densities illustrated in Figure 3, estimates for the marginal GP quantiles with non-exceedance proba-
bilities 0.9,0.95 and 0.99 were also found, and are shown in Table 2. Since considerable variability between estimates based
on 10* computational steps were observed for Bayesian MH and ML-bootstrap, these inferences were repeated 100 times
(for the same underlying sample). Values quoted are means, and values following in parentheses are standard deviations
from the 100 replicates. For other inferences, it was confirmed that uncertainty in estimates of quantiles was zero to two
decimal places. Results are in line with expectations following the discussion of Figure 3 above. For mp;gy = 10, there is
good agreement between LWM and Bayesian MH. However, inferences from ML-bootstrap are misleading.
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Figure 4: Credible regions from LWM (black), Bayesian MH (blue) and ML-bootstrap (red) for probabilities 0.1,0.3,0.5,0.7 and 0.9. Results
from 10% computations for sample size N=200 from the GP distribution with £ = 0.5, 0 =1, ¥ = 4.

£=0 £=0.5
LWM Bayesian MH ML-bootstrap LWM Bayesian MH  ML-bootstrap
104 108 10* 106 104 106 10* 106 10* 106 104 106

F=090 6.71 6.71 6.73(0.05) 6.71 6.10(0.02) 6.11 7.61 7.61 7.61(0.05) 7.61 6.91(0.00) 6.91
F=0.95 7.81 7.81 7.83(0.06) 7.81 6.87(0.05) 6.91 891 891 8.91(0.08) 891 7.78(0.05) 7.81
F=0.99 12.31 12.31 12.35(0.40) 12.31 8.78(0.05) 8.81 15.11 15.12 15.2(0.60) 15.22 9.92(0.06) 9.91

Table 2: Estimation of marginal quantiles by LWM, Bayesian MH and ML-bootstrap for a sample size N=200 from the GP distribution with
£=05,0=1,¢y=4.
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4.8. Validation of group likelihood

We now confirm that LWM correctly identifies a known value of measurement truncation ¢ used in the group likelihood.
To achieve this, we conducted a simple validation exercise for the GP sample of size N = 20 for £ =0, 0 =4, ¢ = 1, with
values truncated to whole numbers such that § = 0.5. For each of 1000 random realisations of the sample, we estimate
discrepancies in coverage probabilities for credible regions with probabilities 0.01,0.02, ...,0.99 for the parameters with a
single assumed value for § drawn from the set illustrated in Figure 5. Then, as in Section 4.1, we estimate the KS statistic
Dy for the discrepancy, and a 95% confidence level Q = N 95k, for the KS statistic, and record the ratio Dy /Q for each
of the 1000 random sample realisations, for each values of §. When the value of § is specified appropriately, we expect
that the ratio Dy /@ should be < 1. The mean of Dy /Q as a function of ¢ is illustrated in Figure 5. The figure shows
that values of § near the true value of 0.5 give the lowest values of Dy /Q as expected.

5. Application

5.1. Application to Wave data

We now apply the LWM method to estimation of return values for significant wave height (Hg ) from a small sample of
21 observations of peaks of Hg over a threshold of 4 meters collected over a period of 10.74 years in a Japanese harbour
[34]. The sample will be referred to henceforth as Goda’s sample for brevity. The data are given in decreasing order in
Table 3. We compare extreme value estimation from LWM (with group likelihood and § = 0.005 and the near-uniform
priors specified in Section 3.2) and three approaches based on ML with different methods for quantification of uncertainty,
assuming that data are drawn from a GP distribution with unknown shape and scale, but known threshold of 4m. For
ML, the three approaches used for uncertainty quantification are profile likelihood, the delta method and bootstrapping.
We also compare inferences with those of Goda’s method [34] which assumes a Weibull model for the sample. Note that
the value of § for LWM was set to 0.005m since sample values are specified in metres to two decimal places =, to capture
uncertainty due to instrument precision. As discussed earlier, other sources of measurement uncertainty are also likely,
and might be incorporated by increasing the value of §.

Estimated 50-year return values are given in Table 4. Return value estimates from LWM and Goda are in reasonable
agreement, but estimates from ML are lower. The 95% uncertainty bands from ML-delta method and ML-profile likelihood
are narrower than for the other approaches. The ML-bootstrap uncertainty band is implausibly wide. Estimated extreme
value tails from LWM, ML-profile likelihood and Goda’s method are depicted in Figure 7.
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n-thlargest | 1 2 3 4 5 6 7 8 9 10 11

Hg |8.36 7.02 6.94 6.85 6.74 6.20 5.92 5.68 5.57 5.42 5.34
n-th largest (cont.)| 12 13 14 15 16 17 18 19 20 21
Hs |5.10 5.09 4.95 4.81 4.77 4.63 4.61 4.41 4.34 4.11

Table 3: Sample of 21 Hg values (in metres) from [34].

LWM ML-delta method ML-profile likelihood ML-bootstrap Goda

50-year RP 10.21 8.34 8.34 9.10 10.38
with 95% intervals (7.53, 20.36)  (7.75, 8.94) (7.65, 10.95) (5.70, 298.95) (6.99, 13.77)

Table 4: Estimated 50-year return values (in metres) with corresponding 95% uncertainty bands.

Credible regions with probabilities 0.5, 0.9 and 0.95 for GP parameters estimated using LWM, ML-delta method and
ML-profile likelihood are illustrated in Figure 6. MAP estimates from LWM, ML-delta method and ML-profile likelihood
are similar, but the shapes and sizes of credible regions are quite different.

Measurement uncertainty 6 may be larger than that corresponding to just instrument precision. To explore this possibility
further, Table 5 gives the results of an investigation into the choice of & appropriate for analysis of the Goda sample.
Different choices (0.005m, 0.05m, and 0.5m) of ¢ were considered. The table shows that for 6 < 0.5m, estimates for the
50-year return value and its uncertainty are stable. However, the choice § = 1.5m results in a reduction the return value
estimate, although its uncertainty is relatively unchanged. These results illustrate how LWM allows us to deal explicitly
with data uncertainty.

Figure 8 shows that credible regions for GP parameters are stable as expected for § < 0.5m.

GP shape £ and scale parameter o estimates are negatively correlated, so that the observed sample can be equally well
estimated using different combinations of £ and o corresponding to longer-tailed distributions (with smaller scale) or
shorter-tailed distributions (with large scale). Return value estimates from these distributions will be different in general,
and differences will increase with increasing return period. The problem of parameter identifiability increases as sample
size decreases.

In summary, we note that uncertainty intervals from ML, estimated using both of the delta and profile likelihood methods,
are too narrow. Uncertainty intervals from the bootstrap are too wide. Yet LWM gives statistically sound estimates of
intervals. From an engineering perspective however, the uncertainty interval for the 50-year return period wave height
estimated from LWM remains implausibly wide. This merely reflects the large epistemic uncertainty present in the
estimation: LWM is a data-driven method, and wide credible intervals for return values cannot be avoided from small
sample sizes. Sample size must be increased, or information from other sources incorporated if the interval is to be reduced.
Since LWM is implemented here as a Bayesian procedure, it is straightforward to incorporate prior information, such as
n [28]. We note however that satellite observations of sea significant wave height in excess of 20m have been reported
[35], and that imposition of physical constraints on the characteristics of rare and extreme events is not always possible
or appropriate. We might surmise that the occurrence of apparently implausibly wide credible intervals raises questions
regarding the appropriateness of some existing practices in the field of ocean engineering, and obviates the need for careful
incorporation of different sources of uncertainty in design.

6 = 0.005 60 =0.05 6=0.5 6=1.5

50-year RP 10.21 10.21 10.01 9.01
with 95% CI (7.53, 20.36) (7.53, 20.50) (7.38, 21.68) (6.74, 20.18)

Table 5: Estimated 50-year return values (in metres) with corresponding 95% uncertainty bands using different values of § (in metres).
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5.2. Incorporating threshold uncertainty

The analysis above assumes that threshold ) for GP estimation is fixed at 4m. In most applications, threshold specification
is a difficult issue, due to the trade off between the need for a high threshold to justify fitting an asymptotic model, and
the need for a low threshold to increase sample size. Here we explore different LWM inferences from each of a set of
pre-specified thresholds, and propose a weighted LWM scheme. The latter can be viewed as placing a uniform prior over
each of a set of threshold choices.

Samples of peaks over a sufficiently high threshold can be assumed to follow the GP distribution approximately, and
the threshold choice itself should not affect the estimated extreme value. Threshold choice can be based on stability of
the estimated parameters [1]. Usually, the lowest threshold value v that gives near-constant estimation for all larger
thresholds is chosen for subsequent inference. Assuming that the GP model is valid for threshold 1y, we can also express
the GP distribution with respect to any other threshold i > . In the modified distribution, GP shape £ remains
unchanged, but scale o changes linearly according to

o =00+ & — o) (17)

where o is the scale corresponding to threshold . If we are to compare inferences for different thresholds, or to combine
them appropriately, it is important to adjust scale estimates to that they refer to a common threshold choice, such as .
For the Goda data, we estimated credible regions for £ and o using ¥g=4m, for each of ¢ = 4.0,4.2,...,5.0m. Results are
show in Figure 10. Credible regions are consistent across thresholds, but the magnitude of epistemic uncertainty increases
as the 1 increases and sample size decreases.

Figure 11 illustrates credible regions for parameters § = (£, 0¢) estimated from the aggregated posterior density f(6|D)
over thresholds, expressed in terms of the posterior densities f(0|D,) for each of a set of ny thresholds 1 as

1
$610) = [ $601D. ) fw)d0 = =3 501D (15)
»
where prior f(¢) has point masses of weight 1/n,, at each of the n, thresholds ¢ considered.
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Figure 11 shows estimates of the 50-year return value with 95% credible interval for individual choices of 1, and for the
threshold-aggregated model. Again we observe that uncertainty in return value increases in general as threshold level
increases. However, 50-year return value estimated from posterior distribution is stable for all threshold.

6. Conclusion

A straightforward likelihood-weighted method (LWM) to estimate extreme value models and return values from small
samples of low quality data is proposed and demonstrated for samples of simulated and observed data. The method
allows computationally efficient and accurate estimation of credible regions for model parameter estimates and posterior
predictive distributions for return values. LWM exploits Bayesian inference for a group extreme value likelihood and
near-uniform prior distributions for parameters, directly evaluating the posterior density on an index set of pre-specified
parameter combinations. We demonstrate the performance of LWM in simulation studies, and find that LWM provides
superior inferences for small samples compared with Bayesian inference using the Metropolis-Hastings algorithm, and
maximum likelihood estimation with bootstrap uncertainty quantification. We propose a threshold-aggregated LWM
procedure for applications where threshold selection is problematic.

Attempting extreme value analysis from samples of less that 50 observations would be considered foolhardy by most.
However, in reality, metocean engineers are often required to estimate return values in such circumstances. Given this, it
is essential to do this as well as possible, and in particular to incorporate the effects of huge epistemic uncertainty sensibly
in estimates of return values. LWM provides a simple, rational, consistent and computationally efficient means to achieve
both these objectives. LWM suffers the same difficulties as any other extreme value model, and attempts to address a
very difficult problem. However, in comparison with competitors, LWM exploits sound statistical methods to the full,
including Bayesian inference with proper near-uniform priors and group likelihood. LWM provides an objective measure
of uncertainty in extreme value estimation based strictly on data alone. We hope that LWM provides a useful addition to
the metocean engineer’s toolbox.
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