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1 Introduction

Gaussian random fields are the basis for modeling spatial data in meteorology, geology and
many other fields. Owing to the central limit theorem, they are well-suited for statements
on everyday phenomena such as the average amount of rainfall in a certain area. In contrast,
this framework can not be employed to derive sensible results linked to rare events, as for
instance the total amount of precipitation in the drainage basin of a river during extreme
rainfall. Extreme value theory has been developed to tackle this problem. The role of
Gaussian fields for averages is taken over by maz-stable processes as appropriate models for
extreme spatial observations.

The aim of this thesis is to explore and develop further a remarkable max-stable process
introduced by Brown & Resnick (1977), and, ultimately, to provide a better understanding
of its probabilistic properties. In the rapid-growing field of research of spatial extreme value
theory, the Brown-Resnick process and its generalizations in Kabluchko et al. (2009) are
believed to take an outstanding role in modeling extreme events of natural phenomena such
as large floods, heat waves or windstorms.

1.1 Extreme value theory

A classical challenge in probability theory is to analyze the asymptotic behavior of sums
i1 Xi, as n — 0o, where (X;);en are independent copies of the random variable X. In
this direction, the central limit theorem and its various generalizations give deep insight into
theoretical properties of limit distributions and domains of attraction, and they provide the
foundation for statistical inference.
The key goal of extreme value theory is to investigate maxima instead of sums, that is to
consider the weak convergence of the distributions of

et ( max X; — dn> ) (1.1)

i=1,...,n

as n — oo, for sequences ¢, > 0, d,, € R. In fact, Fisher & Tippett (1928) and Gnedenko
(1943) showed that the only possible, non-degenerate limits of (1.1) (up to linear transforma-
tions) are given by the generalized extreme value (GEV) distribution (cf. Embrechts et al.,
1997, Def. 3.4.1)

wnd— -1/
Fg(:ﬁ):{ep{ (1+€a) 15}, $70 here 146z > 0. (1.2)

exp{-exp(-2)},  €=0

The cases £ <0, &£ =0 and & > 0 correspond to the Weibull, the Gumbel and the Fréchet
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distribution, respectively. If (1.1) converges to F¢ for some £ € R, X is said to be in the
maz-domain of attraction of Fy, and F¢ is termed an extreme value distribution. The slightly
more general notion of a max-stable distribution, which includes degenerate random variables,
is used exchangeably in the sequel (Resnick, 2008).

In the last decades, univariate extreme value theory has been extended to the multivariate
setting in order to allow for modeling dependencies between extreme values at different
locations. Similarly to the univariate case, a d-variate random vector is called max-stable if it
is the weak limit of (1.1) for suitable sequences ¢, d,, € R? ¢, > 0, and R%valued random
vectors X;, ¢ € N. Here, maxima as well as algebraic operations are always understood
componentwise. Clearly, a d-variate max-stable distribution has GEV margins. Multivariate
extreme value theory typically focuses on modeling the extremal dependence structure and
thus, without loss of generality, throughout this thesis, almost all results are stated for
Gumbel margins only (cf. Resnick, 2008, Prop. 5.10). The reader is referred to de Haan &
Ferreira (2006), Embrechts et al. (1997) and Resnick (2008) for details on univariate and
multivariate extreme value theory.

More recently, this approach has been generalized to max-stable processes, where all
finite-dimensional distributions are in the class of multivariate extreme value distributions.
An early example of such a process has already figured in Brown & Resnick (1977) who
analyzed pointwise maxima of a sequence (W;);en of independent standard Brownian motions
{W(t) : t € R} on the real line. More precisely, they introduced the stochastic process

U(t) = max [(Xi + Wi(t) — [t]/2], t € R, (1.3)

where ),y 0x, is an independent Poisson point process (PPP) on the real axis with intensity
e *dx, x € R, which is called the Gumbel point process in the sequel. For details on PPPs
see Daley & Vere-Jones (2003). Besides its max-stability, an astonishing fact regarding
the Brown-Resnick process ¥ is that it turns out to be stationary, even though the drifted
Brownian motions W;(t) — [t|/2 tend to —oo for all ¢ € N, almost surely. For ¢t > 0, this
can be seen by perceiving the Brownian motion as a homogeneous Markov process and
noting that the o-finite measure with density e *dx is invariant (Brown, 1970). As it is
less intuitive why “mirroring” the Brownian motion is the correct choice for the negative
real axis, considering Lévy processes with suitable drifts instead of W (¢t) — [¢|/2 in (1.3) can
provide more insight (cf. Chapter 4). See Bertoin (1996) and Sato (1999) for an introduction
to Lévy processes.

In fact, these “Lévy-Brown-Resnick” processes have already been defined and analyzed
in Stoev (2008) on the positive real axis. It was shown therein that the corresponding
max-stable process is stationary and mixing. Further, the question was raised whether
these processes admit a mixed moving maxima (MMM) representation, which refers to the
following construction principle for max-stable processes (cf. Smith (1990); Stoev (2008)):
For a measurable stochastic process {F(t) : t € R} suppose that E [pq exp(F(t))dt = 1 and
let 3 ;end(s;,v;) be a PPP on R? x R with intensity dse~?dv. Then, the process

C(t) = max [V; + Fi(t - S))], t € R, (1.4)
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is called a MMM process, where F;, i € N, are independent copies of the spectral function F.
Besides the theoretical insight, the knowledge of such a representation also facilitates the
simulation of ¢, which generally is a challenging problem for max-stable processes (Dombry
et al., 2012; Oesting et al., 2012; Wang & Stoev, 2011). For general Lévy processes such a
representation was still unknown, whereas in the special case (1.3) of a Brownian motion (and
also for other Gaussian processes) Kabluchko et al. (2009) proved the existence. Surprisingly,
even in this case, the distribution of the shape function F' has never been computed.

1.2 Stochastic modeling and extreme value statistics

For extreme value statistics, it is crucial to have appropriate random field models on R? that
take into account the dependencies between different locations in space. Even though there
is profound literature on theoretical properties of max-stable random fields (de Haan, 1984;
de Haan & Pickands, 1986; Giné et al., 1990; Kabluchko, 2009b; Kabluchko & Schlather,
2010; Stoev, 2008; Stoev & Taqqu, 2005; Wang & Stoev, 2010), concrete examples which are
both flexible and statistically tractable are scarce. An important construction principle in
this direction are the MMM processes in (1.4). For instance, using a deterministic parabola
for F yields the well-known Smith process (Smith (1990), see also de Haan & Pereira (2006)
for other choices for F'). The widely-used approach in Schlather (2002) uses stationary
Gaussian random fields to obtain max-stable processes parameterized by positive definite
functions. This class is both flexible and easily applicable to spatial data sets, but it has
the limitation of always being non-ergodic (for recent applications see Blanchet & Davison
(2011); Huser & Davison (2012)).

For practical applications, the original Brown-Resnick process ¥ is unfeasible as it is only
defined on the real line and it has a fixed dependence structure. It attracted new attention
from both probabilists (Das & Hashorva, 2012; Kabluchko, 2011a; Stoev, 2008) and extreme
value statisticians (Bacro & Gaetan, 2012; Davison et al., 2012; Turkman et al., 2010) when
Kabluchko et al. (2009) replaced the Brownian motion W in (1.3) by a general centered
Gaussian random field {Y(¢) : t € R%} on R? with stationary increments and variance
o%(t) = E[Y (t)])?, giving rise to the process

(1) = max [Xi +Yi(t) - 0*(0)/2] , t € RY, (1.5)

where (Y;);en are independent copies of Y and Y,y 0x, is a Gumbel point process. Even
in this general setting, the resulting max-stable process £ keeps the stationarity property
and its finite dimensional distributions follow the Hiisler-Reiss distribution (Hiisler & Reiss,
1989). Apart from that, the only possible limits of maxima of suitably normalized and
rescaled Gaussian random fields lie in this extended class of Brown-Resnick processes (cf.
Kabluchko et al. (2009, Thm. 20), Kabluchko (2011a)). Thus, since Gaussianity is the
common assumption for frequent observations, the processes in (1.5) constitute promising
and natural models for spatial extremes.

Statistical inference for max-stable processes from observations in its MDA is currently an
active field of research (cf. Davison & Gholamrezaee (2012); de Haan & Pereira (2006); Padoan
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et al. (2010), for instance). Estimation methods typically use aggregated data obtained as
the block maximum over many observations. These methods discard all data below the
maximum, although additional information might be contained in the non-aggregated, single
“large” observations. For this reason, inference is still particularly problematic for small
amounts of data, since in that case only very few extreme events can be extracted (see
Chapter 3 for details).

For most max-stable processes a closed form of the multivariate likelihoods is unavailable
and thus, estimation methods often rely on summary statistics. For instance, a widely used
measure of dependence for extreme value distributions is the extremal correlation p. For a
bivariate max-stable random vector (X7, X2) with Gumbel margins, p € [0,1] is determined
by

P(X) <u, Xy <u) = P(X; <u)*,

for some (and hence all) u € R. The quantity p measures the degree of tail dependence with
limit cases p = 0 and p = 1 corresponding to complete independence and complete dependence,
respectively. For a stationary, max-stable process € on R?, the extremal correlation function
p(h) is defined as the extremal correlation of (£(0),&(h)), for h € R? (Schlather & Tawn
(2003)). For instance, for the Brown-Resnick process in (1.5), this function is given by

p(h) =2 [1-@(\/@/2” ,heRY, (1.6)

where v is the variogram of Y and @ denotes the standard normal distribution function.
Since there are model-independent estimators for extremal correlation functions, e.g., the
madogram in Cooley et al. (2006), it is a useful tool for model checking.

1.3 Overview

The first part of this thesis contributes to the understanding and applicability of the Brown-
Resnick process in (1.3) and its generalizations (1.5). In the second part, the underlying
construction principle is extended in two different directions to more general frameworks.

1.3.1 Analysis and Inference

In Chapter 2 we explicitly compute the distribution of the shape functions F' in the MMM
representation of the original Brown-Resnick process ¥. It equals a well-known diffusion,
namely a standard Brownian motion with drift conditional on taking negative values only.
As an application, an efficient simulation method for ¥ is presented together with error
bounds that specify the rate of convergence of this algorithm.

Following the idea of using not only the aggregated data, Chapter 3 introduces a new
approach of inference based on a multivariate peaks-over-threshold method. It is shown
that, for any process in the MDA of the extended Brown-Resnick process in (1.5), suitably
defined conditional increments asymptotically follow a multivariate Gaussian distribution.
This leads to computationally efficient estimates of Hiisler-Reiss distributions which enable
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parametric inference for Brown-Resnick processes, even if only a small data set is available.
As an application, a non-isotropic Brown-Resnick process is fitted to the extremes of 12-year
data of daily wind speed measurements.

1.3.2 Generalizations

Based on the results in Stoev (2008), Chapter 4 is concerned with a more complete definition
of Brown-Resnick processes based on Lévy processes, particularly the non-trivial extension to
the whole real line. Amongst others, it is shown that these “Lévy-Brown-Resnick” processes
naturally arise as limits of maxima of stationary a-stable Ornstein-Uhlenbeck processes.
In particular, this extends the Gaussian (« = 2) result in Brown & Resnick (1977) to the
a-stable case with o € (1,2). Furthermore, the question in Stoev (2008) on the existence of
a MMM representation is answered. Using the generalization of Lévy processes to random
fields introduced in Mori (1992), also a spatial version of the “Lévy-Brown-Resnick” process
is constructed.

Chapter 5 is devoted to the study of a triangular array X;,,n € N,1 < i < n, of in-
dependent R%valued Gaussian random vectors with covariance matrices Yim. Necessary
conditions are given under which the row-wise maxima converge to some max-stable distri-
bution which generalizes the class of Hisler-Reiss distributions. In the bivariate case, the
conditions will also be sufficient. Using these results, new models for bivariate extremes are
derived explicitly. Moreover, a new class of stationary, max-stable processes is introduced,
which can be seen as max-mixtures of the processes in (1.5), and whose finite dimensional
margins coincide with the above limit distributions. As an application, it is shown that
these processes realize a large set of extremal correlation functions (1.6). This set includes
all functions ¢ (\/7(h)), h € R?, where v is a completely monotone function and v is an
arbitrary variogram.

1.3.3 Submissions and Publications

The main theorem of Chapter 2 has been published in Engelke et al. (2011).

The results of Chapter 3 have been submitted to the Journal of the Royal Statistical
Society: Series B (Engelke et al., 2012¢). This is joint work with Alexander Malinowski, a
fellow PhD student, in which I have made the major contribution. Another outcome of this
collaboration with reversed roles is the paper Engelke et al. (2012d), which is not part of
this thesis. It studies statistical inference for max-stable processes that admit a MMM or a
certain incremental representation and has been submitted to the Applied Probability Trust.

Parts of Chapter 4 on “Lévy-Brown-Resnick” have already been presented on the 7th
Conference on Extreme Value Analysis in Lyon in 2011 and are based on the manuscript
Engelke et al. (2012a). Section 4.4 is joint work with Prof. Anthony Davison from Ecole
Polytechnique Fédérale de Lausanne.

Chapter 5 is based on the paper Engelke et al. (2012b) which has been submitted to
Bernoulli and is now being revised.

There are two further publications which were prepared during the time as PhD student.
Engelke & Woerner (2013) analyzes fractional Lévy processes and is published in Stochastics
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and Dynamics. Engelke & Schlather (2011) reviews the book Qian (2010) and has been
published in the Biometrical Journal.



2 An equivalent representation of the Brown-Resnick
process

The original construction of the Brown-Resnick process ¥ in (1.3) turns out to be impractical
for applications such as simulation methods. When sampling the Gumbel point process on the
real axis top down and attaching a drifted Brownian motion to each point, the convergence
to a stationary process is extremely slow. The reason for this is that the Brownian motions
converge rapidly to —oo and only because the Poisson points become very dense at —oo, there
are eventually processes that contribute to the maximum far away from the origin. It is thus
crucial to obtain exact and efficient simulation methods. Alternative techniques have already
been considered in Oesting et al. (2012) which are also applicable to the generalization of ¥
n (1.5). See also Dombry et al. (2012) for conditional simulation of Brown-Resnick processes.

In the situation of the process in (1.3) the Markovian structure of Brownian motion can
beneficially be used to establish a MMM representation (1.4) of ¥. In this chapter we show
that the distribution of the corresponding shape function F' equals a well known diffusion
process. Namely, it is a standard Brownian motion with drift —|¢|/2 conditioned on not
taking positive values.

This chapter is organized as follows. First, we state and proof the main theorem on the
MMM representation of ¥ in Section 2.1. In Section 2.2 we then discuss how this result can
be used for efficient simulation methods. Finally, in Section 2.3 we provide error bounds on
the accuracy of this algorithm.

2.1 Theorem and proof

Theorem 1. Let B be a Brownian motion on the real line with drift —|t|/2 and B(0) = 0.
Then the following two processes have the same distribution:

1.

U (t) = max [X; + Bi(t)], t € R, (2.1)
where B;, i € N, are independent copies of B and ),y 0x, 5 a Gumbel point process
independent of the B;, i € N.

2.
Uo(t) = max (Vi + Ri(t — 5], t € R, (2.2)



8 2 An equivalent representation of the Brown-Resnick process

where 3 ey 0(s;,v;) @5 a Poisson point process on R x R with intensity %dt e dzx,
t.x € R, independent of the R;, i € N. The R;’s are independent copies of the process

R(t) = licoR—(=t) + Lizo R+ (1),

where R_ and Ry are independent processes which follow for t > 0 the law of the
non-positive diffusion determined by the stochastic differential equation

dR(t) = AW (t) + 5 coth(R(t)/2) dt, (2.3)

starting at Ry (0) = R_(0) =0, where W is a standard Brownian motion.

Remark 1. Fory <0, the diffusion defined by (2.3) and started at R(0) = y has the same
distribution as a Brownian motion {B(t)}¢>0 with drift —t/2 and B(0) =y conditioned on
not taking positive values for allt > 0. For details see Lemma 55.1 in Rogers & Williams
(2000).

In fact, for y =0, it follows from Theorem 3 in Rogers & Pitman (1981) that the opposite of
the diffusion, namely —R, has the same distribution as a three dimensional Bessel process of
drifting Brownian motion. More precisely, it can be obtained by taking the radial part of a
Brownian motion in R3 with drift 1/2 in the direction of the first coordinate axis. This is
particularly tmportant with regard to efficient simulation methods.

Remark 2. In fact, we will prove more than the equality in law of ¥1 and Wa. We will show
that the random families of functions {X; + B;() }ien and {V; + Ri(- — S;) }ien considered as
point processes on C'(R), the space of continuous functions on R, have the same law.

Proof of Theorem 1. Let us first set up some notation. For the Brownian motion B with
drift —|t|/2 and B(0) =0 let Y = sup g B(s) and T' = argsup,cg B(s). Moreover, denote
by Z(t) = B(t+T) — Y the process B whose supremum is shifted into the origin.
Consider the Poisson point process 3;cyd(x,,5,) on R x C(R) with intensity e~ *dz Pp(df),
where C'(R) denotes the space of continuous functions on R and Pg is the law of B. The
mapping

n:Rx C(R)— CR) xR xR, (u,f) — (f((-) +argsup f) — sup f,argsup f,sup f + u)

is measurable (see proof of Lemma 2.13 in Oesting et al. (2012) for details), where the arg sup
is the infimum of all points where the supremum is attained. The key idea of the proof is to
compute the intensity measure ¢ of the Poisson point process on C'(R) x R x R induced by
7, namely

Z 5(Bi((-)+arg sup B;)—sup B;,arg sup B;,sup B;+X;)* (24)
i€N

The main difficulty here is to find the distribution of the random element (Z,7,Y") which
is essential in the later calculations. More precisely, for t; < ... <t, € R, y1,...,yn <O,
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n €N, t € R and y € Ry we will later establish the equation
dP (Z(t1) =y1,.. ., Z(tn) =yn, T =t,Y =vy)

=dP (R(t1) = y1,....R(tn) = yn,R(—t) = —y) ——, (2.5)

where R is the two-sided diffusion process which satisfies (2.3) and starts in 0. Thus, the
distribution of the shifted Brownian motion Z essentially equals the one of the re-weighted
diffusion R. In order to compute the measure @ let M x I x D € B(C(R)) ® B(R) @ B(R)
be a measurable set with M = Cy, . (E) = {g € C(R) : (9(t1),...,9(tn)) € E}, where
E € B(R™). Furthermore, denote by ({2,4,P) the underlying probability space.

S(MxI x D

)
_/ ~*P((Z,argsup B,sup B) € M x I x D — (0,0,z)) da
—/ e P (( y..Z(tn)) € EargsupB € I,supB € D — z) dx

:/e_x///P(Z(tl):yl,...,Z(tn):yn,argsupB:t,supB:y—x)
R 1JDJE
d(y1, . .. yn) dy dt dz

— [ [ [ [P = Bt = B—t) = (= 2)) e 0

d(y1, .- - yn) dy dt dx

_ /D % /1 /E /R P(R(t1) = y1,. .- R(tn) = yn.R(~t) = —(y — x))

dxd(yy,...,yn) dtdy
1 _
:/ Se y// P(R(E) = y1, .- R(tn) = yn) d(y1, - - sym) di dy

= IP)R Ctl tn / dt/ e ydy,

where the fourth equality follows from (2.5) and Pg is the law of R on C(R).

Therefore, the intensity @ of the Poisson point process (2.4) is given by Pr(df) % dte *dz. On
the other hand, if we consider a Poisson point process >y d(s,,v;) With intensity % dte " dx
and independent marks R; ~ Pgr, ¢ € N, then we also obtain a Poisson point process
> ieN O(Ry,s,,v;) With intensity Pr(df) % dt e=* dx. This implies the equality in distribution of
(2.1) and (2.2).

Let us now proceed with the proof of equation (2.5). To this end, we will first relate the
distribution of (7,Y") to the one-dimensional distributions of the diffusion R. In a second
step, we compute the distribution of the shifted Brownian motion Z conditional on (7Y).
By formulae 2.1.1.4 and 2.1.13.4 in Borodin & Salminen (1996) it follows that the bivariate
random variable (7,Y") has the density

dP(T =t,Y =y) = f([tly)(1 — e ¥)dtdy, teRyeRy, (2.6)
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where f is given by

2
fty) = ﬁ exp <—(y+2tt/2)> =—e Vf(t,—y).

Note that (1 —e™Y) is the probability that {B(s) : s > 0} never hits y € R;. On the other
hand, we can explicitly compute the entrance law and the transition densities of the diffusion
{R(t)}+>0 satisfying (2.3) and started at R(0) = 0. For z,y < 0 let

pt(z,y)dy = dP( sup B(s) <0,B(t) =y|B(0)==z), ¢>0.
0<s<t

By Lemma 55.1 in Rogers & Williams (2000) we conclude that

and
pe(z,y) = e~V py(y,z). (2.7)

Thus, formula 2.1.1.4(1) in Borodin & Salminen (1996) shows that the transition density of
R has the form

qi(z,y) dy = dP(B(t) = y|B(0) =z, sup B(s) <0) = (1—e") "pi(z,y)(1 — ) dy,

0<s<o0

for t > 0,2,y < 0. Consequently, the entrance law ¢;(0,-) of R, i.e., ¢:(0,y) dy = dP(R(t) = y)
for t > 0 and y < 0 is given by

1 o~ (4=)2/(20) _ o~ (y+o)?/(21)
_ . _ —y/2—t/8/1 _ Y\ 1;
a+(0,y) lim g:(z,y) Nora (1 —¢) lim T oo
_ T2 220
— NGO e (1—¢Y)

Note that this together with (2.6) implies for t € R and y € R4

dP(T'=t.Y =y) = f(thy)(1—e¥)dtdy

= ()1~ e VeV dtdy = dB(R(1) = ) S, (2.9

We now look more closely at the distribution of Z conditional on the maximum (7Y).
To this end, without loss of generality, let D;, = {T' =t,Y = y} with ¢,y > 0. By Williams’
path decomposition of Brownian motion (Theorem 55.9 in Rogers & Williams (2000)),
{Z(s) : =t < s < 0|Dyy} is independent of {Z(s) : s > 0|D;,} and the latter has the
same distribution as {R(s) : s > 0|R(0) = 0}, where R satisfies (2.3). Furthermore, by
the construction of Z we have that the process {Z(s) : s < —t|D;,} is independent of
{Z(s) : s > —t|Dyy}.
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ForplmeNandr; <...<r, < -t <5 <...<5 <0< u <... < Uy, define random
events
Ay = {Z(r) =w1,...,Z(rp) = wp},
Ay = {Z(s1) =x1,...,Z(s1) = 21},
As = {Z(w) =z1,...,Z(um) = Zm}»
where wy, ..., wp,T1,...,2;, 21, ..,2m < 0. The above considerations yield
dP(Al NAsN A3|Dt7y) = dP(AﬂDt’y) dP(AQ’Dmy) dP(A3|Dt7y). (210)
As already mentioned above, we have
dP(A3|Dyy) = dP (R(u1) = z1, ... ,R(um) = zm| R(0) = 0).
Moreover,
(B(ri+t)=w1+y,....B(rp+1t) =w, +y|B(0) =0,B(s) <yVs <0)
=dP (B(r1 +t) =wi,...,B(rp+t) = wy|B(0) = —y,B(s) < 0Vs <0)
=dP(R(r1 +t) = ws,...,R(rp +t) = wy|R(0) = —y)
= dP (R(rl) = Wi, - 7R(TP) = wp|R(_t) = _y) )

where we used Remark 1 and the fact that R is Markov.
For the second factor in (2.10) we first compute explicitly dP(As N Dy, ). To this end, put
so = —t, oy = —y, As; = 8; — si—1 and & = (z1,...,25,t,y).

dP(Ag N Dt,y) = dP(Z(Sl) = 21,... ,Z(Sl) =ux,T=tY = y)
l
= fUsil, —2)(1 = €™) [ [ pas; (zi1,m:) d€

=1
l
= f(sil, —z)(1 — e™)e” @) T pas, (wiai1) dé
=1
l
= —f(silm)(1 = e™)e™ [ [ pas, (wiymio1) d€
i=1
l
= —f(lst}@)(1 = e*)e™ [ qas, (wiaiz1) dé
=1
e Y !
= Q|sl| OIL‘Z HQASZ Ly Lj— 1)d£
=1
e_y
= dP(R(s1) = x1,...,R(s)) =z, R(—t) = —y)T,

where we used (2.7) and (2.8). The second equation follows by an elementary computation
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of the transition probabilities for the shifted Brownian motion Z. Starting from the point
(s0,z0) it moves to (s;,z;) and then attains the one-sided maximum at the origin (with
probability f(|s;|, — x;), see (2.6)). At the same time, the process B stays below level y on
the negative half-axis, which has probability (1 — e*®). Thus, (2.9) yields

d]P)(A2|Dt7y) = d]P)(R(Sl) =21,... ,R(Sl) = :cl\R(—t) = —y),

Putting the parts together, formula (2.5) follows from (2.9) and (2.10).

2.2 Simulation method

The representation of the Brown-Resnick process in (2.2) turns out to be a promising basis for
simulations. Schlather (2002) gives an algorithm for the simulation of MMM processes where
the spectral functions have finite support. Here, this approach can be adopted, the only
difference being that in our case the spectral function, i.e., the conditional negative Brownian
motion, does not have finite support. Diffusions from anywhere outside the simulation
window can therefore influence the value of the Brown-Resnick process inside the simulation
window. However, since the diffusions quickly tend to negative infinity, the probability of
this event is exponentially decreasing with the size of the interval which is added on both
sides of the simulation window. This error probability can therefore be made arbitrarily
small. In fact, the calculations below show that, independent of the size of the simulation
window, additional intervals of length 45 on both sides ensure that the probability of not
drawing a path from the desired distribution is less than 0.5%. Furthermore, paths starting
in these additional intervals do not need to be simulated on the whole enlarged area since
knowing the diffusion entrance law enables us to directly jump into the simulation window.
Owing to these facts, the algorithm based on the MMM representation is about 60 times
faster than the more general algorithms considered in Oesting et al. (2012).

Another advantage of this simulation method is its flexibility. In particular, the technique is
not restricted to grids but can easily be performed on any set of points. Moreover, also large
simulation windows are feasible since the computational costs increase first quadratically,
then linearly, for increasing simulation intervals.

2.3 Error bounds

We seek to simulate a Brown-Resnick process ¥ according to the above MMM representation
in (2.2). To this end, we fix a,b € R with a < b and n € N. We are interested in the
Brown-Resnick process on the interval [a,b]. Let © = 37,y (g, v;) be the PPP in the second
part of Theorem 1. We simulate the Poisson points of © on a larger interval [a — n,b+ n| in
the first component and give an estimate for the probability that points from R\ [a — n,b+ n]
have an impact on the Brown-Resnick process on [a,b].

The process © can be split up into two independent Poisson point processes, Doy 5(T¢,Yi R)
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with intensity 1(q_y, p1n] (t)3 dte * daPr(df) and > jen0(;,2;,r;) With intensity

A(dt X dx X df) = 1R\[afn,b+n] (t)% dte " dx PR(df)

Let ¥™ denote the approximation of ¥ generated only by the former Poisson point process,
i.e.
P (t) = maxV; + Ri(t — T;), teER,
€N
and note that the true Brown-Resnick process generated by both Poisson point processes
equals

¥ (t) = max <maXYZ- + R;(t — T3), max Z; + R;(t — Uj)) , tekR.
€N jEN

The following theorem gives an error bound for the probability that a point outside the

interval [a — n,b + n| influences the process ¥ on |[a,b].

Theorem 2. For some ng € N suppose that we have already simulated ¥™ and put C' =
minge(q 5 " (t). The probability that the approximation W™, n > ng, differs from the maz-
stable process W on the interval [a,b] decreases exponentially fast in n, conditionally on C.
More precisely,

_ V21 P (U(t) # P (t) for at € [ab] | C)
hvrzn—>solcl>p 640 - e=Cn=3/2¢—1/8 =1

as n tends to oco.

Proof. First, note that by the disintegration theorem (Kallenberg, 2002, Thm. 6.4)

PW(t)#v"(t) foratelab] | C)<P (Elj € N with m[a)z] Zij+Rj(s—U;) > C ’ C')
s€la,
=1 —exp(=4(4n,0)),

where

)

Apc = {(t,x,f) ERXRXxC(R):t¢[a—nb+n], rél[ai]:c—i—f(s—t) >C’}.

Since for A(Ay ) close to 0 we have 1 —exp (—A(A, ¢)) = A(An,c), we need to find an error
bound for A(A,, ). Clearly, we have

A(An7c) — An,C,a U A:,C,a U B?’L,C,b @] B’;kl,c,b? (211)
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where
Apca={(tz,f) e RxRxCR):t<a—n,z+ fla—1t)>C}

;Ca:{(t,:z:,f)ERXRXC(R):t<a—n,a:+f(a—t)§C, m[a)g]x—i—f(s—t)>0},
[ s€ja,

and the sets By, ¢y and By, |, being defined analogously for diffusions starting from (b+n, 00).
Thus, we evaluate

a—n oo | —ac 0
Advea) = [ 7567 [ aojeaw)dyduat
— 0 2 00
o —y (y+ [t —s[/2) / _
_ _ 1—eY * dz dy dt
/_ /_oo V2r|t — s[3/2 eXp( 2/t — (1=¢) cy® W

" (y — |t — s//2)2
/ / \/%hg g s[3/2 exp < . 2t — 3| > (1—¢¥)dydt

a—n -C 0 _ — |t — 22
S/ € Y e (W= S27N
oo [t =8| Jooo 2r[E — 3| 2[t — s|

_ e e sl P et — s 2 e —sl/2) (2
exp dz dt.
’t—S’ —c0 V2 2

Splitting the expression at the + into two integrals, we obtain for first one

—z|t — a|'/?e=C 22
/]R 1(_00711—71) (t) \/R 1(—007—|t—a\1/2/2) (Z) \/%’t — a‘ exp _5 dzdt
—-C 1/2/2 2 a—n 1
(& z
= - =z = _dtd
V271 J—o (=2)exp ( 2 > /‘1—422 |t —all/? :

2¢=C /%2

2
= (222 + n'/%2) exp (—2) dz

V2r
2e=C
= Nord (2\/%@(—711/2/2) + n'/? exp(—n/8) — n'/? exp(—n/8)>

= 4¢7CP(—n1/?/2).

On the other hand, we have:
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—|t —ale™® 22
1 " 1 —— | dzdt
/R (—oo,afm()/R (moc—p—altrz/y (2 g P | = ) d

_—C —nl/2)2 2 a—n
e z

_ e =z dtd
NGz A ( 2 > /‘1*422 )
_2670 7%1/2/2 ) 22 neic

_ oz B(—nl/2/9
Nors /_Oo z° exp 5 B (—n'/7/2)

1/2,~C

_ <’; - 2) e~ CP(—nl/2/9) ”ﬁ exp(—n/8).

Together, this yields

—c
AAnca) < T/TTT ((2 + )V arB( /2 2) — 2 exp(n/S)) .

Recall the definition of R via the stochastic differential equation (2.3). By Proposition
2.18 in Karatzas & Shreve (1991) it follows for y < 0 that

P (R(u) < W(u) - u/2,90 < u < 0| R(0) = W(0) = y) = 1,

where W is a standard Brownian motion. Consequently, for any y < z < 0 and s > 0

P <ur£[%§] R(u) > :L"R(O) = y) <P (ug{lgé) W(u) —u/2 > x‘W(O) = y) =exp(y — z),

where the last equality follows from formula 2.1.1.4(1) in Borodin & Salminen (1996). Thus,

n,Cua) /a n/ a L q0,)t—a| (Y)P ( max R(u) > C —z|R(0) = y) dy dx dt

u€[0,b—al

S/ /c 3¢ / ol ()€~ CF dy du dt

a—n 0 ) .

Y (y + |t —al/2) _C/ y
i Varlt—afp2 7\ 1—e)e? dx dy dt
Loo [ \/ﬂ’t _ a]3/2 exp ( 2/t —af ( e’e : z dy

< /afn e—C 0 2 _(y _ ‘t _ a‘/Q)Z dydi
= — 00 t—a’ \/27T‘t——a 2’15—0,\

a—n o= —|t—a|*/2/2 (24 _ Y T ,

[t — al V2w

Hence, we need to compute the three integrals obtained by splitting the sum:
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2|t —ale™® 22
/R]'(Oo,an)(t)/R]'(—oo,—|t—a|1/2/2)(z)\/MeXp —5 | dedt
—-C  —nl/2)2 2 a—n
_ € 2 _Z
=75 ) z exp< 5 ) /{li4z2 dtdz

e—C  p—nl'/?/2 A ) 52
= %271/—00 (4,2 —nz)exp Y dz

- J; (12~ n)v2rd(—n'/?/2) + 6n'/* exp(-n/8))

2|t — al3/2e=C 22
/R]'(—OO,a—n)(t)/R1(—oo,—|t—a|1/2/2)(z)\/M exp | -7 | dzdt
G_C —nl/2/2 52 a—n )
o /_Oo zexp 5 /(1_422(a t)/“ dtdz

—-C —n1/2/2 22
= / (—16/324 - 2/3n3/2z> exp (— ) dz

ﬂ

@

27 J—o0 ?

ﬁ

Q

J— 67
2

~16v2rd(—n"/?/2) — 812 exp(—n/8))

it

|t _a|2€—0 2

z
/Rl(oo,an)(t)/Rl(—oo,—|t—a1/2/2)(z)4\/2—w|t_a| exp <—2> dzdt
-C —nl/2/2 2 a—n
€ z
T ). (—2> IR

e—C  p—nl'/?/2 s 1, 52
= 9,4 = _z
\/ﬂ/—oo ( z 8n )exp 5 dz

_ % (6= L2yama(en22) + 3012 + 2 exp(—n/8)
~ Vo 8 g P ’

where we used the equalities

—n1/2/2
/ ze 24y = —exp(—n/8),

:n1/2/2 , nl/2
/ 226724y = \2rd(—nt/?)2) + 5 exp(—n/8),

—n1/2/2 1/2 3/2
/ e 2dz = 3y ond(—n'/?/2) + 3nT exp(—n/8) + % exp(—n/8).

—0o0
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Putting the parts together yields the following estimate.

a—n 1 C—z
/ §€_Z/ q0,)t—a| (Y)P ( max R(u) > C —z|R(0) = y) dy dx dt
—0o JC — 0o u€[0,b—a]

e C

<
2

((2 - én%\/%@(—nl/? /2) + (nV/2 + in?’/Q) exp(—n/8)>

A symmetry argument yields the same results for diffusions coming from the interval
(b+ n,00), ie. A(An,ca) = A(Bncp) and A4}, ) = A(B;; ;). Thus, by (2.11) we obtain:

a—n (o0 =% 0
/ / 2 / q0,)t—a|(y) dy dz dt
— JC .

a—n roo ,— pC—=z
+/ / 67/ 9o,Jt—al ()P ( max R(u) > C —z|R(0) = y> dy dx dt]
—0o0 C —0o0

u€[0,b—al

A(An’c) <2

2¢~C 1
< N ((2 + 5n)\/ﬂqa(—nm /2) — n'/? exp(—n/8)

+(2-n-— éyﬂ)\/ﬁq&(—nlﬂ /2) + (n*/? + in?’/?) exp(—n/8)>

_ J; <<8 —n- 3712)@@(—711/2/2) + ;nw exp(—n/8>) (2.12)

The last expression can be simplified by using the asymptotic expansion of the normal
distribution (cf. formula 8.254 in Gradshteyn & Ryzhik (2007)) function &(—n'/2/2) for
large n:

B(—nl/?/2) = exm_\/;/& (20712 = 237302 £ 3. 9902 _ 159702 4 R(n)], (2.13)
T

where R(n) = O(n=%? exp(—n/8)), as n — oo. Plugging (2.13) into (2.12) gives
e—Ce—n/8

A(An,C) < W

(10-2°n732 + O(n=7/2)) .

This concludes the proof.






3 Estimation of Hiisler-Reiss distributions and
Brown-Resnick processes

Univariate extreme value theory is concerned with the limits of linearly normalized maxima
of i.i.d. observations as in (1.1), namely the max-stable distributions in (1.2) (cf. de Haan &
Ferreira (2006)). Statistical inference of the parameters is well-developed and usually based
on one of the following two approaches. Maximum likelihood estimation is applied to block-
wise maxima of the original data, where a typical block size in environmental applications is
one year. On the other hand, the peaks-over-threshold (POT) method fits a suitable Poisson
point process to all data that exceed a certain high threshold and thus follow approximately
a generalized Pareto distribution (cf. Davison & Smith (1990)). The advantage of the latter
approach is that it avoids discarding extreme values within the blocks that are below the
maximum but nevertheless contain information on the parameters.

When interested in the joint extreme behavior of multivariate quantities, there are different
possibilities of ordering the data, though, the most common procedure is taking compo-
nentwise maxima. In multivariate extreme value theory, a random process {{(t) : t € T'}
with some index set T is called maz-stable, if there exists a sequence (7;);en of independent
copies of a process {n(t) : t € T} and functions ¢, (t) > 0, d,(t) € R, n € N, such that the
convergence

n—oo

£(t) = Tim ¢} (#) (@5 ni(t) — dn(t)> CteT (3.1)

holds in the sense of finite-dimensional distributions. In this case, the process 7 is said to be
in the max-domain of attraction (MDA) of £&. Typically, T is a finite set or T = R? d € N, for
the multivariate or the spatial case, respectively. Both theory and inference are considerably
more demanding than in the univariate framework due to the fact that no finite-dimensional
parametric model captures every possible dependence structure of a multivariate max-stable
distribution (cf. Resnick (2008)). Similarly to the univariate case, a standard approach for
parameter estimation of the max-stable process £ from data in its MDA is via componentwise
block maxima, which ignores much of the information contained in the original data. Moreover,
even if the exact max-stable process is available, maximum likelihood (ML) estimation is
problematic since typically only the bivariate densities of max-stable distributions are known
in closed form. Composite likelihood (CL) approaches are common tools to avoid this
difficulty (cf. Padoan et al. (2010), Davison & Gholamrezaee (2012)).

Only recently, multivariate POT methods have attracted increased attention. In contrast
to the univariate case, the definition of exceedances over a certain threshold is ambiguous.
For instance, Rootzén & Tajvidi (2006) define a multivariate generalized Pareto distribution
(MGPD) as the limit distribution of some multivariate random vector in the MDA of a

19
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max-stable distribution, conditional on the event that at least one of the components is
large. A simulation study in Bacro & Gaetan (2012) shows, that these MGPD perform well
in many situations, yet, again only bivariate densities in a CL framework are used since
multivariate densities are unknown. Alternatively, exceedances can be defined as the event
that the norm of the random vector is large, giving rise to the spectral measure (cf. Coles &
Tawn (1991)). Engelke et al. (2012d) have recently proposed to condition a fixed component
on exceeding a high threshold, which enables new methods of inference for processes that
admit a certain incremental or a mixed moving maxima representation.

With regard to practical application such as modeling extreme wind speed or precipitation

data, max-stable models need to find a compromise between flexibility and tractability.
There are several parametric families of multivariate extreme-value distributions (see Kotz
& Nadarajah (2000)) and only few max-stable models in the spatial domain (cf. de Haan &
Pereira (2006); Schlather (2002); Smith (1990)). For most of them, statistical inference is
difficult and time-intensive. Furthermore, except for the max-stable process £ in (3.1) itself,
usually no further processes 1 in the MDA of attraction of £ are known and thus, it lacks a
theoretical connection between modeling the daily processes  and modeling the extremal
process £.
In many applications such as geostatistics it is natural to assume that the data is normally
distributed. Under this assumption, the only possible non-trivial limit for extreme observa-
tions is the d-variate Hiisler-Reiss distribution (cf. Hiisler & Reiss (1989); Kabluchko (2011a)).
In fact, Hashorva (2006) and Hashorva et al. (2012) show that also other distributions are
attracted by the Hiisler-Reiss distribution. Hence, we can expect good fits of this model if the
daily data is close to normality. Recently, it has been shown that the class of Brown-Resnick
processes (Brown & Resnick (1977); Kabluchko et al. (2009)) constitutes the spatial analog
of the Hiisler-Reiss distributions since the latter occur as finite-dimensional marginals of
the Brown-Resnick process. The research on both theoretical properties (cf. Dombry et al.
(2011); Oesting et al. (2012) for simulation methods) and practical applications (e.g., Davison
et al. (2012)) of these processes is actively ongoing at present. Statistical inference, however,
was so far limited to the CL methods based on bivariate densities.

In this chapter, we propose new estimation methods based on a POT approach for data in
the MDA of Hiisler-Reiss distributions and Brown-Resnick processes. Similarly to Engelke
et al. (2012d), we consider extremal increments, i.e., increments of the data with respect to a
fixed component, conditional on the event, that this component is large. The great advantage
of this approach is the fact that the extremal increments turn out to be multivariate Gaussian
distributed. This enables, for instance, ML estimation with the full multivariate density
function as well as parameter estimation based on functionals of the Gaussian distribution.
Moreover, the concept of extremal increments as well as estimators derived from spectral
densities are shown to be suitable tools for fitting a Brown-Resnick process based on a
parametric family of variograms.

The remainder of the chapter is organized as follows. Section 3.1 comprises the definitions
and some general properties of Hiisler-Reiss distributions and Brown-Resnick processes. In
Section 3.2, we provide a result on weak convergence of suitably transformed and conditioned
variables in the MDA of the Hiisler-Reiss distribution, which is the basis for our estimation
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methods. It is used to derive the specific asymptotic distribution for extremal increments
(Section 3.2.1) and for conditioning in the spectral sense (Section 3.2.2). In both cases,
non-parametric estimation as well as parametric fitting of Brown-Resnick processes are
considered. A simulation study is presented in Section 3.3, which compares the performance
of the different estimators from the preceding section. As an application, in Section 3.4 we
analyze daily wind speed data from the Netherlands and use our new methods of inference
to model spatial extreme events. Proofs of the theoretical results can be found at the end of
this chapter.

3.1 Husler-Reiss distributions and Brown-Resnick processes

In this section we briefly review some details on Hisler-Reiss distributions and Brown-Resnick
processes and define extremal coefficient functions as a dependence measure for max-stable
processes.

3.1.1 Husler-Reiss distributions

It is well known that the standard normal distribution @ is in the max-domain of attraction
of the Gumbel distribution, i.e.

Jim &(by, + 2/b,)" = exp(—exp(—z)), forall x € R,

where b,,n € N, is a sequence of normalizing constants defined by b, = n¢(b,,), where ¢ is
the standard normal density. By Theorem 1.5.3 in Leadbetter et al. (1983) it is given as

by == /2logn — (1/2) loglogln\/T;—nlog(Q\/Tr) +o0 ((logn)*l/Q) . (3.2)

Sibuya (1960) showed that the maxima of i.i.d. bivariate normal distributions with correlation
p < 1 asymptotically always become independent. However, for triangular arrays with i.i.d.
entries where the correlation in the different rows approaches 1 with an appropriate speed,
Hiisler & Reiss (1989) proved that the row-wise maxima converge to a new class of max-stable
bivariate distributions, namely

Fy(z,y) = exp [—@ <)\ + H) eV -9 <)\ + y— x> e_‘”] , z,y €R. (3.3)
2\ 2\

Here A € [0,00] parameterizes the dependence in the limit, 0 and oo corresponding to
complete dependence and asymptotic independence, respectively. In fact, Kabluchko et al.
(2009) provide a simple argument that these are also the only possible limit points for such
triangular arrays.

The higher-dimensional Hiisler-Reiss distributions were also introduced in Hiisler & Reiss
(1989) as the limit of suitably normalized Gaussian random vectors. Suppose that the
correlation matrix X, in the n-th row of a triangular array of (k + 1)-variate, zero-mean,
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unit-variance Gaussian distributions satisfies

= lim b7(1- 1" - %,)/2€D, (3.4)
where 1 = (1,...,1)T € Rt and D ¢ [0,00)tD*(++1) denotes the space of symmetric,

strictly conditionally negative definite matrices
D _{ (@i 1)o<i jei = A € [0,00)FFDXFH L x T Ax < 0 for all x € RF1\ {0} s.t.
k
ZIZ' = 0, Qi 5 = Q54,055 = 0 for all 0 < ’i,j < ki}
i=0

Then the normalized row-wise maxima converge to the (k+1)-variate Hiisler-Reiss distribution
which is completely characterized by the matrix A. Note that (1-1T — X,,) automatically

lies in D if X, is non-degenerate, n € N. For any matrix A = ()\?j)0< . € D, define a
§ _Z7‘7_
family of positive definite matrices by
— 2 2 R
Wl,m(‘/l) =2 ()‘mi,mo + )\mj:mo )‘mi,mj>1§i7j§l ’
where [ runs over 1,...,k and m = (mg,...,m;) with 0 < mg < ... < my < k. The

distribution function of the (k + 1)-dimensional Hiisler-Reiss distribution with standard
Gumbel margins is then given by

k

Hj(x) = exp {2:(—1)lel Z himA(Tmys - - xml)} , x e RFL (3.5)

=0 m:0<mp<...<m;<k

where

o0

hl7m,/1(y0> s 7yl) = / S { (yz —Z+ 2)‘7271177110) =1 Wl,m(/l)} e ” dz,
Y i=1,...,

0
for 1 <1 <k and hom,a(y) = exp(—y) for m € {0,... ,k}. Furthermore, for ¢ € N and
¥ € R?*4 positive definite, S( - |¥) denotes the so-called survivor function of a g-dimensional
normal random vector with mean vector 0 and covariance matrix ¥, i.e., if Y ~ N(0,¥)
and x € RY, then S(x|¥) =P (Y1 > x1,...,Y; > z4). In the bivariate case, the distribution
function (3.5) simplifies to F), where A = \g1 € [0,00]. Note that the class of Hisler-Reiss
distributions is closed in the sense that the lower-dimensional margins of H, are again
Hiisler-Reiss distributed with parameter matrix consisting of the respective entries in A.
Consequently, the distribution of the bivariate sub-vector of the i-th and j-th component
only depends on the parameter A; ;. Thus, one can modify this parameter (subject to the
restriction A € D) without affecting the other components. This flexibility was demanded in
Cooley et al. (2010) as a desirable property of multivariate extreme value models that most
models do not possess, unfortunately.



3.1 Husler-Reiss distributions and Brown-Resnick processes 23

Remark 3. The k-variate Hiisler-Reiss distribution is usually given by its distribution
function Hy. The density for k > 3 is rather complicated and involves multivariate integration.
Hence, for mazximum likelihood estimation based on block maxima, only the bivariate or
sometimes the trivariate (cf. Genton et al. (2011)) densities are used in the framework of a
composite likelihood approach.

3.1.2 Brown-Resnick processes

We review the definition of the extended class of Brown-Resnick processes in (1.5) in more
detail. For T =R, d > 1, let {Y(t) : t € T} be a centered Gaussian process with stationary
increments. Further, let v(t) = E(Y(t) — Y(0))? and o2(t) = E(Y(¢))? be the variogram and
the variance of Y, t € R?, respectively. Then, for a Gumbel point process Y ien Oy, on R
and i.i.d. copies Y; ~ Y, i € N, the process

(1) = max Ui +Yi(t) - 0*(t)/2], teR, (3.6)

is max-stable, stationary and its distribution only depends on the variogram ~. For the
special case where Y is a Brownian motion, the process £ was already introduced by Brown
& Resnick (1977). Its generalization in (3.6) is called Brown-Resnick process associated to the
variogram ~y (Kabluchko et al. (2009)). Since any conditionally negative definite function can
be used as variogram, Brown-Resnick processes constitute an extremely flexible class of max-
stable random fields. Moreover, the subclass associated to the family of fractal variograms
Ya,s(-) = 1| - /s]|* o € (0,2],5 € (0,00), arises as limits of pointwise maxima of suitably
rescaled and normalized, independent, stationary and isotropic Gaussian random fields (cf.
Kabluchko et al. (2009)). Here || - || denotes the Euclidean norm. The model by Smith (1990)
is another frequently used special case of Brown-Resnick processes, which corresponds to

the class of variograms v(h) = ||hX~1h||, for h € R? and an arbitrary covariance matrix
Y e R4,
We remark that the finite-dimensional marginal distribution at locations tg, ..., t; € R? of a

Brown-Resnick process is the Hiisler-Reiss distribution H, with A = (y(t; —t;)/4)o0<i,j<k-

3.1.3 Extremal coefficient function

Recall from Chapter 1 the definition of extremal correlation p. In this chapter we use a
similar quantity called extremal coefficient . For a bivariate max-stable random vector
(X1, X2) with identically distributed margins, 6 € [1,2] is determined by

P(X) < u, Xy <u) =P(X; <u)’,

for some suitable u € R, i.e. § = 2 — p. Similarly, for a stationary, max-stable process £ on
R, the extremal coefficient function 6(h) is defined as O(h) = 2 — p(h), for h € R?.

For the bivariate Hiisler-Reiss distribution (3.3) we have F)(u,u) = exp (—2®(\)e™ ") and
thus, the extremal coefficient equals 6 = 2&()\). Hence, for Husler-Reiss distributions, there
is a one-to-one correspondence between the parameter A € [0, 00| and the set of extremal
coefficients. Similarly, the extremal coefficient function of the Brown-Resnick process in (3.6)
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is given by

0(h) = 20 (Mﬂ) . heRre (3.7)

3.2 Estimation

In this section, we propose new estimators for the parameter matrix A of the Hiisler-Reiss
distribution and use them to fit Brown-Resnick processes based on a parametric family of
variograms. We will consider both estimation based on extremal increments and estimation
in the spectral domain.

Suppose that X; = (Xi(o), . ,Xi(k)), 1 =1,...,n, are independent copies of a random vector
X € R¥*1 in the MDA of the Hiisler-Reiss distribution H, with some parameter matrix
A= ()‘zz,j)oéi,jﬁk € D. Recall that Hy has standard Gumbel margins. Without loss of
generality, we assume that X has standard exponential margins. Otherwise we could consider
(UO(XZ(O)), e ,Uk(XZ-(k))), where U; = —log(1 — F;), and F; is the cumulative distribution
function of the i-th marginal of X (cf. Prop. 5.15 in Resnick (2008)). In the sequel, we
denote by Xn =X —logn and Xim = X,; — logn the rescaled data such that the empirical
point process IT, = >1 65(” converges in distribution to a Poisson point process I on
E = [~00,00)k*1\ {—o0} with intensity measure u([—o00,x]¢) = —log H(x) (Prop. 3.21
in Resnick (2008)), as n — oco. Based on this convergence of point processes, the following
theorem provides the conditional distribution of those data which are extreme in some sense.

Theorem 3. For m € N and a metric space S, let g : R¥1 — S be a measurable transfor-
mation of the data and assume that it satisfies the invariance property g(x +a-1) = g(x)
foranya € R and 1 = (1,...,1) € R*1. Purther, let u(n) >0, n € N, be a sequence of real
numbers such that lim,_,.c u(n)/n = 0. Then, for all Borel sets B € B(S) and A € B(E)

bounded away from —oo,

lim P{g(X,) € B|X, € A~ logu(n)} = Qg a(B), (3.8)

n—oo

for some probability measure Q4.4 on S.

Remark 4. Note that due to the invariance property of g, the transformed data is independent
of the rescaling, i.e. g(XZm) =g(X;), foralli=1,...,mn, n €N.

In the above theorem, u(n) only has to satisfy u(n)/n — 0, as n tends to co. However, for
practical applications it is advisable to choose u(n) in such a manner that also lim, o u(n) =

00, since this ensures that the cardinality of the index set of extremal observations
In={ie{l,...,n}:X;, € A—logu(n)}, (3.9)
tends to oo as n — 0o, almost surely.

Theorem 3 implies that for all extreme events, the transformed data {g(X;) : i € I4}
approximately follow the distribution Q4 4. Clearly, Q4 4 depends on the choices for g and
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A and in the subsequent sections we encounter different possibilities for which the limit (3.8)
can be computed explicitly. Furthermore, if g and A are chosen suitably, the distribution
(Qg,a will still contain all information on the parameter matrix A. Our estimators will
therefore be based on the set of transformed data {g(X;) : i € 4} and the knowledge of
their asymptotic distribution Q4 4. For instance, a maximum likelihood approach can be
applied using the fact that II,, converges to II. If, for a particular realization of the X,
Iy ={i1,...,in} for some N < n, iy,...,ixy € {1,...,n}, and g(X;) =s;,i=1,...,n, a
canonical approach is to maximize the likelihood

Lga(A;sy, ... sp) :IP’{|IA| = N, g(X;;) € dsi,, j = 1,...,N}

9(
N
P(|14| = 1:[ { ) € ds; | X, € A— logu(n)}.

With the Poisson approximation 3% ; 1{X;,, € A —logu(n)} ~ Pois{u(A — logu(n))} and
the convergence (3.8) we obtain

Lya(Aisi, .., sn) ~ exp{—u(A — logu(n) A= 1;%“ HQg, (dsi,).  (3.10)

If the ML approach is unfeasible, estimation of A can also be based on other suitably chosen
functionals of the conditional distribution of g(X), for instance on the variance of g(X).

3.2.1 Inference based on extremal increments

In this subsection, we apply Theorem 3 with ¢ mapping the data to its increments w.r.t.
a fixed index, i.e., g : RFt1 — RF, x —» Ax = (x(l) — 2O 2k x(o)). In particular,
g satisfies the invariance property g(z + a-1) = g(z) for any a € R. Consequently, our
estimators are based on the incremental distribution of those data which are extreme in the
sense specified by the set A. The following theorem provides the limiting distribution Qg4 4
for two particular choices of A, namely A; = (0,00) x R* and Ay = [~00,0]¢

Theorem 4. Let X be in the MDA of H, with some A € D, and suppose that the sequence
u(n) is chosen as in Theorem 3. Then, we have the following convergences in distribution.

1. Fork €N,
(X<1> —xO  x® - xO 0 5 - 1ogu(n)) 4 N(M,Y), n— oo,

where N'(M,X) denotes the multivariate normal distribution with mean vector M =
— diag(¥y, (o,....k)(A)) /2 and covariance matriz X = W, o . 1)(A).

2. For the bivariate case, i.e., k=1,

(X(l) - X(O)‘X,(LO) > —logu(n) or XV > —log u(n)) 47, n— oo,
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where Z is a real-valued random variable with density given by

__ 1 i _

Here, ® and ¢ denote the standard normal distribution function and density, respectively.

Remark 5. The positive definite matriz X = W o, 1)(A) contains all information on A.
In fact, the transformation

1 0 ‘ diag(X)T

diag(X) . 1diag(X) " + diag(2)1" — 2%
recovers the matriz A = ()\Zz,j)ogz‘,jgk~
Based on the convergence results in Theorem 4 we propose various estimation procedures

for both multivariate Hiisler-Reiss distributions (non-parametric case) and Brown-Resnick
processes with a parameterized family of variograms (parametric case).

Non-parametric multivariate case

For the likelihood based approach in (3.10) we first consider the extremal set A; = (0, 00) x R¥
and put Ny = |I4,|. By part one of Theorem 4 we have

u( N1 1
—log L(4;s1,... ) ~ —log { exp(—u(n)) H Orr.o (si)

x % log det X(A) + % Z {(sij — M(A))TZ(A)*l(sij - M(/l))} ,
=1
(3.11)

where s; is the realization of AX;, i =1,...,n and ¢p1(4),5(a) is the density of the normal
distribution with mean vector M (A) = — diag(¥;, (o,... x)(4))/2 and covariance matrix X(A) =
¥ (0,....k)(A). The corresponding maximum likelihood estimator is given by

A N 1 _
Ayivp = argmin | 2+ log det 2(4) 52{ si; = M(4)) T 2(4) " (si; = M(A)}| . (3.12)

Notice that for this particular choice of A, the asymptotic value of P(|14,| = N1) does not
depend on the parameter matrix A. Hence, this ML ansatz coincides with simply maximizing
the likelihood of the increments without considering the number of points exceeding the
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threshold. In the bivariate case, i.e., k =1 and A; = (0,00) x R, (3.11) simplifies to

Ny A2 e
=+ Nilogh+ —5 > sz, (3.13)
Jj=1

—log L(\; 81, ...,8,) O -

and the minimizer of (3.13) can be given in explicit form:

N1
o 1 1
Mie=s4-1+ |1+ (AX;)? ). (3.14)
2 N &
Staying in the bivariate case, for the choice Ay = [~00,0]¢, we put Ny = |I4,| and by

part two of Theorem 4,

u(n))Ne N2
—log L(\; s1,...,8,) = —log {exp(—2q5()\)u(n))(mw\])\r2(!)) H g,\(sij)}

NoX? 1 &
x 20(N)u(n) + —5 + SN2 - 1s§j.
‘7:

Numerical optimization can be applied to obtain the estimator

A2 pe = argmin { 20(vV0)u( )+N—20+iN2(AX~ )2
MLE2 = aIg 191‘12151 un B 30 = i :

While the above likelihood-based estimators (except for (3.14)) require numerical optimiza-
tion, the following approach is computationally much more efficient: A natural estimator
for X' =Wy .. x)(A) € R**F based on the first part of Theorem 4 is given by the empirical
covariance X of the extremal increments AX; = (Xi(l) — Xi(o), e ,XZ-(k) — XZ(O)) fori e I4,,
ie.

o 1 all T 1 Ny
2= Ny Z<AX1'J' - (AXy; =), fi= N, Z AX; . (3.15)
Lj=1 15

By Remark 5 this also gives an estimator Avar = A(ZA’ ) for the parameter matrix A, which
we call the variance-based estimator. Apart from its simple form, another advantage of
(3.15) is that 3 is automatically a positive definite matrix and hence, Ay, is conditionally
negative definite and therefore a valid matrix for a (k + 1)-variate Hiisler-Reiss distribution.
Note that (3.15) is not the maximum likelihood estimator (MLE) for X' since the mean
of the conditional distribution of AX,; depends on the diagonal of 3. The MLE of X is
instead given by optimizing (3.12) w.r.t. X, which, to our knowledge, does not admit a closed
analytical form.
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Applying (3.15) with k& = 1 yields the bivariate variance-based estimator

A 1 & 1
2 Z 1) (0) _ ~\2 o Z (1) (0)
)\Var - 4N1 j:1(XZ']. - XZ']. - /’L) ) H = ]\[1 j:1(XZ'j - Xij ) (316)

Since the mean of the extremal increments is also directly related to the parameter A, another
sensible estimator might be

2= S (xW - x Oy, (3.17)

Parametric approach for Brown-Resnick processes

Statistical inference for Brown-Resnick processes as in (3.6) is usually based on fitting
a parametric variogram model {vy : ¥ € O}, © C RI, j € N, to point estimates of
the extremal coefficient function (3.7) based on the madogram. Alternatively, composite
likelihood approaches are used in connection with block maxima of bivariate data (Davison
& Gholamrezaee (2012)).

Since for to,...,t; € R? the vector (£(tg),...,&(t)) with € being a Brown-Resnick process
associated to the variogram v : R* — [0, 00) is Hiisler-Reiss distributed with parameter
matrix

A= (y(ti — t;)/Do<i i<k,

the above estimators enable parametric estimation of Brown-Resnick processes. In fact,
replacing A in (3.12) by

A(ﬁ) = (Vﬁ(ti - tj)/4)()§i,j§k (3.18)

leads to the ML estimator
MLE arg glgln: { og ( ( )7 S1, ) Sn)}

with L as in (3.11). Note that, other than in classical extreme value statistics, here the use
of higher-dimensional densities is feasible and promises a gain in accuracy.

Estimation of ¥ can also be based on any of the bivariate estimators A3 g, A mg, X%/ar,
S\?Hean, or on the multivariate estimator Ay, by “projecting” the latter matrix or the matrix
consisting of all bivariate estimates onto the set of matrices {(yy(t; — t;)/4)o<i j<k:¥ € O},
ie.,

, (3.19)

(5\% — yo(ti — tj)/4)

1§ = arg min
PROJ & JeO 0<i,j<k

where || - || can be any matrix norm.
Similar to Bacro & Gaetan (2012), the bivariate estimators can readily be used in a parametric
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composite likelihood framework.

3.2.2 Inference based on spectral densities

As at the beginning of Section 3.2, let X;, 7 =1,...,n, be a sequence of independent copies of
X, already standardized to exponential margins, in the MDA of the max-stable distribution
H,. Since we work in the spectral domain in this section, we will switch to standard Fréchet
margins with distribution function exp(—1/y),y > 0. More precisely, we consider the vectors
Y = exp(X) and Y; = exp(X;), i = 1,...,n, which are in the MDA of the Hiisler-Reiss
distribution G4(x) = Hx(logx),x > 0, with standard Fréchet margins.

The most convenient tool to characterize the dependence structure of a multivariate extreme
value distribution is via its spectral measure. To this end, let Y, = Y /n and Y’Ln =Y;/n
denote the rescaled data such that the point process P, = > i ; 5Yi , converges, as n — 00,

to a non-homogeneous Poisson point process P on [0,00)**!\ {0} with intensity measure
v([0,x]9) = —log G4(x). Transforming a vector x = (o, ...,xx) € [0,00)F1\ {0} to its
pseudo-polar coordinates

r=xl, w=rx (3.20)

for any norm || - || on R¥+1 we can rewrite v as a measure on (0,00) x S, where Sy, is the k-
dimensional unit simplex Sy = {y > 0 : ||y|| = 1}. Namely, we have v(dx) = r~2dr x M (dw),
where the measure M is called the spectral measure of G4 and embodies the dependence
structure of the extremes. For our purposes, it is most convenient to choose the Li-norm, i.e.,
Ix[[1 = S°F , |#;]. In this case, for the set A,, = {x € [0,00)Ft1\ {0} : ||x||1 > 70}, 70 > 0,
we obtain

V(Ay) =19 " M(Sg) =15t - (K + 1), (3.21)

since the measure M satisfies [q w; M(dw) =1 for i =0,..., k. Hence, the v-measure of
A, does not depend on the parameters of the specific model chosen for M. The distribution
function can be written as

GA(X):eXp{—/Skmax (wo,... wk) M(dw)}, x > 0.

0 "z

As the space of all spectral measures is infinite-dimensional, there is a need of parametric
models which are analytically tractable and at the same time flexible enough to approximate
the dependence structure in real data sufficiently well. Parametric models are usually given
in terms of their spectral density A of the measure M. The book by Kotz & Nadarajah
(2000) gives an overview of parametric multivariate extreme value distributions, most of
them, however, being only valid in the bivariate case. For the multivariate case only few
models are known, e.g., the logistic distribution and its extensions (Joe, 1990; Tawn, 1990)
and the Dirichlet distribution Coles & Tawn (1991). The recent interest in this topic resulted
in new multivariate parametric models (Boldi & Davison (2007); Cooley et al. (2010)) as well
as in general construction principles for multivariate spectral measures (Ballani & Schlather
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(2011)). All these approaches have in common that they propose models for multivariate
max-stable distributions in order to fit data obtained by exceedances over a certain threshold
or by block maxima.

Given a parametric model for the spectral density h(-;v), we have the analog result as in
Theorem 3 for the Fréchet case with A = A,, and g : R¥*! — S x ~ x/||x||1, which now
satisfies the multiplicative invariance property g(a - x) = g(x), for all a € R. The Fréchet
version of (3.8) for this choice of g and A reads as

) - _ M(B) 1 ‘
Jim B{Y/IY)h € B Yo € Apyuin)} = {8 = 1 [ oy, (3.22)
for all B € B(Sk) and u(n), n € N, as in Theorem 3. Based on this conditional distribution
of those Y; for which the sum ||Y;||; is large, similarly to (3.10) we obtain the likelihood

LA,«O (19;(7"17""1% ey (TTL’ wn))
V(Ap /u |I°‘
~ exp{—u(Am/u(n))}% 11 2(k4 1) h(wi; 9)
|I0‘ i€lp

o [ hlwi; ), (3.23)

i€l

where {(rj,w;) : 1 < i < n} are the pseudo-polar coordinates of {Y;, : 1 < i < n} as
in (3.20) and Iy is the set of all indices 1 < i < n with Y;,, € A,,/u(n). Note that the
proportional part in (3.23) only holds because the v-measure of A,, is independent of the
model parameter ¥.

For the Hiisler-Reiss distribution it is possible to write down the spectral density h(-; A)
explicitly.

Proposition 1. For any matriz A = ()\2 )0< . € D the Hiisler-Reiss distribution can be
<ij<

written as

with spectral density

1 1
h(w, A) = —~T2—1~> S 3.24

where X =Wy, o, 1)(A) and © = (log * L+ 2)\20 1<i<k)T.

Non-parametric, multivariate case

Based on the explicit expression for the spectral density of the Hiisler-Reiss distribution
in (3.24), we define the estimator Aspgc of A as the matrix in D that maximizes the likelihood
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in (3.23), i.e.,

| To]

1 - 1~
5 logdet o i(4)+3 > @i W 0,0 (A) 1%‘) : (3.25)

/ispEc = arg min
A€D i€lp

In the bivariate case, the spectral density in (3.24) simplifies to

1 (log 2t + 2)\2)2>

M) = ————exp | -
(@3 ) 2 wdwi (27)1/2 P ( 8\2

and the corresponding estimator can be given in explicit form:

i J 5 o (3 /?gm)}?] | 3.26)

i€lp

~ 1
AspEc = 5

Note that the estimators (3.25) and (3.26) have exactly the same form as the maximum
likelihood estimators (3.12) and (3.14), respectively, for the extremal increments. However,
the specification of the set A differs and so does the choice of extreme data that is plugged
in.

Parametric approach for Brown-Resnick processes

Analogously to Section 3.2.1, we obtain a parametric estimate of the dependence structure
of a Brown-Resnick process based on a parametric family of variograms by replacing A on
the right-hand side of (3.25) by A(1)) defined in (3.18). This yields

Usprc = arg min {— log La,, (A(9); (r1,w1), ..., (ra, wn))} : (3.27)

3.3 Simulation study

We compare the performance of the different parametric and non-parametric estimation
procedures of Brown-Resnick processes and Hiisler-Reiss distributions proposed in the
previous section via a simulation study.

In the first instance, we consider bivariate data that is in the MDA of the Hiisler-Reiss
distribution with known dependence parameter A = A\ 1. For simplicity, we simulate data
from the Hiisler-Reiss distribution itself, which does not mean that the thresholding procedure
via the set A becomes obsolete. All estimators rely on considering only extremal events
and hence, there is no obvious advantage over using any other data being in the MDA of
H,. We compare the estimators :\%ALE, 3‘12\/ILE27 X%ar, A2 and X%PEC from Section 3.2 for
different sample sizes n € {500, 8000, 100000}. The sequence of thresholds u(n) is chosen in
such a way that the number of exceedances k(n) increases to co, but at the same time, the
corresponding quantile ¢(n) = 1 — k(n)/n approaches 1, as n — oco. In addition to the new
threshold based estimators, we include the classical estimators, which use block maxima,
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namely the madogram estimator Mnado = @fl(émado/2) (Cooley et al., 2006) and the ML
estimator S\IQJRMLE of the bivariate Hiisler-Reiss distribution. To model a year of (dependent)
data, we we choose a block size of 150 which is of order of but less than 365.

The pseudo-code of the exact simulation setup is the following:

1. for M2 €{k-0.025:k=1,...,30}
2. for n € {500,8000, 100000}

3. simulate n bivariate Hiisler-Reiss distributions
with parameter A

32 32 52 32 32 52 32 52
4 for A€ {/\MLE’AMLE27)‘Var7/\mean’ASPECv/\madovAHRMLE}
5. estimate A\? through A2
6. obtain an estimate of the corresponding extremal

coefficient 0 through 6 = 0(\) = 2&())
7. repeat (1)-(6) 500 times

Since the finite-dimensional margins of a Brown-Resnick process are Hiisler-Reiss distributed,
we can easily implement step (1) by simulating a one-dimensional Brown-Resnick process
with variogram ~(h) = |h| on the interval [0,3]. Since we consider bivariate Hiisler-Reiss
distributions for different values of A? lying on a fine grid, we visualize the estimates 0 as
functions of the true A\? (Figure 3.1). However, it is important to remark that estimation in
this first part of the study is exclusively based on the bivariate distributions. For each value
of A2, we repeat simulation and estimation 500 times. Figure 3.1 shows the pointwise mean
value of the extremal coefficient and the corresponding empirical 95% confidence intervals.
As expected, in finite samples, all estimators based on multivariate POT methods under-
estimate the true degree of extremal dependence since they are based on an asymptotic
distribution with non-zero mean while the simulated data come from a stationary process.
As the sample size n and the threshold u( ) increase, all estimators approach the true
value. Among the POT-based estimators, )\SPEC seems to be at least as good as the other
estimators, uniformly for all values of A\? under consideration. )\ o performs well for small
values of )\2 but is more biased than other estimators for large values of A2. The good
performance of )\mean for large values of A2 might be due to the fact that it only uses first
moments of the extremal increments and is hence less sensible to aberration of the finite
sample distribution from the asymptotic distribution. Compared to the two estimators based
on block maxima, the POT-based estimators all perform well even for small data sets, which
is a great advantage for many applications. Moreover, the variances of the POT-estimates are
generally smaller than those based on block maxima, since more data can be used. Finally,
note that the POT-based estimation does not exploit the fact, that the simulated data in
the max-domain of attraction is in fact the max-stable distribution itself. The speed of
convergence may though differ when using data from other models in the MDA. In contrast,

)\?nado and )\HRMLE do profit from simulating i.i.d. realizations of the max-stable distribution
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itself since then, the blockwise maxima are exactly Hiisler-Reiss distributed and not only an
approximation as in the case of real data.

In the second part of the simulation study we examine the performance of parametric
estimates of Brown-Resnick processes using the same data as above. While the true variogram
is y(h) = |h|, we estimate the parameter vector (v, s) for the family of variograms v, s(h) =
H/h/iHa, a € (0,2], s > 0. We compare the following three estimators: the spectral estimator

(o, 8)gppes given by (3.27) and using the full multivariate density; the composite likelihood

estimator («, s)gppc, cr» defined as the maximizer of the product of all bivariate spectral
densities, imitly assuming independence of all tuples of locations; and the least squares
estimator (a, $)proy Lg: given by (3.19) for the Euclidean norm, where 5\12\/ILE serves as
non-parametric input. The estimated values of « and s are compared in the right column of
Figure 3.2. The left panel shows the corresponding extremal coefficient functions for o and s
representing the mean, the 5% sample quantile and the 95% sample quantile from the 500
repetitions, resp/ect\ively.

The estimator (a, s)gppc, Which incorporates the full multivariate information, performs
best both in the sense of minimal bias and minimal variance. Especially estimation of the
shape parameter of the variogram gains stability when using higher-dimensional densities.
The projection estimator seems to have the largest bias and the largest variance. The results
remain very similar if we replace 5\§4LE by one of the other non-parametric estimators. Let us
finally remark that all three estimators can be modified by considering only small distances
for inference. Then, since the approximation error of the asymptotic conditional distribution
decays for smaller distances, this can substantially improve the accuracy in a simulation
framework, but might distort the results in real data situations.
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Figure 3.1: Estimated extremal coefficients compared to the true ones of bivariate Hiisler-
Reiss distributions. 500 repetitions. Block size for block maxima is 150. Left: 6 vs. A2. Right:
relative difference of 6 to the true value of 6.

n=500, q(n)=0.9, k(n)=50

N
o
— true 6 (=]
—
© o
- 7] o
o
o
S
<
-
N
=
~ | ?
-
<
o | S
— o
T T T T [
0.0 0.2 0.4 0.6
n=8000, q(n)=0.975, k(n)=200
N
o
(=)
—
© | © 2
@ — () e
- =
5 s 8
k) ° °
5 0T 2
g - o
= £
5 5 8
;. N | .g ?
o - ©
° _
<
o _| e
— o
T T T T [ T T T T
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
n=1e+05, q(n)=0.995, k(n)=500
N
o 4
o
—
© S —
- 7] o
o
o
(=)
<
- —
N
o
N 9
—
<
o _| o
— o
T T T T [ T T T T
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

true value of A true value of A2



35

_v ....... baeoen- A_ I sTroudg _v i

o 38
.
.
.
i
T

STrOddg - _H_v -1 I siTroudg

10 03dSg F-1H-1 |- 10703dsg

'
—
T

_v ............ A_ |- 107o3dsg _v --

=

- E+ - e ;_T e s
* ..... E ..... ] Ep— * - | reomap " | reomap
+_H_H_+ | w5maasp + N | wmomasp ;_* | womosesy
L - s b - oneng 0l - o

13
1.2
1.1
1.0 -oocto-e-
0.9
0.8
0.7
13
2

1

0 -
9
0.8
0.7
13
12
1.1
1.0 -
0.9
0.8
0.7

— - — (=]

sarewnss Jajawered

50

Parametric fit of Brown-Resnick process.

.
.

0.9, k(n)

Figure 3.2
500, q(n)

n

o
\ 83A o
_ gp g
2 o
anan | 0 8 S
N I re)
JIN &
= £
L © < =~
N -
5 o)
[T v O ®
o o & o
0w £ 9 S s s
ra S o 8 o IS
Il 7
R2al RN 2
T = T & ke
= =
L < o
S . -
=) 3
= +
Q [}
| © (=] —
o 11 I
< c
L 2
S

3.3 Simulation study

1.6
1.5
1.4
1.3
1.2
1.1
1.0

9 1u3IdI20I [ewaixa



36 3 Estimation of Hisler-Reiss distributions and Brown-Resnick processes

3.4 Application: Wind speed data

We apply the above theory of estimating Hiisler-Reiss distributions to wind speed data
provided by the Royal Netherlands Meteorological Institute. We use the daily maxima of
wind speeds measured at 35 meteorological stations 1, ..., 235 € X, where the set X C R?
denotes the geographical coordinates of the Netherlands. The data cover a 23-year period of
8172 days from 1990/01/01 to 2012/05/12. Figure 3.3 provides an overview of the spatial
locations of the stations.

3.4.1 Stationarity assumption with zonal anisotropy

In the sequel, we use the data to fit a stationary Brown-Resnick process based on the
parametric family of variograms v, s(h) = ||h/s]|%, « € (0,2], s > 0. As mentioned in
Section 3.1.2, this subclass of Brown-Resnick processes is a natural choice, since they arise
as the max-limits of suitably rescaled, stationary Gaussian random fields. The stationarity
assumption, however, turns out to be unrealistic, since stations close to the coast exhibit
weaker extremal dependence to neighboring stations than inland stations. This is illustrated
in the left panel of Figure 3.4, where the estimated bivariate extremal coefficients based on
5\§4LE of all stations are compared to those without the coastal stations. Hence, we restrict
our analysis to the 25 inland stations, say T' = {x1,..., 225}, when fitting a stationary
Brown-Resnick process. We therefore need to estimate the shape parameter o and the scale
parameter s of the corresponding parameter matrix A, s of the Brown-Resnick process on T,

Figure 3.3: Left: locations of the 35 meteorological stations. Right: locations of the 25 non-
coast stations before and after multiplication with the anisotropy matrix V' (5, ¢).
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given by A, s = (7a,s(xi - xj)/4)1§m§25'
While the above class of variograms assumes isotropy of the underlying process, meteorological
data and particularly wind speed data can be expected to exhibit a main direction of spatial
dependence. We capture this anisotropy by introducing a transformed space X = VX (cf.
right panel of Figure 3.3), where

V=V(B,c) = (;;156 ;ngrslg) ., Belo2r],e>0,
is a rotation and dilution matrix; Blanchet & Davison (2011) recently applied this idea to
the extremal Gaussian process of Schlather (2002). The new parametric variogram model
becomes Ay = (Ya,s(Vai — ij)/4)1§i,j§25’ where ¥ = (a, s, 5, ¢) is the vector of parameters.
As in the above simulation study, we apply the three estimators

Jproy, Ls = arg gleiél H(j\l%/[LE,ij)lgi,jS% — Ay, dsprc,  Usprc, cL- (3.28)

For all estimators, the data is first normalized as described at the beginning of Section 3.2
and the threshold u(n) is chosen in such a way that, out of the 8172 days, all data above the
97.5%-quantile are labeled as extremal. Note that these numbers coincide with the second
set of parameters (n,q(n)) in the simulation study. Hence, the middle row of Figure 3.1
provides a rough estimate of the estimation error.

The estimation results and standard deviations for the parameters («, s, 3, ¢) are given in
Table 3.1. The middle panel of Figure 3.4 illustrates the effect of transforming the space via
the matrix V and displays the fitted extremal coefficient functions for the three estimators
in (3.28). Moreover, the right panel shows the estimates of pairwise extremal coefficients
based on S\I%ALE and the model-independent madogram estimator, where the latter exhibits a
considerably larger variation. In Figure 3.5, we illustrate the effect of transforming the space
via the matrix V' (3, ¢) on the extremal coefficient function and on a typical realization of the
corresponding Brown-Resnick process.

In order to validate the reliability of the estimated model parameters 1, we re-simulate
data in the MDA of the three fitted Brown-Resnick models. Similarly to the simulation
study, we use 8172 realizations of the Brown-Resnick process itself (which is clearly in its
own MDA) for the daily data. As index set, we use the transformed locations V(B,é)T
on which the Brown-Resnick process is isotropic. Based on this new data, we apply the
estimation procedure exactly as for the real data to obtain new estimates for ¥ and thus
for the extremal coefficient function. This is repeated 100 times and the results for the

Table 3.1: Estimation results. The values for the standard deviation are obtained from simu-
lating and re-estimating the respective models 100 times.

estimator Q S I3 c

YproJs, s 0.296 (0.0193) 0.234 (0.0744) 0.379 (0.532) 1.67 (0.1761)
JspEC 0.338 (0.0166) 0.687 (0.1797) 0.456 (0.439) 2.21 (0.1596)
@SPEQ cL  0.346 (0.0234) 1.025 (0.4806) 0.144 (0.520) 1.61 (0.1846)
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Figure 3.4: Estimated extremal coefficients based on 5\§/ILE against distance between the
stations. Left panel: original locations with and without coast stations. Middle panel: trans-
formed locations (only non-coast stations), extremal coefficient functions corresponding to the
parameters in Table 3.1 are included. Right panel: comparison to madogram estimator.
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three different estimators in (3.28) are shown in Figure 3.6. In agreement with the results
of the simulation study, the multivariate estimator 3SPEC seems to be most reliable since
the re-estimated extremal coefficient functions are close to the true value of the simulation.
In contrast, the composite likelihood estimator @SPEQ oL significantly underestimates the
true degree of extremal dependence. This is probably a result of the false assumption of
independence of bivariate densities which underlies the concept of composite likelihoods.
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extremal coefficient 6

1.2

Figure 3.5: Level lines of the extremal coefficient function and realizations of the fitted
Brown-Resnick process. Left: Without transformation. Right: After space transformation.
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Figure 3.6: Validation of estimation: Fitted extremal coefficient functions for 100 simula-
tions of 8172 Brown-Resnick processes on the transformed locations according to the esti-
mated parameters.
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3.4.2 Non-stationarity

In the previous subsection we excluded the 10 coastal stations from fitting the stationary
Brown-Resnick model since they exhibit a different extremal dependence structure than the
25 inland stations. Here we fit a multivariate Hiisler-Reiss distribution as extreme value
model, which does not rely on any stationarity assumption. In particular, for 77 being any
subset of the 35 locations x1,...,x35 € X, we estimate the k(k — 1)/2 parameters of the
dependence matrix A € Rka, Where k= \T’ |. To this end, we can use any of the three
newly proposed estimators AVar, Aug and ASpEC While Avar is given in explicit form and
hence computationally very efficient and applicable to arbitrary dimensions, the latter two
estimators require numerical optimization. Fortunately, the respective likelihood functions
can be still evaluated much faster than most of the commonly used spectral density models.
For the ML algorithm, /ivar and, since the class of Hiisler-Reiss distributions is closed, also
the lower-dimensional parameter estimates provide reasonable starting values.

In what follows, we use Avar as a starting value for the numerical optimization of Agprc.
We compare the likelihood values of the Hiisler-Reiss model fit to those of two other
parametric models for spectral densities, namely the Dirichlet model (Coles & Tawn, 1991)
and the weighted exponential model (Ballani & Schlather, 2011). The comparison is based on
randomly drawing k = 3,4, 5,6 and 7 out of the 35 stations and fitting all three models. This
is repeated 100 times. The weighted exponential model seems to fit worst for all & € {3,4,5,6}.
Note that numerical optimization for this model involves a rather complicated likelihood and
is extremely time-consuming. This is why the weighted exponential model is only included
for k € {3,4,5,6}. The Hiisler-Reiss model seems to outperform the Dirichlet model for
k > 5, which is not completely surprising since the Dirichlet model has only k£ parameters,
while the Hiisler-Reiss model has k(k — 1)/2 parameters encoding the extremal dependence.
The results are summarized by Figure 3.7, which shows boxplots of the maximum likelihood
values for each of the 100 choices of stations, and Table 3.2, which shows the percentage of
cases in which the Hiisler-Reiss model outperforms the Dirichlet and the weighted exponential
model.

Table 3.2: Fraction of cases in which the Hiisler-Reiss model outperforms the Dirichlet and
the weighted exponential model.

number of stations k=3 k=4 k=5 k=6 k=7

P(Lur > Lpiri) 0.10 0.25 0.73 1.00  0.99
P(Lur > LwExp) 0.79 096 093 1.00 -
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Figure 3.7: Comparison of different spectral density models based on the maximized likeli-
hood. The numbers above the boxes show the average computing time (in seconds) for the
numerical maximization.
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3.5 Discussion

This chapter presents several new estimators for the Hiisler-Reiss distribution and its spatial
analog, the Brown-Resnick process. The methods are based on asymptotic conditional
distributions of random variables in the MDA of the Hiisler-Reiss model. Within the
framework of multivariate peaks-over-threshold, it is shown how conditioning on different
extreme events leads to different estimators. In particular, the concept of extremal increments
turns out to be fruitful, since for the Hiisler-Reiss model the increments conditioned on
a fixed component being large are approximately multivariate Gaussian distributed. This
enables very efficient inference even for high dimensions. The simulation study shows, that
the proposed estimators perform well, both in terms of bias and variance. Especially for
small data sets they outperform classical block methods. Moreover, the non-parametric,
bivariate estimators are a suitable tool for exploratory data analysis (such as distinguishing
between coastal and inland stations in Section 3.4.1), since they are computationally efficient
and yield reliable results.

With regard to spatial extreme value statistics, one of the most promising models is the
class of Brown-Resnick processes, due to their flexibility in connection with parametric
families of variograms. The chapter provides several methods for parametric fitting of
these models. Particularly the good performance of the multivariate spectral estimator
suggests that using higher-dimensional densities better captures the shape of the underlying
variogram than methods based on bivariate distributions only. Also for multivariate analysis
of non-stationary data, the Hiisler-Reiss model is shown to be both well fitting and applicable
in high-dimensions due to low computational costs of the estimators (Section 3.4.2).

While the simulation study in Section 3.3 already provides some empirical evidence for the
consistency of the proposed estimators, a deeper analysis of the theoretical properties such
as speed of convergence is left for future research. The main difficulty is to find appropriate
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assumptions such that the conditional increments converge not only in distribution but also
in Ll or L2.

The idea of including all single extreme events into statistical inference, in connection with
the concept of conditional increments, might also be applicable to other max-stable models
such as mixed moving maxima processes.

Supplementary material

The raw data for the application can be downloaded from http://www.knmi.nl.

3.6 Proofs
Proof of Theorem 3. Note that
]P){g(f(n) €B|X,eA- logu(n)} = IP’{g(Xn +logu(n)) € B| X, € A— logu(n)}
P{X, € (971 (B) ~ logu(n)) N (A~ logu(n) }
P {Xn € A—log u(n)}

_ n/u(n)P{X —log(n/u(n)) € g~ 1(B)N A}
n/u(n)P{X —log(n/u(n)) € A}

Thus, applying Prop. 5.17 in Resnick (2008), we obtain

lim IP’{g(Xn) € B}Xn cA-— logu(n)} =

n—oo

and the measure @y 4 is given by

Qg,a(B) = B € B(S).

pd)

O

Proof of Theorem /. 1. The density of the exponent measure p of the Hiisler-Reiss distri-
bution (3.5) is given by

—zo 1
wu(dzxo, ... dxy) = ke— exp ( —=y' 27y ) dxo ... dxg, xo,...,x, €R,
(27)2 |det X|1/2 2

where y = (21 — xo9 + 2)\%70, ce Tk — T + 2/\%70)T and X' = ¥, o p)(A). Fors =
(51,...,5:) € R¥ By = {y € RF : y; < 55,0 = 1,...,k}, note that ¢g71(Bs) = {x €
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RFL 2 — 29 < 55,0 = 1,...,k}. Thus, for A; = (0,00) x R¥, we obtain

. o rmots xo+s, €Xp (—%yTﬂfly)
ulg (Bs)mAl):/ e o/ / k day ... dag
0 —0o0 —00 (27)2 |det X|1/2

=Py (51, .,5k),

where @) 5 is the cumulative distribution function of a k-variate normal distribution
with mean M = (—2X3,,.. ., —2)\%’0)T and covariance matrix X =¥y, ¢ . 1)(A). Since
p(A1) = 1 and the family of sets {Bs,s € RF} is a generator of the Borel o-algebra
B(RF) on R*, the first assertion follows from the proof of Theorem 3.

2. In the bivariate case the density of u simplifies to

e’ Yy—x
— ey R
pldedy) = 5o (A V" ) dody, wy e R

with A = Ag.1. We consider the set Ay = [—00,0]¢ C R? and note that p(As) = 2&(N).
It thus suffices to compute u(g~'(B;) N As) for t € R. For t < 0 we have

(1(B)mA)—/Oo/x+t6_m¢(>\+“>d d:::—@()\th)
g t 2) — 0 - 2\ 2\ Y - VA

and similarly for ¢t > 0,

(g™ (B) 1 Ax) = () @ (A ).

By the above considerations and the proof of Theorem 3 this yields
Jim P {X(l) - x©0 < t‘)@so) > logu(n) or XM > log u(n)}
_ —2451(/\)45()\+%) for t < 0,
1 - 5@ (A —g5) fort>0.

In other words, X() — X(© conditional on either Xq(lo) or Xy(Ll) being large converges
in distribution to some random variable Z with density

() = 4)\;(/\)¢()\— ’2’;’) {ER.

O]

Proof of Proposition 1. By Theorem 1 in Coles & Tawn (1991) we can compute the spectral
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density h as a derivative of the exponent measure v(x) = —log G4(x), namely

ov(x) k B A
e o A E i h e ;A
0xg ...0x (i_ox > (2 ffzo T Zf:o Ti )

Since all but one summands of the exponent measure v vanish, it suffices to evaluate

(9 k/ / / B
Fr Ddyy ...dyge *dz, (3.29
8xo...8xk( ) logzo Jlogm1—2+2)7 1og:ck—z+2ki,o¢(y‘ ) Y (3.29)

where ¢ (-|X) is the density function of the k-dimensional normal distribution with covariance
matrix Y. Carrying out this computation yields (3.24). O




4 A generalization of the Brown-Resnick process in
terms of Lévy processes

We recall definition (1.3) of the original process in Brown & Resnick (1977) as

max [X; + Wi(t) —1t]/2], t € R, (4.1)
where Wj;, i € N, are independent copies of a standard Brownian motion on R and ) ;. dx;
is an independent Gumbel point process. They showed that the max-stable process (4.1) is
stationary and that it is the limit of pointwise maxima of independent Gaussian Ornstein-
Uhlenbeck processes.

The Brownian motion is a Markov process with stationary and independent increments.
A natural approach is to generalize (4.1) to the class of all such stochastic processes which
have stationary and independent increments, namely Lévy processes (cf. Bertoin (1996);
Sato (1999)). In fact, Stoev (2008) introduced the process

nt(t) = nax[X; + L) —twt(1)], t>o0, (4.2)
where ),y dx, is as above and L;r,i € N, are independent copies of a Lévy process Lt with
finite exponential moments and ¥+ (1) = logEeZ" (). They showed that " is max-stable
and stationary on [0,00). However, somehow counter-intuitively, their results cannot be
generalized by simply reflecting the Lévy processes at the y-axis (as it is seemingly done
with the Brownian motion in (4.1)). One can easily show that this would not yield a
stationary process on R. Moreover, only few theoretical properties of the process n* are
known. For instance, it was asked in Stoev (2008) whether the one-sided process in (4.2) has
a representation as a mixed moving maxima (MMM) process.

In this chapter we give a more complete definition of Brown-Resnick processes based on
Lévy processes not only on the whole real line but also in terms of random fields on R¢.
By analyzing their properties we aim at providing a deeper understanding of the two-sided
version of (4.2), also illuminating the construction (4.1).

By a suitable change of measure, in Section 4.1 we introduce an exponentially transformed
Lévy process L™, which already figured in Kabluchko (2011b) in the construction of a certain
a-stable process. This process will give rise to an extension 1~ of the process n* on the
negative real axis. Several properties of the combined process 7 on the whole real line are
derived and, specifically, the question on a MMM representation is answered. Section 4.2 is
concerned with the convergence of maxima of i.i.d. realizations of certain stochastic processes
to n. In particular, extending the result on the Gaussian Ornstein-Uhlenbeck process in Brown
& Resnick (1977), we present a similar result for a-stable Ornstein-Uhlenbeck processes.

45
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In Section 4.3 we use the one-dimensional results to extend the process 1 to d-dimensional
random fields. To this end, the notion of linearly additive, infinitely divisible random fields
introduced by Mori (1992) is crucial. Some ideas on statistical inference for the max-stable
process 1 are given in Section 4.4.

4.1 The one-dimensional case

Throughout this section, { L™ (t) : t > 0} will be a Lévy process, i.e. a stochastic process with
stationary and independent increments such that L™(0) = 0 holds a.s. and L™ already is a
version which has cadlag paths (right-continuous with finite left limits). Denote by (0,02,v7)
the characteristic triplet of LT, where o2 is the variance of the Brownian component and v+
is the Lévy measure. The drift is irrelevant and thus assumed to equal 0. Further, let L™
satisfy the moment condition

Ut (1) = logEeX™ (M < . (4.3)

The natural space for the sample paths of a Lévy process is the Skorokhod space of cadlag
paths. For an interval I C R it is defined as

Dr(I) ={f:I — R, f has cadlag sample paths},

which becomes a Polish space when equipped with the Skorokhod metric (cf. Ethier & Kurtz
(1986)). By B(Dg(I)) we will denote the corresponding Borel o-algebra on Dr(I). For
instance, with this notation, L™ is a random element in the Skorokhod space Dg([0,00)).

4.1.1 Definition of the process L~

With the Lévy process LT above, put Z*(t) = L (t) — t&+(1), such that EeZ () = 1 for
t > 0. We can now define a transformed Lévy process {Z7(t) : ¢ > 0} that arises from
an exponential change of measure (cf. Kabluchko (20115)). Since ZT is a Markov process,
say on the filtered space (2, F,P, (Ft)t>0), there is a corresponding semigroup of transition
kernels (j1; );>0 given by

P(2*(t) € BIF) = py(Z2*(5),B) = i (0,B = Z*(s)), 0<s<t,

for any B € B(R), where the second equality holds since Z is a Lévy process. For details
on Markov processes see Chapter 8 in Kallenberg (2002). The relation

uy (z,B) = ExlB(ZJr(t))eZﬂt)*x = / 1p(y)e? “uf (v,dy), x€R,BecB(R), (4.4)
R

defines another Markov process (Z7 (t))s>0 with transition kernels (y; )¢>0. Indeed, it is easy
to verify that the Chapman-Kolmogorov relation p;,, = p; pg is satisfied and, moreover,
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that this semigroup is space homogeneous, since
py (z,B) =E"15(Zt(t)e? 07" = E1p(Z7(t) + 2)e? ™ = 7 (0,B—x).  (4.5)

Thus, (Z7(t))e>0 is in fact a Lévy process.
One can check that (4.5) implies that —Z7(¢t) = L~ (¢) — t¥—(1),t > 0, where L~ is
a Lévy process with characteristic triplet (0,02,v7), with v~ (dzx) = e *v*(—dx), and
(1) = logEe’” (V. Note that ¥~ (1) is well-defined since L~ satisfies the exponential
moment condition (4.3). We define the combined two-sided process {Z(t) : t € R} with
sample paths in Dgr(R) by
+ +
(1) = {i_(t) (1) . for t >0, (4.6)
((—=t)=) = (=t)¥—(1) fort <0,

where Lt and L~ are assumed to be independent and (u)_ denotes the left limit at u > 0.

Remark 6. For instance, if Lt is a standard Brownian motion {W*(t) : t > 0}, i.e.
ZH(t) = WH(t) —t/2,t > 0, then Z~(£) L WH(t) +/2,t > 0 and thus

Z(t)=W(t) - [t|/2, teR,

for a standard Brownian motion W on R. This shows that in the construction (4.1), the
Brownian motion is not “mirrored” but in fact transformed by an exponential change of
measure to obtain the process W~ on the negative real azis.

Remark 7. Note that the process Z is not a Lévy process on the real axis. It still has
independent increments, however, they are no longer stationary since v~ (—dz) = e*vt(dx) #
v (dz), unless v = 0.

Remark 8. For any Lévy process LT satisfying the moment condition (4.3), the associated
process Z has the property

lim Z(t) = —oo, almost surely.
[t]|—o0

This follows from Ee?() = 1.t € R, and Ezercise VI.4 in Bertoin (1996)

Remark 9. Suppose Lt is a spectrally negative Lévy process, i.e. the support of its Lévy
measure is contained in (—o00,0] (cf. Chapter VII in Bertoin (1996) for details). Clearly, L™
satisfies the moment condition (4.3). In this case there is a concrete interpretation of the
associated process Z~ obtained by the exponential change of measure (4.4) applied to Z*. In
fact, Lemma VII.7 in Bertoin (1996) states that for any t > 0 and A € F;

P, (A) = lim P, (A|sup Z7(t) > ),
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where P, is the law of Z~. In other words, Z~ is nothing else than the process Z* (which
drifts to —oo) conditioned to drift to co.

4.1.2 The Brown-Resnick process 1 based on Z

We are now in a position to extend the construction in (4.2) to the whole real line and define
a two-sided version of the Brown-Resnick process based on Lévy processes. Here, we assume
that o2 = 0, since the Gaussian case has already been studied in Brown & Resnick (1977).
In fact, the assertion of this theorem is a consequence of Prop. 2.8 in Kabluchko (2009a),
but we give a more elementary proof to avoid the technical methodology.

Theorem 5. Let (Z(t))icr be defined as above based on L satisfying the moment condition
(4.3). Further, let 3 72, 6x, be a Poisson point process with intensity e"*dx and let Z; be
independent copies of Z, i € N. Then, the process

n(t) = %%X(Xi + Z;(t), teR, (4.7)

is maz-stable and stationary on R.

Proof. The max-stability follows directly from the construction. First note that by Theorem
25.17 in Sato (1999), EeZ® = 1 implies that Ee*4®) < oo, for all u € [0,1] and t € R.
We apply the stationarity criterion in Prop. 6 in Kabluchko et al. (2009). To this end, let
neN t; <...<t; <0<tjq1 <...<t,and uy,...,u, € [0,1] such that >;" ; u; = 1.
Since (Z(t1),...,Z(t;)) and (Z(tj+1),...,Z(ty)) are independent by the definition of Z, we
compute their Laplace exponents separately. Here, let Rg = R\ {0}. Using the definition of
Z~ in (4.5) we obtain

log Eexp (u1Z(t1) + ... + u; Z(t;))

= log Eexp ( —ui(Z7((=t1)-) = 27 ((=t2)-)) = (w1 + u2)(Z7 ((=t2)-) — 27 ((=13)-))—
e () 27 (1))

— (ty— 1) /RO 0= 1 (1 — uy)ard g oy v (dr)+

et (_tj)/R eU—lmtedu))e _ 9 (1 — (ug +... 4 ;)2 L|p<q v (d)
0

j—1
— (Z(ti_;,_l — ti)(l — (u1 + ...+ uz)) — tj(l — (u1 + ...+ uﬂ)) W+(1)
= (ty — tl)/ eluatobun)® (o 4 4 Un )Ly <1 v (da)+

(=) /R (a1t 1 (g L )2l < v (d2)
0

n J
+ (Z tlui — thuz) W+(1),
=1 =1



4.1 The one-dimensional case 49

where we used > ;" u; = 1. Furthermore,

log Eexp (Uj+1(L+(tj+1) — U (tjg1)) + - un (L () — WJF(%)))
= log E exp (Un(L+(tn) - L+(tn71)) + (Un + Unfl)(L—'—(tnfl) - L+(tn,2))—|—
e (e Uj+1)L+(tj+1) — i tiuikp+(1)>
i=j+1

= (tp — tnfl)/R e — 1 — upxljy <1 v(do)+
0

st tj—i-l/ e(uﬂ'+1+"'+un)$ —1- (Uj+1 +...+ un)a:1|x‘<1 V+(dx)
. <
. 0
— Z tluzkp+(1)
i=j+1
Putting the parts together yields
log ¢ty 4o (U, ..., up) =logEexp (u1Z(t1) + ... + unZ(tn))
= (tn — tn—1) /Ro e — 1 — upal iy < v (da)+
s 4 (t2 — tl) / €(u2+'"+u")x —-1- (Ug + ...+ un)x1|m|<1 V+(d:L')
Ro =

n

+ Z(tl — ti)uﬂfr(l).

i=2
This expression does no longer depend on the assumption that ¢1,...,t; are negative and
tj+1,...,t, are positive but is true for any ¢1,...,t, € R. Since it only depends on differences

of two locations, we clearly have for any h € R that

¢t1+h,...,tn+h(u17 s 7un) == ¢t1,...,tn (Ul, o 7u7’b)'

This concludes the proof. ]

Similar to the Gaussian case, the next result shows that the paths of the Brown-Resnick
process look essentially like those of the underlying Lévy processes.

Proposition 2. For any compact interval K C R only finitely many paths contribute to the

process {n(t) : t € K} from Theorem 5 almost surely. In particular, n is again a process with
cadlag sample paths.

Proof. Without loss of generality put K = [-T,T7], for some 7' > 0. Let 372, §(x, z,) be a
Poisson point process with intensity e *dz Pz and suppose that the processes Z and Z;,
1 € N, are as in Theorem 5. For k € Z define the random number

In=#{i e N: sup (X;+ Zi(t)) > k},
te[~T.T]
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which is Poisson distributed with parameter Ay € [0,00]. Observe that

)

<eF <Eexp{ sup Z(t)\/O}—HEeXp{ sup Z(t)\/O}) < 00,

te[—T,0] t€[0,T]

+P| sup Z(t) > =

te[0,7)

)\kge_k/ez (IP’[ sup Z(t) >z
R

te[—T,0]

where for a,b € R we put a Vb = max(a,b). For the last inequality we used the assumption
that the exponential moments of Z exist together with Theorem 25.18 of Sato (1999) applied
to the sub-multiplicative function z — exp(z V 0). Thus, Ij is almost surely finite.

Moreover, 7 is almost surely cadlag as the maximum of finitely many cadlag functions. O

Recall the definition of the extremal correlation function from Chapter 1 as a measure of
extremal dependence. Kabluchko & Schlather (2010) showed that a process with extremal
correlation function p is mixing if and only if

lim p(t) = 0.

t—o00

Proposition 3. Let the processes n and Z be as in Theorem 5. The extremal correlation
function of n is given by

p(t):2—IE[1\/eZ(t)], teR,
and, moreover, 1 is Miring.

Proof. Recall from Remark 8 that limy,_,. Z(t) = —oc0, almost surely. The first assertion

follows by a simple calculation. For the second claim we use EeZ®) = 1 for all ¢ > 0 and
dominated convergence to obtain

E[1ve?0] = P(Z(t) < 0) + 1 — El<0e”® = 2,

for t — oo. O

The mixing property was already shown in Stoev (2008) for the one-sided process (4.2).
However, an open question therein was whether the stationary process in (4.2) has a
representation as a MMM process as defined in (1.4). The following theorem answers this
question.

Theorem 6. Let the processes n and Z be as in Theorem 5. The Brown-Resnick process n
admits a MMM representation.

Proof. Note that the Borel o-algebra on Dr(R) is induced by the projections mg : D — R,
f > f(s), for s € Q (cf. Theorem 14.5 in Billingsley (1968)). The subset D* of functions in
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Dg(R) that tend to negative infinity for |t| — oo is measurable. Indeed, we note that

pt=N U N {7 (=0, -n)},

neENmeN seQ
|s|>m

by the right continuity of paths in Dg(R). Furthermore, Remark 8 implies that Pz(D¥) = 1,
where Pz denotes the law of Z on Dgr(R). Let N7 = 3772, 0(x,,z,) be a Poisson point process
on R x D} with intensity e *dz Py. We will show below that the mapping

¢:Rx DV — RxRx D

(@,f) — (fc +sup f(s), argsup f, f(- + argsup f) — sup f(8)> (4.8)

is measurable. Applied to the points of N7 it then induces a Poisson point process

oo
Z 5(Xi+supS€]R Z;(s),argsup Z;,Z;(-+argsup Z;) —Supgcp Zi(s)) )
i=1

on R x R x D} with a certain intensity measure I". Using the same estimate as in the proof
of Prop. 2 we conclude that

r ([0,1] x [0,1] x Di) < /Rex]P’ (tzl[?l] Z(t) > a:) dx < 0.

This fact and the arguments in the proof of Theorem 14 in Kabluchko et al. (2009) show
that I" factorizes and is given by ce™*dx dt dQ, where c is a finite constant (depending on Z)
and Q is a probability measure on D¥. This gives the required MMM representation in (1.4).

For the measurability of ¢ in (4.8) we first note that due to the right continuity and the
fact that the supremum of a function f € DV is finite we have

sup f(s) = sup f(s) = sup ms(f),
sE€R s€eQ seQ

and thus, sup is measurable on DV as the supremum of countably many measurable functions.
Furthermore we define the arg sup to be the supremum of those points where the supremum
is attained and those where it is approached arbitrarily close. More precisely, let

argsup : DV — R, f— lim sup h(f),

n—oo SEQ

where h? : D¥ — R for s € Q and n € N is defined by f — $1{sup f—f(s)<1/n}- Since the hy
are measurable, so is arg sup.

For the measurability of the translation by the argsup we note that the mapping v :
DY x R — DY, (f,t) = f(- 4+ t) is measurable thus also the concatenation of measurable
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functions
DY — R x D¥ 1 Dt
[ (argsup f, f) = f(- + argsup f).
This establishes the measurability of ¢ and concludes the proof. O

Remark 10. In general it is not possible to explicitly compute the distribution Q of the
process F' in the MMM representation (1.4) for general processes n. However, in the special
case where Z is a standard Brownian motion with drift, Engelke et al. (2011) showed that Q
s the law of a well-known diffusion process, namely a Brownian motion with drift conditioned
to stay negative (cf. Chapter 2).

4.2 Convergence results

In this section we show that the stationary processes 1 defined in (4.7) arises as the max-limit
of certain suitably rescaled and normalized stochastic processes. For the sake of simplicity,
we restrict our analysis to processes on [—1,1], the case (—oo,00) being similar.

Denote by M,(E) the space of all Radon point measures on the complete, separable and
second countable metric space (E,B(E)). My(E) is equipped with the o-algebra M, (E)
induced by the family of all projections 74 : My,(E) — [0,00], T +— T7(A), for A € B(E).
Further, for a stochastic process {R(t) : t € T} on an index set T and t = (¢1,...,t,) € T,
m € N, we use the shorthand notation R(t) = (R(t1),..., R(tm)).

4.2.1 Extremes of independent Lévy processes

Motivated by the results in Kabluchko (2009a) for sums of independent geometric Lévy
processes, in this section we consider the extremes in a similar situation. Suppose that L;,
i € N, are independent copies of a non-deterministic Lévy process {L(t) : ¢ > 0} satisfying
the moment condition

¥ (u) = logEe"t(Y) < oo, for all u € R,

and suppose that L(1) is non-lattice. The function ¥ is strictly convex and infinitely
differentiable with ¥(0) = 0. Let A be given by A = I(¥/(1)) = ¥/(1) — ¥(1), where I is the
Legendre-Fenchel transform of ¥ (for details see Kabluchko (2009a)), and suppose that s,
n € N, is a sequence of non-negative real numbers such that

logn

lim =\
n—oo S,

Further, put Z;(t) = L;(t) — t¥(1), t € R,i € N, and define normalizing constants by

<1ogn — log( 27r¢”(1)5n)>

by, = syl ! , neN.

Sn
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Theorem 7. As n — oo, we have the following convergence

max Zi(sy +t) — by S n(t), te[-11],

i=1,....,n

in the sense of finite dimensional distributions, where n is the process in (4.7).

Proof. Let us first consider the one-sided case on [0,1]. Note that by the Lévy property
Zi(sn + ) — Zi(sy) is independent of Z;(s,,) and it has the same distribution as Z;(-), i € N.
Thus, for v € R and A € B(Dg[0,1]) we have the convergence

nP((Z1(sn) — bn, Z1(sn + ) — Z1(8n)) € (u,00) x A)
=nP(Z1(sp) — b € (u,00)) - P(Z1(-) € A) = e “P(Z1() € A),

as n — 0o, since nP(Z1(syn) —bn € (u,00)) — e~ by Lemma 10.3 in Kabluchko (20115). Thus,
since weak convergence on Dg[0,1] implies convergence of finite dimensional distributions, it
follows by Prop. 3.21 in Resnick (2008) that for any m € N and t = (¢1,...,ty,) € [0,1]™,
the point processes

n
My =" 8(2,(sn) b, Zi(snt)Zu(s2)
i=1
converges weakly on R x R™ to the PPP Ng(t) =32 d(x;,z:(t)) With intensity e”*dzPz ).
We observe that with M = {1 € M,(R x R™) : ({x € R™! : x < 0}%) < oo} €
Mp(R x R™) we have P(N}(t) € M) =1, where A® denotes the complement of the set A.
Applying the continuous map

ki M — Rm, Z 5(%’51,) = I?Eal\}lc Yi +8; (49)
€N

to M}, together with the continuous mapping theorem, yields the one-sided version of the
theorem. Here, the maxima in (4.9) are to be understood componentwise. The two-sided
result can now be deduced from the one-sided version following the lines of Section 10.6 in
Kabluchko (2009a). O

4.2.2 Ornstein-Uhlenbeck processes driven by totally skewed a-stable Lévy processes

In this section we show that 7 also arises as the max-limit of independent Ornstein-Uhlenbeck
processes which are driven by totally skewed a-stable Lévy processes, for o € (1,2). Brown
& Resnick (1977) proved a similar result for Gaussian (a = 2) Ornstein-Uhlenbeck processes
attracted by the original Brown-Resnick process.

Totally skewed a-stable random variables

Let us first recall some definitions on a-stable processes (cf. Samorodnitsky & Taqqu (1994)).
A real-valued random variable X is said to have an a-stable distribution S, (0,5,u) with
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parameters o € (1,2), 0 >0, 5 € [—1,1] and p € R if its characteristic function has the form
Eexp(i0X) = exp {—0*|0|*(1 — ifsign(0) tan(ra/2)) + iub} ,0 € R.

In general, a-stable distributions possess heavy polynomial tails and are thus not in the
max-domain of attraction of the Gumbel distribution. An exception, which we will focus on,
is the case of a-stable random variables that are totally skewed to the left, i.e. 5= —1. In
fact, if X is S, (1, — 1,0) distributed with « € (1,2), then it has a positive density on the
whole real line (—00,00) (unlike the case o < 1, where the mass is concentrated on (—o0,0]).
In this case, its upper tail F' = 1 — F is light and satisfies as z — 0o

Flz)=P(X >z) ~ (a— 1)Aax—a/(2(a—1)) eXp{*Baxa/(D‘_l)}’
for some positive constants

Aq = [21(a — 1)*] 7 [a/| cos(am/2)[]H/ =),

By = (= l)oz_a/(o‘_l)\ cos(om/2)|1/(°‘_1)7

(cf. Albin (1993), Samorodnitsky & Taqqu (1994, Eq. 1.2.11)). Similarly, for the density f
we have

f(z) ~ Ay Byz?=)/(@-1) eXp{_Bal.a/(a—l)}’

as x — o0o. In particular, note that X satisfies the moment condition (4.3), since a/(ax—1) > 2,
for all & € (1,2). Thus, we can rewrite the tail as

F(m):cexp{—/:‘zggdt}, z < x < 00,

for some ¢, z € R, a measurable function g satisfying lim; ,~ g(¢) = 1 and a positive,
absolutely continuous function a with density a’ having lim;_, a’(t) = 0. More precisely, by
Theorem 3.3.26 in Embrechts et al. (1997) the function a can be chosen as

1

a(t) = F(t)/f(t) = “——

5 V=l e R,
Dy

Suppose that X;,i € N, are independent copies of X. Then, with d,, = F* (1 —n~!) and
¢n = a(dy) it holds that (cf. Theorem 3.3.26 in Embrechts et al. (1997))

Jim P <c;1(ii111?>fn Xi—d,) < IL‘> = exp(exp(—x)),x € R, (4.10)

where F< is the pseudo-inverse of F'. Note in particular, that d,, — oo and thus ¢, — 0 as
n tends to oo.
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Lévy Ornstein-Uhlenbeck processes

To any totally skewed a-stable random variable X with distribution S, (1, — 1,0), a € (1,2),

there is a Lévy process {L,(t) : t > 0} such that L,(1) L X, It is easy to see that the
process L, is 1/a-self-similar, i.e., the processes {Lqy(ct) : t > 0} and {c"/*L,(t) : t > 0}
have the same finite dimensional distributions (cf. Samorodnitsky & Taqgqu (1994, Section
3.1)).

Based on this, we define the associated Ornstein-Uhlenbeck process {Yq(t) : —oco < t < oo}
by

Yo(t) = e/ Lo(eh).

By the self-similarity of L, we note that the process Y, is stationary with S, (1, — 1,0)
margins. In fact, for any h € R we observe (cf. Breiman (1968))

{(Ya(t+h): —00 < t < oo} = {e ML (ehe) : —00 < t < o0}

4 {e ¥ Lo(e!) : —00 < t < o0}
={Ya(t) : —o00 < t < oc0}.

Convergence to the max-stable process

In order to obtain convergence of the Ornstein-Uhlenbeck process to the process 1 in (4.7),
we need to define a version of Y, that is rescaled in time and normalized in space. More
precisely, for ¢,,d, as above, let

Wi (t) =, (Yi(snt) — dy), te[-1,1],
where Y;, ¢ € N, are independent copies of Y, and s, is given by

-1
sp = W(1)acpd;t = @(1)0‘?

67

dyolle=1) — o (4.11)
Here, ¥(1) = log Eexp(Lq(1)) = | cos(am/2)| by Prop. 1.2.12 in Samorodnitsky & Taqqu
(1994). Note that s, converges to 0 as n — co. Since the process L, satisfies the moment
condition (4.3), we can define the corresponding two-sided process Z, according to (4.6).

Theorem 8. As n tends to oo we have convergence

‘max W) S nt), tel-11], (4.12)

7
i=1,...,n

in the sense of finite dimensional distributions, where 1 is the process in (4.7) based on the
process Z,.

Proof. We start to show the result on the positive interval [0,1]. First, note that by the Lévy
property we have for i € N the stochastic representation L;(e*n?) £ Li(1) + L¥(eft — 1),
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where L are independent copies of the Lévy process L,, also independent of the L;. This
yields the identity in distribution on Dg[0,1]

W) = ¢ (e Li(e™) — dy)
L L) = d) + [op e Ly (et = 1) — (1))

+ et L) (e = 1) + 1w (1)]
= Xin+ Zin(t) + Ain(t), te[0,1],

where X; ,, Z; , and A; ,, are defined as the three summands, respectively. The first step is
to prove the following weak convergence on R x Dg[0,1] (equipped with the Borel o-algebra)

NP((X1m, Zim + ALn) € (u,00) x A) — e "Py. (A), (4.13)

for v € R and A € B(Dg[0,1]) with Pz (0A) = 0. To this end, let us establish the weak
convergence

nP(Xin, Z1n) € (u,00) x A) =nP(X1, € (u,0)) -P(Z1, € A) = e “Pz, (A), (4.14)

where we used independence of X ,, and Z; j, for the first equation. From (4.10) it follows that
nP(X1, € (u,00)) = exp(—u), as n — oo and we now seek to prove the weak convergence

{Z1p(t) : t €[0,1]} A {Li(t) =t (1) : t € [0,1]} = {Z(t) : t € [0,1]}, (4.15)

on Dg[0,1], as n — oo. In fact, we can even show that this convergence holds almost surely.
To this end, recall the definition of the Skorokhod metric in Ethier & Kurtz (1986). Define a
sequence of strictly increasing, Lipschitz continuous functions for n € N by

A [0,1] = [0,1], t (ef —1)/(e** —1).
It is easy to check that

An(s) = An(t)

log n p—

Y(An) = sup —0, n— oo

0<t<s<1

Furthermore, we observe that by the self-similarity of L}

{Z1a(t) st € 0,1} £ {ez(e™ = D]/ Ly (A1) — (1) st € 0,1]} (4.16)

n

and also

oup flea(e™ = DI L 0w (0) = LHOw®)] 2 0. n > ox,
tel0,

almost surely, since ¢, *(e®” — 1) = ¢,,;%(sp + 0o(sn)) = 1 4+ 0o(1) by (4.11). Thus, by the

definition of the Skorokhod metric, [¢;; (e’ — 1)]Y/¥e=5nt/*L*(\,(-)) converges almost surely
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to L in Dg[0,1], as n — co. Since almost sure convergence implies weak convergence, this
together with (4.16) yields (4.15), and thus (4.14).
In order to see that (4.14) implies (4.13) we first show that

[ A1 nlloo = sup |e; Ly (1)(e™*m® — 1) + 1w (1)| = 0, n — oo, (4.17)
tel0,1]
in probability, conditionally on X ,. Here || - ||so denotes the sup-norm on Dg[0,1]. In fact,

for arbitrary e >0 and a < b € R
P(| Annlloo > €] X1 € [a,0]) <P (Jleg dn(e™*/* = 1) + (1) |loc > €/2| X1, € [a,0])

+P (|| X1n(e Y = 1)oo > €/2| X1 € [a,0])

Clearly, the first summand tends to 0 as n — oo, since by the definition of s, in (4.11) and
the Taylor approximation of exp we have

sup | dy (e — 1) + 4w (1)| = sup | dp(—cnd; (1) + o(cad ) + t¥(1)] — 0.
te(0,1] t€l0,1]

For the second summand we observe
P ([ X1n(e™ = 1)]loo > €/2] X1 € [a,8])
< P ([ max{Jal. o]} (=" ~ )]s > /2) = 0,

as n — oo, since s, — 0. We are now in the position to prove that (4.17) together with
(4.14) implies

1im P(Z15+ A1y € B|X10 € A) =Py, (B), (4.18)

for all sets B € B(Dg[0,1]) with Pz (0B) = 0 and A € B(R). This assertion is similar to
Lemma 7.3 of Das & Hashorva (2012), where only the space C]0,1] of continuous functions
equipped with the sup-norm is considered. Our proof below in the case of the Skorokhod

space Dg[0,1] follows essentially the lines of their proof.
For U € B(Dg[0,1]) and € > 0 define the sets

Ue ={f € Dr[0,1] : f = g+ h for some g € U, h € Dr|[0,1] and ||h||c < €},
U_e={feU: f+heU forall h € Dr[0,1] with ||hljc < €}.

For any € > 0 with Py (0B.) =Pz, (0B_¢) = 0 we observe

P(Zip+ A1 € Bl X1 € A) > P(Z1, + A1y € B, || A1 n]loo < €| X1 € A)
]P(Zl,n € B_E, HAl,nHoo < E‘le € A)
P(Z1n € B_o)P([[A1nlloo < €| X1 € A)

— Pz (B_¢), n — o0,

>
>
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where we used (4.15) and the fact that Z;,, is independent of both A;, and X ,, and,
as shown above, that lim,, oo P(||A1n]lcc < €/X1,, € A) = 1. Similarly, we can show that
limsup,, oo P(Z1, + A1, € B| X1, € A) <Py, (B). Consequently, we have

Py, (lim B_.,) <lminfP(Zi, + A1, € B|X1, € A)
m—ro0 n—oo

<limsupP(Z1, + A1 € B|X1, € A) <Py, ( lim Be,),

n—oo m—r0o0
for a sequence €, N\, 0 such that Pz (9B, ) = Pz, (0B_.,, ) = 0,m € N. Since any open
set in the Skorokhod topology is also open in the || - ||o-norm, it follows that the interior
(in the Skorokhod metric) B° of B is contained in the set lim,, o, B_,, . Similarly, as any
accumulation point in the ||-||oo-norm is also an accumulation point in the Skorokhod topology,
the set limy, o0 Be,, is contained in B U dB. Since Py (B°) =Py (BUJB) =Py, (B), this
yields

€m

Fa (i, o) =P (Jm B-0) =P 8)

and thus, (4.18) and consequently (4.13) follow.
To complete the proof for the one-sided case, let m € N and t = (¢y,...,t,) € [0,1]™ be
arbitrary and consider the point processes

n
N, = Z 5(Xz‘,n,Zi,n(t)+Ai,n(t))'

i=1
Since weak convergence on Dg[0,1] implies convergence of finite dimensional distributions, it
follows from Prop. 3.21 in Resnick (2008) and (4.13) that NV} converges weakly to the PPP
>ieN 0(x;, 7)) With intensity e”*dzPz, (4). Applying the continuous mapping theorem with
k in (4.9) to this weak convergence of point processes gives the desired result on [0,1].

For the two-sided convergence of (4.12) on [—1,1] we first note that by the same arguments

as above this convergence holds on [0,2], or equivalently,

max W(-+1) % n(-+1), on [-1,1].

7
i=1,...,n

By the stationarity of the W and 7 this yields

‘max W) % n(), on [-1,1].

i=1,...,n ¢
[

Remark 11. Both, Theorem 7 and 8 are stated for convergence of finite dimensional
distributions. We though believe that even weak convergence on the Skorokhod space Dr[—1,1]
holds true. In the proofs of the two theorems we needed to specialize to finite dimensional
margins since the statements in Resnick (2008), specifically Prop. 3.21, are valid only for
point processes on locally compact, second countable spaces. The Skorokhod space Dg[—1,1]
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is however not locally compact and therefore another technique is necessary. To this end,
the weak convergence in (4.13) can probably be used together with bounds on the lower order
statistics, similar as in the proof of Theorem 1.4 in Kabluchko et al. (2009), to establish the
desired result.

4.3 The d-dimensional case: Lévy-Mori random fields

We now extend the results to d—dimensional random fields having infinitely divisible distri-
butions. Let us first set up the framework. We will follow the approach of Mori (1992) who
proved a representation theorem for stochastically continuous, infinitely divisible, linearly
additive random fields {£(¢) : t € R?} without Gaussian components. By linearly additive
we understand that for every pair a,b € R? the stochastic process {£(a + Ab) : A € R} has
independent increments.

In order to describe these random fields explicitly we consider the space of all (d — 1)-
dimensional hyperplanes in R%, denoted by Hy. Every pair (s,0) € R x S9=1 represents
a hyperplane {z € R? : (2,0) = s}, where (s,§) and (—s, — 6) correspond to the same
hyperplane. We can identify Hy with the half cylinder

Car = Ry x ST™H U ({0} x 8971,

where R} = (0,00) and Si_l is the set of all x € S9! whose first non-zero component is
positive. Moreover, define the set

A||B ={h € H; : h separates A and B}.

A measure m on Hy is called bundleless if m({h € Hy: hN{a} # 0}) =0 for all a € R%.
We now consider a measure A on the space Hy X Ry which satisfies the following conditions:

(A1) For all A € By(Hy), the space of all relatively compact Borel sets in Hy, we have

/ lz|2 A1 A(A x dr) < oo,

Ro

/ e’ A(A x dx) < 0.
|z|>1

(A2) For every a > 0, the measure Ay () = A(- x {|z| > a}) is locally finite and bundleless.

Every such measure A satisfying the two above conditions determines an infinitely divisible
random measure ¥ = Y, on Hg, i.e., a family of infinitely divisible random variables
{Y(A) : A € By(Hg)} which satisfy the following conditions:

(i) Y(A;) and Y (Ag) are independent for disjoint Ay,Ay € By(Hy),
(i) Y(U2; 4i) =22, Y (A;) as. if A; € Bo(Hy) are disjoint and (J;2; A; € Bo(Ha),
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(iii) for A € By(Hy)

Eexp{uY (A)} = exp {/R (e“z -1- ua:1|w‘§1> A(A x dm)} , u€[0,1].

0

Proposition 4.1 in Mori (1992) states that for each such measure A satisfying (A1) and
(A2) we can define a random field I, by

IAt)=Y(lt), teRY (4.19)

where Y is the infinitely divisible random measure associated to A. Furthermore, I,
is infinitely divisible, stochastically continuous, linearly additive and it has no Gaussian
component.

In order to define a measure A on H; X Ry we want to use the half cylinder representation
of Hy. To this end, let 7 be the natural bijection from Hy to Cg, given by 7h = (s,0) if
h={ucRe: (u,) = s}. Moreover, define the mapping

%:HdXRoﬁcd_i_XRo

by 7(h,u) = (th,u) for h € H; and u € Ry.

Following Def. 4 in Kabluchko et al. (2009), we call a process {((t) : t € R} Brown-Resnick
stationary if for a Poisson point process > ;= dx, on the real line with intensity e™*dz and
independent copies (;, ¢ € N, the process

max(X; 4+ ¢(t)), teRY,
i€eN

is stationary. We are now in a position to state the main result of this section.

Theorem 9. Let v be a measure on S* ! x Ry such that
v(d(—0) x dx) = e v (df x d(—x)). (4.20)
Furthermore, suppose that v satisfies

/ |22 A 1v (S x da) < oo,

Ro

/ e v(S91 x da) < 0.
|z|>1

Define the measure A on Hg X Ry by

(A xv)(A) if A€ B(Ry x S x Ry)

A7 (A) = {O if A€ B({0} x Sﬁlr_l x Ry),
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where X\ is the Lebesque measure on Ry. Then A satisfies (A1) and (A2) and the process
C(t) = Ix(t) —logEela®) | ¢ e RY,
is Brown-Resnick stationary, where 15 is defined as in (4.19).

Proof. Fix n € N, t1,...,t, € R? and uy,...,u, € [0,1] with 37, u; = 1. We verify the
stationarity criterion by Kabluchko et al. (2009) for the process (.
To this end, let N,, be the set of all nonempty subsets of {1,...,n}. For J € N,, define the
set Ay C Hy by

Ay = ({0} uft;,i ¢ ) {te, k € J}

and uy = >,y ur. Further, let
Y(u,x) = e — 1 —urly<, u € [0,1],z € Ry.
First, consider the easiest example for v, namely for fixed & € S and z € Ry
v®*(df x dx) = 04(df)o,(dx) + e *d_o(dR)o_(dx),
which satisfies (4.20). Indeed,
v&*(d(—0) x dx) = 6_4(d0)d,(dz) + e T4 (df)d_,(dx)
= e "2 (e 750 ()5 (d(—2)) + 0a(d0)d- (d(~2)) )
=e v**(df x d(—x)).

This measure induces the measure A®* and the random field (** which essentially is a
Poisson process in the direction of o which is constant on lines orthogonal to «. It follows
from Corollary 9 in Kabluchko et al. (2009) and Theorem 5 that (** is Brown-Resnick
stationary.

Let Y be the infinitely divisible random measure determined by A, then we conclude by
geometrical considerations that

n

Z uiIA(ti) = Z U]Y(AJ) a.s.
i=1 JENR

and that the sets A;, J € N, are disjoint (cf. Mori (1992)). Thus,

logEexp{zn:uiIA(ti)} = Z logEexp{u;Y(As)}

i=1 JEN,



62 4 A generalization of the Brown-Resnick process in terms of Lévy processes

and we compute for J € N,
log Eexp {usY (A1)} = [ (usa) A(Ay x da)
Ro

— / b(uy) Adh x d)
AJXRO

= / Y(ug,x) A7 (ds x df x dx)
?(AJXR())

= / Y(ug,x)dsv(dd x dx)
(A1) xRo

= /d_1 / 1ra,)(s5,0)Y(uy,z)dsv(dd x dr)
S XRO R+

— [ [ L (50 ) + L (s~ 0) €7 g, — @) dsv(dh  d),
S+ XRO R+

where the last equality follows from (4.20). Applying this formula to the process I ja.= we get

log E exp {Z Uil pa.z (tz)} = Z /]R lT(AJ) (S,Oé) ¢(UJ7Z) + 1T(AJ)(S7 - Oé) e’ WUL - Z) ds.

i=1 JEN,

Furthermore, for fixed ¢ € {1,...,n}, by putting u; = 1 and u; = 0, j # i, we obtain

logEeI"(ti)Z/ Z/ 1-(a,)(8,0) ¥(Lics,w)

S xRo jep, R+
+1,0a,)(s,— 0) " Y(Licy, — x) dsv(dO x dx).

Thus, putting the parts together, we have

log E exp {Zul (IA(ti) _ log]EelA(ti)>}
i=1

/ 1r0a,)(s,0) [1/}(1”,3:) - Zl/l(lieJ@)]

/Sil xRo jen, /R =
+ 1 a,(s, —0)€” [wm —x) = > P(Liey, — a:)] dsv(df x dz)

=1

= log E ex w; (Lne=(t;) — log Bela= =) & (df x da). 421
Jor o8 p{g (L0 1:) =108 ) o xde).  (@21)

From the Brown-Resnick stationarity of (%7 it follows that for h € R¢

log E exp {Zn:uzfo"z(ti + h)} = log Eexp {Zn: uiCa’Z(ti)} .

i=1 i=1
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This together with Proposition 6 in Kabluchko et al. (2009) and (4.21) shows that also ( is
Brown-Resnick stationary.
O

4.4 Estimation

When modeling extreme events via max-stable processes it is important to have estimation
methods to determine the model parameters. As seen in Chapter 3 inference for max-stable
processes is a challenging task as multivariate densities are usually unknown. Fortunately,
in many cases already the bivariate distributions contain all necessary information. For
instance, the composite likelihood approach in Padoan et al. (2010) uses this fact to construct
estimators for max-stable processes.

In this section we show how inference for the max-stable, stationary “Lévy-Brown-Resnick”
processes 7 in (4.7) can be carried out. In fact, it turns out that by suitably conditioning
the data, the problem simplifies to estimation of the parameters of the underlying Lévy
process. Similar to the results in Chapter 3 and in Engelke et al. (2012d), the first approach
uses the incremental representation of 7 to derive the asymptotic distribution of extremal
increments. The second approach is based on spectral densities as in Coles & Tawn (1991)
and is applicable if the Lévy process possesses a density.

Since spectral measures are defined for Fréchet margins, in this section we consider the
transformed “Lévy-Brown-Resnick” process

n*(t) = max Y:Vi, teR, (4.22)

where V; = %) and the Z;, i € N are as in Theorem 5 and Y22, dy, is a PPP with intensity
1/y%dy. In particular, n* is stationary with unit Fréchet margins.
4.4.1 Extremal increments

By construction, the process n* admits the incremental representation (4.22) (cf. Engelke
et al. (2012¢,d)). Similarly to Theorem 4 in Chapter 3, the following result gives the
asymptotic distribution of suitably conditioned increments of processes in the MDA of n*.

Theorem 10. Suppose that the stochastic process {Q(t) : t € R} is in the MDA of n* with
standard Pareto margins, i.e., for any to,...,tx € R,k € N, we have the weak convergence

(1Amax Qi(to),...,lipax Qi(tk)) s (o), (), = 00,

n i=1,...,n n i=1,...,n

where (Q;)ien are independent copies of Q. Further, let U be Pareto distributed and
independent of V. = exp(Z). Let a(n) be any sequence of positive numbers such that



64 4 A generalization of the Brown-Resnick process in terms of Lévy processes

lim,, o0 a(n) = co. Then, as n tends to oo, we have the convergence in distribution on RF+1

(Q(to) Q(t1) Q(tr)

d
()’ Qo) Olty) | Q(ty) > a(n)) — (U, V(t1),...,V(tk)).

Proof. The assertion of this theorem is a consequence of the more general statement of
Theorem 2.1 in Engelke et al. (20124d). O

Remark 12. For statistical applications the sequence a(n), n € N, should be chosen in such
a way that lim,_ oo a(n)/n = 0. In this case, the number of observations that exceed the
threshold a(n), i.e., the cardinality of the index set I(n) of extremal observations

I(n)={ie{l,...,n}: Qi(to) > a(n)},

converges to oo with probability 1, as n tends to co. Thus, the set of extremal observations

(@i i) =0}

is approzimately a sample of i.i.d. realizations of the random vector (V(t1),...,V(tx)).

4.4.2 Spectral densities

Recall the definition of the exponent measure and the spectral density from Section 3.2.2 in
Chapter 3.

Suppose that the Lévy process {Z(t) : t > 0} possesses the density f; at each point ¢ > 0. For
the bivariate distributions (7*(0),n*(¢)) of the process n* we compute the spectral density s;
of the exponent measure. To this end, note that for arbitrary ¢ > 0 we have

1 1
—logP (*(0) < o, 7" (1) < @) = Emax{,eZ<t>}.
rog T1

Thus, we compute

E max {1,162“)} _ 1 /Oo e fu(y)dy + — /logzo fi(y)dy. (4.23)

To T1 Tl log% Zo J—oo

In order to obtain the spectral density s; on Sy = {z,y > 0: x + y = 1}, we observe that by
Theorem 1 in Coles & Tawn (1991) for w € [0,1],r > 0

2
B (w) = (— axfaxl [~ log P (n*(0) < ao,n*(t) < xm)

ro=rw,r1=r(l-w)
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Hence, by equation (4.23)

0 1 1 1 x 1 [loggt 1 x
g Bmax{ - e?OL = g (log 74 ) = [ gy — 5 (10822 )
€T x ZTo

8560 o X1

and consequently

such that

1) = Sy eleel(1 = w)/]). - w € 0.1

For © C R?, let { fto : 0 € ©} be a parametric model for the densities of Z and suppose
that {Q; }1<i<n is an independent sequence of copies of a process {Q(t) : t € R} with standard
Pareto margins in the MDA of n*. Further, for fixed ¢t > 0 put Q; = (Q:(0), Qi(t)). In this
case the spectral densities can be used to estimate the model parameters 6. In fact, after a
further transformation of Q1,...,Q, to pseudo polar coordinates (r1,w1),...,(Tn,wy), for
a high threshold r¢g > 0, the set {(r;,w;) : i € Ip}, Ip = {1 <i <n:r; >ro},is fitted to a
Poisson point process on [0,00] x S; with intensity 1/7?dr x sy g(w)dw. The approximate
likelihood is given by

L6, {(riw:),i € Ip}) = exp(—ro_l) H 7“1-_28,579((4)@').

i€lp

Note that it suffices to maximize the reduced likelihood

L0, {ws,i € I}) = [] fro(log[(1 — wi)/wi]), (4.24)

icly

to obtain an estimator for the parameter 6, which fully characterizes the Lévy process
{Z(t) : t > 0} and thus also the “Lévy-Brown-Resnick” process n*.

4.4.3 Examples

For most Lévy processes the densities either do not exist or are unknown in explicit form.
However, there are several important examples where the densities f; do exist and where we
can write down explicitly a parametric model for the spectral density s;.
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Gamma process

Let {I'(t;~,d),t > 0}, 7,0 > 0, be the Gamma Lévy process, i.e. a subordinator with density

file) = 2 e g s
t I'(yt) ’ ’

where I' denotes the Gamma function. Its Laplace transform is given by

EeM (570 — (1= X/6)7", A<,

and it thus satisfies the moment condition (4.3) if 6 > 1. Taking for instance {—I'(¢;~,9) :
t > 0} for any v,0 > 0 or {I'(t;v,08) :t >0} for v > 0,6 > 1 for L™ in the definition (4.6) of
Z, we can estimate v and § as above by observing data in the MDA of the corresponding
“Lévy-Brown-Resnick” process n* in (4.22).

Inverse Gaussian

Consider the inverse Gaussian Lévy process {T'(¢; a,b) : t > 0}, which is a subordinator and
defined as follows. Let {W(t) : t > 0} be a standard Brownian motion and a,b > 0. Then T'
is the first passage time

T(t;a,b) =inf{u>0:W(u)+bu=at}, t>0.
It has an inverse Gaussian distribution with density

at 10,242 —1 32
ft(x) _ x73/26abt87§(a t“x™ +b x)’ x>0,

V2r

and Laplace transform

Ee 00 = exp {tab (1 — 1+ 2)\/b2>} . A> —b?)2.

Taking {—T'(¢;a,b) : t > 0} in the definition (4.6) of Z, we obtain a max-stable, stationary
process 1), ,, which depends on the two parameters a,b > 0. Note that the density of Z (t) for

t > 0 is given by fi(z) = fi(z + tab (1 —Vv1+ 2/b2)). Hence, according to (4.24), we need

to maximize

- 1 1
log L((a,b), {w;, i € In}) o |I|log a+|Io|abt — ~a’t? Z x;t— ~b? Z Zi,
2 i€lp 2 1€y

where z; = log[(1 — w;)/w;| + tab (1 -1+ 2/b2). This problem can be solved numerically.
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Normal inverse Gaussian

Another prominent example for a Lévy process is the normal inverse Gaussian process
{R(t;a,a,f) : t > 0} with parameters a,a, > 0 and « > ( (cf. Barndorff-Nielsen (1997)).
Let T be the inverse Gaussian subordinator with parameters a > 0 and b = /a2 — 3?2 as
above and define a drifted Brownian motion {W#)(t) = W(t) + gt : t > 0}, 8 € R, where
{W(t) : t > 0} is an independent standard Brownian motion. The normal inverse Gaussian
process is defined as the time-changed process {R(t) = W) (T()),t > 0} and has density

242 2
aatK; (a\/a t“ +x )eat\/erﬁx L eR
TV a2t? + 2 ’ ’

where K7 denotes the modified Bessel function of the second kind. It has Laplace transform

fi(x) =

EeM®) = exp (ta(\/a2—ﬁ2 - \/a2 - (64—)\)2)), —a—-f<A<a-p.

As above, this can be used to fit the corresponding “Lévy-Brown-Resnick” process n*.






5 Maxima of independent, non-identically distributed
Gaussian vectors

Recall from Section 3.1.1 that for a triangular array with i.i.d. entries of d-variate zero-mean,
unit-variance normal distributions with covariance matrix X, in the n-th row satisfying

lim 07117 = 5,)/2 = A € [0,00), (5.1)

the row-wise maxima converge to the d-variate, max-stable Hiisler-Reiss distribution whose
dependence structure is fully characterized by the matrix A. Note that condition (5.1)
implies that all off-diagonal entries of X, converge to 1 as n — oco. A slightly more general
representation is given in Kabluchko (2011a) in terms of Poisson point processes and negative
definite kernels.

In fact, it turns out that these distributions not only attract Gaussian arrays but also
classes of related distributions. For instance, Hashorva (2005) shows, that the convergence of
maxima holds for triangular arrays of general bivariate elliptical distributions, if the random
radius is in the domain of attraction of the Gumbel distribution. The generalization to
multivariate elliptical distributions can be found in Hashorva (2006). Moreover, Hashorva
et al. (2012) prove that also non-elliptical distributions are in the domain of attraction of
the Hiisler-Reiss distribution, for instance multivariate y2-distributions.

Apart from being one of the few known parametric families of multivariate extreme value
distributions, the Hiisler-Reiss distributions play a prominent role in modeling spatial
extremes since they are the finite dimensional distributions of Brown-Resnick processes
(Brown & Resnick, 1977; Kabluchko et al., 2009).

Recently, Hashorva & Weng (2013) analyzed maxima of stationary Gaussian triangular arrays
where the variables in each row are identically distributed but not necessarily independent.
They show that weak dependence is asymptotically negligible, whereas stronger dependence
may influence the max-limit distribution.

In this chapter we consider independent triangular arrays X;, = (Xi(’ln), . ,Xﬁ?), neN
and 1 <7 < n, where X, is a zero-mean Gaussian random vector with covariance matrix
Yim. Thus, in each row the random variables are independent, but may have different

dependence structures. Letting M,, = (Mél), e ,Mr(bd)) denote the vector consisting of the

componentwise maxima, M}L] ) — max;—1,..n Xl(jn)
b

convergence of the rescaled, row-wise maximum

, j € {1,...,d}, we are interested in the

69
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as n — 0o, and the respective limit distributions.

In Section 5.1 we start with bivariate triangular arrays. For this purpose, we introduce a
sequence of counting measures which capture the dependence structure in each row and which
is used to state necessary and sufficient conditions for the convergence of (5.2). Moreover,
the limits turn out to be new max-stable distributions that generalize (3.5). The results on
triangular arrays are used to completely characterize the max-limits of independent sequences
of bivariate Gaussian vectors. Explicit examples for the bivariate limit distributions are given
at the end of this section. The multivariate case is treated in Section 5.2, giving rise to a class
of d-dimensional max-stable distributions. In Section 5.3, we show how these distributions
arise as the finite dimensional margins of suitably normalized and randomly rescaled maxima
of n independent Gaussian processes. In fact, the limit processes are max-stable, stationary
random fields which can be seen as max-mixtures of Brown-Resnick processes. Furthermore,
it is shown that these processes offer a large variety of extremal correlation functions which
makes them interesting for modeling dependencies in spatial extremes. Finally, Section 5.4
comprises the proofs of the main theorems of this chapter.

5.1 The bivariate case

In order to state the main results in the bivariate case, we need probability measures on the
extended positive half-line [0,00]. To this end, let ([0,00], d) be a compact metric space such
that a function g : [0,00] — R is continuous iff it is continuous in the usual topology on [0,00)
and the limit lim,_,~ g(z) exists and equals g(oc0).

5.1.1 Limit theorems

Consider a triangular array of independent bivariate Gaussian random vectors X,;, =

(Xi(g,Xi(i)), n € Nand 1 <1 < n, with zero expectation and covariance matrix

2 .
Cov(Xip) =  Jhmt Tig2).
Oin,1,2  Oin2
Further, denote by pin = 0in,1,2/(0in10inz2) the correlation of X; . For n € N, we define a
probability measure 1, on [0,00] x R? by

1 n
=0 ;5( B i) /2 b3 (1-1/05.0.1), 62 (1= 1/01.0.2)) (5-3)

which encodes the suitably normalized variances and correlations in the n-th row. Here, for
any measurable space (5,S) and a € S, 0, denotes the Dirac measure on the point a. In
this general situation, the next theorem gives a sufficient condition in terms of n, for the
convergence of row-wise maxima of this triangular array.
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Theorem 11. Forn € N and 1 < i < n, let X;, and n, be defined as above. Further
suppose that for some € > 0 the measures (N, )nen Satisfy the uniform integrability condition

lim sup / H0F) (AN 0,7)) + A0+ (M 0,7)) =
K—00 peN J[0,00] x (K,00) xR [0,00] xRx (K,00)

(5.4)

If for n — 00, m, converges weakly to some probability measure n on [0,00] x R?, i.e. n, = n,
then

max b, (X, — by) (5.5)

i=1,...,n

converges in distribution to a random vector with distribution function F, given by

log Fy(z / 45()\+ “;9 V) ~(a=0) (5.6)
[0,00] xR2

_ 0 —
o (2= T EEET) 0y, 0,)),

for x;y € R.

Remark 13. An equivalent condition for the uniform integrability in (5.4) is that for some
T>0

sup/ ) 4 ) . (d(N0,7)) < oo
neN J[0,00] x R2

Note in particular that this implies

sup & (HO-1/7an)(147) 4 J0-1/oin D147 < o,
neN,1<i<n T

Since b2 ~ 2logn for n large, it follows that the variances of both components are uniformly
bounded. Thus, the single random variables in each row satisfy the uniform asymptotical
negligibility condition (see for instance Balkema € Resnick (1977))

max P(by (XY —b,) > 2) =0, n— oo, (5.7)

i\n

for 7 =12 and any x € R.

Remark 14. In fact, one can extend the distribution F, to mizture measures n taking
infinite mass at negative infinity. The only condition which needs to be satisfied is

/ e + e n(d(\0,7)) < oo
[0,00] xR2

Note that the idea of constructing new extreme value distributions as in (5.6) is not new.
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Indeed, it is well-known that any mixture of spectral measures is again a spectral measure.
In our case, however, these mizture distributions also arise naturally as the maz-limits of
independent Gaussian triangular arrays.

Note that the one-dimensional marginals of F, are Gumbel distributed with different
location parameters, for instance

—log F(x,00) = exp [ — = + log /)fﬁMﬂhﬁvm-
[0,00] xR2

Moreover, F; is a max-stable distribution since
Fy(z +logn,y +logn) = F)(z,y),

for all n € N. This is a remarkable fact, since in general limits of row-wise maxima of
triangular arrays are not max-stable, not even if the random variables in each row are
identically distributed.

In order to obtain a necessary condition and to simplify the sufficient condition, we need to
impose stronger assumptions on the univariate margins. We denote by M(][0,00]) the space
of all probability measures on [0,00]. By Helly’s theorem this space is sequentially compact.

Theorem 12. Consider a triangular array of independent bivariate Gaussian random vectors
Xin = (Xiln),XﬁL)), n€Nand 1 <1 <n, where Xl(ln) and Xi(i) are standard normal random
variables. Denote by p; n the correlation of X, . Let

1 n
Vo= ,2;5\/b%(1—pi,n>/2 (58)
1=
be a probability measure on [0,00]. For n — oo,

max by (X, —by) (5.9)
i=1,...,n
converges in distribution if and only if v, converges weakly to some probability measure v on
[0,00], i.e. v, = v. In this case, the limit of (5.9) has distribution function F, given by

> y—x\ _, T—Y\ _

—logF,,(x,y):/ A+ e o (AT evu(@r),  (5.10)
0 2 2

x,y € R. The distribution in (5.10) uniquely determines the measure v, i.e., for two probability

measures v,U € M;j([0,00]) with v # U it follows that F,, # Fy. Furthermore, F, depends

continuously on v, in the sense that if v, = v, as n — 0o, and v,,v € M;([0,00]), then F,,

converges pointwise to F),.

Remark 15. For an arbitrary probability measure v € My ([0,00]), let (R;)ien be a sequence
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of i.i.d. samples of v. Putting p;, = max(1 — 2R? /b2, — 1) in Theorem 12 yields

1 n
vn = Z‘Smin(Ri,bn) =V, a.S.,
=1

by the law of large numbers. Hence, (5.9) converges a.s. in distribution to F,.

Remark 16. If v is a probability measure on [0,00), an alternative construction of the
distribution F, is the following (Kabluchko, 2011a, Section 3): Let Y 2, 6y, be a Poisson
point process on R with intensity e~ “du and suppose that B has the normal distribution
N(—252,45%) with random mean and variance, where S is v-distributed. Then, for a sequence
(B;)ien of i.i.d. copies of B, the bivariate random vector max;en(U;, U; + B;) has distribution
F,.

The above theorem can be applied to completely characterize the maxima of a sequence of
independent bivariate Gaussian random vectors with unit variance.

Corollary 1. Suppose that X; = (Xi(l),Xi(z)), n € Nand 1 < i < n, is a sequence of
independent bivariate Gaussian random vectors where Xi(l) and X?

;/ are standard normal
random variables. Denote by p; the correlation of X; and let

1 n
Yn = Z; NGy
1=
be a probability measure on [0,00]. For n — oo,

‘max b, (X; —by) (5.11)
i=1,...,n
converges in distribution if and only if v, converges weakly to some probability measure v on

[0,00]. In this case, the limit of (5.11) has distribution function F,, as in (5.10). Furthermore,
for allv € My([0,00]), F, is attained as a limit of (5.11) for a suitable sequence (X;)ien-

Remark 17. It is worthwhile to note that in general, the class of max-selfdecomposable
distributions, i.e. the maz-limits of sequences of independent (not necessarily identically
distributed) random variables, is a proper subclass of maz-infinitely-divisible distributions,
i.e. the max-limits of triangular arrays with i.i.d. random variables in each row. The
latter coincides with the class of max-limits of triangular arrays, where the rows are merely
independent but not identically distributed (Balkema € Resnick, 1977; Gerritse, 1986).
In the (bivariate) Gaussian case the above shows that the max-limits of i.i.d. triangular
arrays, namely the Hisler-Reiss distributions in (3.5), are a proper subclass of maz-limits of
independent triangular arrays, namely the distributions in (5.10), which, on the other hand,
coincide with the max-limits of independent sequences.

In multivariate and spatial extreme value theory it is important to have flexible and
tractable models for spatial dependence of extremal events. On this account, in this section
we show how the mixtures of Hiisler-Reiss distributions give rise to new models for bivariate
spectral densities and, in the spatial domain, to new classes of extremal correlation functions.
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5.1.2 Examples

The max-stable distributions F,, in Theorem 12 for v € M;([0,00]) are max-mixtures of
Hiisler-Reiss distributions with different dependency parameters. They constitute a large
class of new bivariate max-stable distributions. We derive two of them explicitly by evaluating
the integral in (5.10).

Example 1 (Rayleigh distributed v). The Rayleigh distribution has density

A a2
fo(A) = —5e 27, A20, (5.12)
for o > 0. Choosing the dependence parameter \ according to the Rayleigh distribution v,,

we obtain the bivariate distribution function

o0 y—z\ _, z—y\ _, ] A 2%
—log F,, (z,y) :/0 {45 <)\ + 2>\> e+ <)\+ ) > e y} ol 202 d), (5.13)
for x,y € R. In order to evaluate this integral, we apply partial integration and use formulae
3.471.9 and 3.472.8 in Gradshteyn € Ryzhik (2007). Equation (5.13) then simplifies to

- 1 z _ly—el
Fyg(x,y) = exp {_e—mln(ﬂhy) — 76_%6_ = n:l , x,y eR, (514)
n

where n = /1 + 1/0? € (1,00). Note that o parameterizes the dependence of F,, . As o goes
to 0 (i.e., n goes to 00), then the margins become equal. On the other hand, as o goes to 0o
(i.e., m goes to 1), then the margins become completely independent.

Example 2 (Type-2 Gumbel distributed v). The Type-2 Gumbel distribution has density
f(\) = 2007332, A >0, (5.15)

for b > 0. With similar arguments as for the Rayleigh distribution the distribution function
F,,, where vy, has density fy, is given by

ke —\/(452)°42b

F,(zy)=exp|—e " —e?V+e ze , z,y€R (5.16)

Also in this case, the parameter b € (0,00) interpolates between complete independence and
complete dependence of the bivariate distribution. In particular, if b — 0, then the margins
are equal and, on the other hand, if b — oo then the margins are independent.

Every multivariate max-stable distribution admits a spectral representation (Resnick,
2008, Chapter 5), where the spectral measure contains all information about the extremal
dependence. Recently, Cooley et al. (2010) and Ballani & Schlather (2011) constructed
new parametric models for spectral measures. For the bivariate Hiisler-Reiss distribution,
de Haan & Pereira (2006) give an explicit form of its spectral density on the positive sphere
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St = {(z1,22) € [0,00)%, 2% + 23 = 1}. More precisely, they show that for A € (0,00)

/2
—log F\(z,y) = /0 max {e “sinf,e Y cos0} s)(0)dl, z,y€R,

and give a rather complicated expression for s). Using the equation

logtan6\  sin@ log tan 0
o (A=) = 20 (A D) ae 00),0 € 02,

their expression can be considerably simplified and the spectral density becomes

1 s <)\ n log(tan 6)

sx(0) = 2\ sin 0 cos? @ 2\

) . 0e0m/2]

For the spectral density s, of the Hiisler-Reiss mixture distribution F, as in (5.10), where v
does neither have an atom at 0 nor at oo, we have the relation

[e.e]
50(0) = /0 sx(0)v(dN), 0 € [0,7/2).
For the two examples above we can compute the corresponding spectral densities.
Proposition 4. For the Rayleigh distribution with parameter o > 0, s, s given by
eiﬁl logtan 0|y/1+1/02
Nz (sin 6 cos 0)%/%

Stmilarly, for the Type-2 Gumbel distribution with parameter b > 0, the spectral density has
the form

B e~ () _ (log tan 0)? 1
sulf) = 4 (sin 0 cos 0)3/2 (1 duy(0)? ) (1 - Ub(9)> » felom/)

Sy, (0)

0 € [0,m/2].

with up(0) = \/(logtan 0)? /4 + 2b.

Figure 5.1 illustrates how these spectral measures interpolate between complete indepen-
dence and complete dependence for different parameters.
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Figure 5.1: Spectral densities of the Rayleigh (left) and Type-2 Gumbel (right) mixture
distribution for different parameters o and b, respectively

5.2 The multivariate case

Similarly as in Hiisler & Reiss (1989), the results for standard bivariate Gaussian random
vectors can be generalized to d-dimensional random vectors. To this end, define a triangular
array of independent d-dimensional, non-degenerate (i.e. with positive definite covariance

matrix) Gaussian random vectors X; , = (X, (L) ,Xi(;?)a n,d € Nand 1 < i < n, where X ()

i i
Jj €{1,...,d}, are standard normal random variables. Denote by X; , = (pj7k(i,n))1<j h<d

the correlation matrix of X;,,. Let 1 = (1,...,1)" € R? and

1 n
= Zl 5\/6%(111&,”)/2 (5.17)

1=
be a probability measure on the metric space [0,00)4*¢, equipped with the product met-
ric. Throughout this chapter, squares and square roots of matrices are to be understood
component-wise. For a measure 7 on [0,00)?*? we will denote by 72 the image measure of 7
under the transformation [0,00)%*¢ — [0,00)?*?, A ++ A%. Further, recall from Section 3.1.1
the definition of the space of strictly (conditionally) negative definite matrices D and the
d-dimensional Hiisler-Reiss distribution H 4. In particular, note that D is a suitable subspace
for the measures 7?2 since n2(D) = 1 for all n € N. For A = (Ajk)1<jr<d € [0,00)4%4, define

a family of transformed matrices by
Dy (4) = 2 (N sy + Moy — A2

mg,my mp,my mj7mk)1<j k<l—1 )
SRS
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where 2 <[ < dand m = (mq,...,my) with 1 <my < ... <my <d. It follows from the
proof of Lemma 2.1 in Berg et al. (1984) that if A € D, then I7,,(v/A) is a (strictly) positive
definite matrix.

With this notation we are now in a position to state the following theorem.

Theorem 13. Consider a triangular array of independent d-dimensional Gaussian random
vectors as above. If for n — oo the measure ny, in (5.17) converges weakly to some probability
measure 1 on [0,00)4%9 i.e. n, = n, s.t. n>(D) = 1, then

max by (X;, —by)

i=1,...,n

converges in distribution to a random vector with distribution function H, given by

Hy(z1,...,2q) = exp </[ " log H(z) n(d/l)) , xeR (5.18)
0,00)%x

Remark 18. Similarly to Remark 16, we can give an alternative construction of the dis-
tribution H, in terms of Poisson point processes. Let > 52, 6y, be a Poisson point pro-
cess on R with intensity e “du and suppose that B has the multivariate normal distribu-
tion N(—diag(ly 1, a)(A))/2,L4,..a)(A)) with random mean and variance, where A is
n-distributed. Then, for a sequence (B;)ien of i.i.d. copies of B, the bivariate random vector
max;en(Us, U + B;) has distribution H,,.

Remark 19. We believe that the above theorem also holds in the case when n has positive
measure on non-strictly conditionally negative definite matrices, i.e. n?(D) < 1. Our proof
of this theorem however breaks down in this situation such that another technique might be
necessary.

5.3 Application to Brown-Resnick processes

The d-dimensional Hiisler-Reiss distributions arise in the theory of maxima of Gaussian
random fields as the finite dimensional distributions of Brown-Resnick processes (Brown &
Resnick, 1977) and its generalizations (Kabluchko et al., 2009). In this section we introduce
a new class of max-stable processes with finite dimensional distributions given by (5.18) for
suitable measures 7. In fact, they are the max-limits of Gaussian random fields with random
scaling in space.

Recall the definition and properties of the Brown-Resnick process in (3.6). Theorem 17
in Kabluchko et al. (2009) implies that the subclass belonging to variograms of fractional
Brownian motions on R%, i.e. v(t) = ||t[|%, « € (0,2), are the max-limits of suitably rescaled
Gaussian processes whose covariance functions satisfy the following regular variation condition.
Let {X(t),t € R?} be a zero-mean, unit variance Gaussian process with covariance function
C(t1,t2) = E[X (t1)X (t2)]. Assume that

lim 1 — C(ety,eta)

o L(e)ea = 2’}/(751 — tg) (5.19)
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holds uniformly for bounded ¢;,ts € R%, where L is continuous and slowly varying at 0 and
~v(t) = ||t]|¥, o € (0,2), is a continuous variogram. Further, define normalizing sequences by,
as above and

sp = inf{s > 0: L(s)s* = b, ?}. (5.20)

In the next theorem we prove, that by introducing a random space scaling in Theorem 17 in
Kabluchko et al. (2009), we obtain new stochastic processes which have finite dimensional
distributions given by (5.18) for a certain measure 7).

Theorem 14. Let X;, i € N, be independent copies of the process X above, satisfying the
reqular variation assumption (5.19). Further, let S;, i € N, be independent random variables
distributed according to a probability measure v on (0,00). Then the finite dimensional
distributions of the process

Yo(t) = max by(X;(S7%snt) — by), t€RY,

i=1,...,n g
converge to the distribution in (5.18). More precisely, for t1,...tm € R?, the respective
measure 1 is concentrated on the subspace {\Ag,\ > 0} with Ay = ( ~v(t; — tk))

1<j,k<m
and s given by

n(dAAg) = v(d\), (5.21)
and by 0 everywhere else.

Remark 20. Note that, by Kolmogorov’s extension theorem, the family of finite dimensional
limit distributions in the above theorem gives rise to a new stationary, maz-stable stochastic
process {Y (t),t € R} on RY.

In fact, it is possible to define this max-stable processes via another construction which allows
for a broader class of variograms than those in (5.19). Let

Vy= {’y :R? — [0,00) : 4(0) = 0,7 conditionally negative deﬁnite}

denote the space of all variograms on R?, equipped with the product o-algebra. Further, let
Q be an arbitrary probability measure on this space and v;, i € N, be an i.i.d. sequence of
random variables with distribution Q. For each v € N, let & be a Brown-Resnick process as
in (3.6) with variogram 4~;. Consider the max-miztures K, of the processes &;, given by

kn(t) = max &(t) —logn, teR?

i=1,...,n

for n € N. It can be shown that, as n — oo, the finite dimensional distributions of the
processes Ky converge to those of a max-stable, stationary process k. The latter are given by
the distribution in (5.18) with n induced by Q.

Recall from Chapter 1 that the extremal correlation function of the process in (3.6) is
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given by

py(h) =2 (1—45 (mm)) h e RY.

Remark 20 defines new max-stable and stationary processes and thus also extremal correlation
functions. Moreover, from the construction it is obvious that processes with this dependence
structure can be simulated easily as max-mixtures of Brown-Resnick processes. In fact, for
an arbitrary variogram - and mixture measure v on (0,00), we let the measure Q in this
remark be the law of S2v, where S is v-distributed. The corresponding process s possesses
the extremal correlation function

pou(h) = /OOO 2 (1 iy <s 7(h)>) v(ds), heR% (5.22)

Gneiting (1999) analyzes this kind of scale mixtures of the complementary error function in
a more general framework. The following corollary is a consequence of Theorem 3.7 and 3.8
therein.

Corollary 2. For a fized variogram ~y the class of extremal correlation functions in (5.22)
is given by all functions p(\/v(h)),h € RY, where ¢ : [0,00) — R is a continuous function
with ¢(0) = 1, limp,_,o0 @(h) =0, and

et

(D! 2 = (VR)] (5.23)

is nonnegative for infinitely many positive integers k.

For instance, if v; is the Rayleigh distribution (5.12) with density fi, we immediately
obtain

p%,,l(h):2<1—/000@()\)fm()\) d)\> =1- (%)1/2, h e RY,

from equation (5.14). In fact, py,, (h) = ¥(y(h)), with ¢¥(z) =1 — (z/(x + 1))Y/2 being
a completely monotone member of the Dagum family (Berg et al., 2008). However, it is
interesting to note, that when writing p. ., (h) = p(y/7(h)) with o(z) = 1 — (2?/(2? + 1))1/2
as in Proposition 2, the function ¢ merely satisfies (5.23) but is not completely monotone.
Similarly, for the Type-2 Gumbel distribution with b = 1, the extremal correlation function
is given by p(h) = exp(—+/2v(h)). In particular, it follows that for any variogram ~ and any
r > 0 the function

p(h) = exp <—1" v(h)> , heR?,

is an extremal correlation function. Since this class of extremal correlation functions is closed
under the operation of mixing with respect to probability measures, this implies that for any
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measure 4 € M;((0,00)) the Laplace transform Lu yields an extremal correlation function
pulh) = Lul () = [ VI i), e B

Equivalentely, for a completely monotone function ¢ with ¢(0) = 1, the function ¥ (\/v(h))
is an extremal correlation function. A corresponding max-stable, stationary random field is
given by a max-mixture of Brown-Resnick processes with suitable v € M;((0,00)).

5.4 Proofs
Proof of Theorem 11. Let z,y € R and put u,(z) = b, + z/b,, for z € R.

logIP’( max X( ) < un (), max X( ) <w (y))
- Zlog (1= [PXS) > wn(@) + PXE) > wa(y) = B (X1} > un(@), X2 > wa(n) ])
Z]P’ Zn>un Z]P’ Zn>un Y))

£ P (XY > un(e), X2 > unly)) + R (5.24)
=1

where R, is a remainder term from the Taylor expansion of log(1 — z) = —z — 22/2 + o(2?),
as z — 0. Thus, by (5.7) there is an ng € N s.t. for all n > ny we have

Ry < Z PO > (@) + B > un()]
< max [MX},B > un(2)) + P(X[2) > un(y)))] (5.25)

Y [P > (@) + XS > uny)]

=1

For the one-dimensional margins we observe

—ZIP’( >un )):_z”:/oo ¢(2)dz

=1 un(x)/o'i,n,l

:_Zzl/x/w L 1/(;1”1)?‘;5(“"( z)) dz

—z—22 2
- /[0 |xR? /(1_9/b2) ¢ 100 iz (d(X,0.7)),
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where for the last equation, we used b, = n¢(b,) and the definition of the measure 7, in
(5.3) to replace the sum by the integral. For n € N, let

o0
T (6) = / e /) 4. g e R.
(1-0/b2)z—0

Clearly, as n — oo, hy, converges uniformly on compact sets to the function h(6) = exp(f—=x).
Note that h and h,, are continuous functions on R. Put w = (\,0,7) and observe for K > 0
that

(5.26)

| @b cumaldw) = [ b ()|
[0,00] xR2 [0,00] xIR?

By Theorem 5.5 in Billingsley (1968) (see also the remark after the theorem), i, k., ! converges
weakly to nh~!. Moreover, since hl,«x and the h, 1, - are uniformly bounded in n, the
second summand in (5.26) converges to 0 as n — oo, for arbitrary K > 0. By the uniform
integrability condition (5.4) and Fatou’s Lemma we have [j 1, g2 1i(#)1(dw) < oo and hence,
also the first summand in (5.26) tends to zero as K,n — oo. Consequently,

_ Z}P’ (X > wn(2)) = - /[0 s P = O () (5.27)

Similarly, we get

—ZP( ) > () &= [ exp = (y =l n(dw). (5.28)

[0,00] xR2

It now also follows from (5.7), (5.25), (5.27) and (5.28) that the remainder term R,, converges
to zero as n — oo.
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We now turn to the third term in (5.24).

N P(X) /0int > wn(@)/0im1, X [Tin > un(y)/Tin2)
=1
_ - T un(x)/o'i,n,l — PinZz
f; / [1—@( (1—012”)1/2 )] o(z)dz
() /5m,2 :

n o
_ 1 3 / 1—& Un(fv)/ai,n,lz— Pintin(2) || —a—s2/(262) 4,
n (1 - pi,n)1/2

i:1y/ai,n,2_b%(1_1/0'7,',71,2)
- / / (1= @ (sn(\ 0, 2, 2))] =2/ 8) 4oy (dw),

[0,00]xR2 (1—/b2 )y—v
where we used b, = n¢(by,) for the second last equation and s, is defined by

A +(1—9/b%)x—z—0+ Az
S L (e T e SR P U AL S

sn(A, 0, z,2) ==

For the last equation, we replaced the sum by the integral w.r.t. the empirical measure 7,, as
in (5.3). Note that for i € {1,...,n}, in fact a short computation yields

2(1 — ps 201 _ . _ un(x)/o-i,n,l - pi,nun(z)
Sn < bn(l pl,n)/27 bn(]- 1/Uz,n,1)7 Z,CL') - (1 — p?n)1/2 .

For n € N, let

oo
G0 =Tz, [ =0,z g
(1=/b2)y—

be a measurable function on [0,00] x R2. It is easy to see, that as n — oo, g, converges
pointwise to the function

o0

g0 = [ 1= (s 0,2, 2)) e dz,

Y=
with
r—z—10

A0 =\
s(A\, 0,2z, ) + )

Note that g is a continuous function on [0,00] x R? and

9(0,0,7) = gn(0,6,7) = exp(— max(z — 0,y — 7))
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and g(00,0,y) = gn(c0,0,y) = 0, for any (6,7) € R? and n sufficiently large. Here, the
values are understood as the limits as A — 0 and A — oo (using dominated convergence),
respectively, e.g., limy_ g(\,0,y) = fyof,y 1,-, 9e ?dz = exp(— max(z — 0,y —)). In order
to establish the weak convergence 1,9, = ng~!, we show that g, converges uniformly on
compact sets to g as n — oo. To this end, let C' = [0,00] x [0o,01] X [70,71] be an arbitrary
compact set in [0,00] x R? and let € > 0 be given. First, note that instead of g, it suffices to

consider the function §,, defined as

gn(A,0,7) = 1<, / [1— & (sn(\6,2,2))] e ?dz,
(1=/b%)y—
since for n large enough

o0

sup  [gn(A, 0,7) — Gn(A, 0,7)] < 1a<p, / e *(1— e /@))dz — 0,
(\8,y)eC - -
- -1

as n — 00, by dominated convergence. Further, for any € > 0, let z; > — log € which implies
fzolo e *dz < e. We note that for n large enough

—1/2 -2 _ -9 _ o
sn(A, 0, z,2) > (1_)‘2/17%) / ()\ <1+ Yl ’)’1>+ |z| — 21 01)

b2 2X
A —2|.§L‘|—Zl—91
> =
> (5+ AR,

for all A < by, —2|y| — 71 < z < z; and (A\,0,7) € C, independently of n € N. Hence, there is
aA>0s.t forall \{ <A <b,

1-9 (Sn()\, 0, z, a:)) < 56_2|y|—’}’1.
Thus, for all n € N large enough,

z1

sup n(X 0,7) < 1y, </

o
ceWl-me—z g, 4 / e “dz | < 2,
(\0,7)ECA>A —2[yl-m 21

and in the same manner, sup(y g )ec,a>x, g(\, 0,7) < 2¢e. Furthermore, we observe

;\ii%@ (sn(A\,0,2,2)) = 1z<(1—9/b%)x—9 and )l\g%@ (s(A\0,2,2)) = 1ocap.

Choose ng € N such that for all n > ng and all 8 € [6p,01] we find an open interval
(ag,bg) of size €/2 that contains {(1 — 0/b2)x — 0,2 — 0}. Put Iy = (ag — €/4,by + €/4),
then we find a A\g > 0, s.t. for all (\,0,y) € C,A < Ao, z € Ip and n > ng, we have
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|P (sn(X,0,2,2)) — P (s(A\ 0, 2,2)) | <e. Consequently,

sup ’gn()H 677) - g()‘v 977)’
(A,0,7)ECA<Xo

oo
< sup / <1z619 + € 1Z€R\Ig) e ?dz < 2ee2lvltm
(A707’Y)€C7>\§>\0 _2‘y|_’h

Choose n; € N, s.t. by, > A1. For \g < A < A\; and n > nq,

50N, 0, 2,2) — 5(A, 0,2, 7)) (5.29)
( T —z— 9) 1 Nz—0
—(A+2—=""7) [1- _
2\ = A2/B2)172 ) (1= A2/02) 72522
1 M,
< M;|1-—
=M a g mE| T a7

for n — oo, uniformly in z € [—2|y| — 71,21] and (\,0,7) € C with A\g < A < A;. Here, M
and My are positive constants that only depend on x,y,\g,A1,00,01,71. Let ny € N, s.t. for all
n > max(ny,ne) the difference in (5.29) is less than or equal to ce 2l By the Lipschitz
continuity of @, we obtain for all \g < A < A; and (\,0,y) € C,

/Oo 1B (sn(\, 0, 2, 7)) — B (s(\, 0, 2, 7)) e d2

—2lyl-m
21 0o
< / [sn(N, 0, z,2) —s(A\,0,z,z)| e *dz —{—/ e “dz
—2lyl-m 21
21 00
< / ce Wl-mne=z g, 4 / e “dz < 2e.
—2lyl-m 21

Putting the parts together yields

Jim - sup |ga(A87) ~ g(A6.)] = 0.
\0,7)eC

The assumptions of Theorem 5.5 in Billingsley (1968) are satisfied and therefore 7,9, *
converges weakly to ng~!. By a similar argument as in (5.26) together with the uniform
integrability condition (5.4) we obtain for n — oo

> PO > @), X0 > wn) = [ g8 m(d0))
=1 ,00| X

Finally, partial integration gives

g()‘agﬂ/) = e—(y—“/) + 8_(z_0) — @ ()\ =+ y_l';;\e_’}/) e_($—9)

_ _y—a:+0—’y —(y—)
@(x\ o) )e .
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Together with (5.24), (5.27), (5.28) and the fact that R,, converges to zero, this implies the
desired result. ]

Proof of Theorem 12. The sufficient part is a simple consequence of Theorem 11, where the
covariance matrix of X ,, is given by
1 Pin
Pin 1

For the necessary part, suppose that the sequence (max;—1,__, bp(X;in — bp))nen of bivariate
random vectors converges in distribution to some random vector Y. Let the v,, n € N, be
defined as in (5.8) and assume that the sequence (), cy € M1([0,00]) does not converge.
Then, by sequential compactness, it has at least two different accumulation points v,0 €
M ([0,00]). By the first part of this theorem, (max;—1, . bn(X;, — bn))nEN converges in
distribution to F, = Fj. It now suffices to show that F),, = F}; implies v = ¥ to conclude that
(Un)pen € M1([0,00]) converges to some measure v and that Y has distribution F,.

The fact that there is a one-to-one correspondence between Hiisler-Reiss distributions F) and
the dependence parameter A\ € [0,00] is straightforward (Kabluchko et al., 2009). Showing a
similar result in our case, however, requires more effort.

To this end, for two measures v,v9 € Mj([0,00]) define random variables Y; and Y3 with
distribution F,, and F),, respectively. First, suppose that v;({oco}) = va({c0}) = 0. For
j = 1,2, by Remark 16 we have the stochastic representation Y; = max;en(U; j,U; j + B; j),
where > 7%, 0y, ; are Poisson point process on R with intensity e™“du and the (B; ;)ien are
i.i.d. copies of the random variable B; with normal distribution N (—2532-,45’]2), where S is
vj-distributed. Assume that

F, (z,y) = F,,(zy), forallz,y€R, (5.30)

i.e. the max-stable distributions of Y7 and Y5 are equal. Since a Poisson point process is
determined by its intensity on a generating system of the o-algebra, it follows that the point
processes II1 = 37721 §(v, , Uy +B;.1) and 12 = 372 0(u, U, 5+ B, o) are equal in distribution.
Therefore, the measurable mapping

h: R2 — RQ, (:L'l,:L‘z) — (1'1,1'2 — :L'1)

induces two Poisson point processes h(II1) and h(Il3) on R? with coinciding intensity
measures e “duPp, (dr) and e “duPp,(dx), respectively. Hence, B; and By have the same
distribution. Denote by 1); the Laplace transform of the Gaussian mixture B;, j = 1,2. A
straightforward calculation yields for v € (0,1)

Yj(u) = Eexp(uBj) = / exp(—222(u — u?))vj(d)), j=12.
[0,00)
By Lemma 7 in Kabluchko et al. (2009) this implies the equality of measures vZ(d\) = v3(d\),

where v7 is the image measure of v; under the transformation [0,00] = [0,00], A = A?, for
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7 = 1,2. Hence, it also holds that v; = v».
For arbitrary vq,v2 € M;([0,00]), we first need to show that vq({ooc}) = v2({oco}). For
j = 1,2, observe that for n € N

—log F,,,(—n,0) +log F,,(—n,n)
:/[o,o@ <)\+ 2)\>e”+q5()\—2)\) —¢<A+Z> e”—gb(A—’;) e i (dN)
+ (1= e ™)j({oc}).

Since the curvature of @ is negative on the positive real line, we have the estimate

A A n —(,\+n/(2)\)) /2
( +2A) ( * )‘%/%ee

where the latter term converges pointwise to zero as n — oo. Moreover, it is uniformly
bounded in n € N and A € [0,00) by a constant and hence, by dominated convergence

nh—>nc}o —log Fl/j(_n70) + log Fl/j(_n7n) = l/j({OO}), J=12

It therefore follows from (5.30) that v4({oc}) = va({oco}). If v1({oc0}) < 1 we apply the
above to the restricted probability measures v;(- N [0,00))/(1 —v;({oo})) on [0,00), j = 1,2,
to obtain 11 = vs.

The last claim of the theorem follows from the fact, that the integrand in (5.10) is bounded
and continuous in A for fixed xz,y € R, and hence, for v,v, € M;([0,00]), n € N, weak
convergence of v, to v ensures the pointwise convergence of the distribution functions.

O]

Proof of Corollary 1. The first statement is a consequence of Theorem 12, because every
sequence of random vectors can be understood as a triangular array where the columns
contain equal random vectors.

For the second claim, let v € M;([0,00]) be an arbitrary probability measure. Similarly as
in Remark 15, define an i.i.d. sequence (R;);cn of samples of v. Choosing p; = max(1 —
2R? /b7, — 1) as correlation of X; yields

1 n
Vn = E Z 51Ri<biRibn/bi+1Ri>bi by -
=1

First, consider the measures 7, = £ Y7 655, 1., for n € N. For y € [0,00] with v({y}) =0
we observe

o0 = 3" Loy (Ribu /b0, (5.31)
=1

Fix € > 0 and recall from (3.2) that b,/v/2logn — 1 as n — co. Hence, choose n large
enough such that i > n'/ (1+¢)? implies b, /b; < 1 4+ €. Let n. denote the smallest integer
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which is strictly larger than n/(1+9% then (5.31) yields

- 1 & ne 1]& .
In((0.9]) = — 3 gy (Ri)| < =4 — 1> Loy (Ribn/bi) = 3 1oy (Ri)
i=1 i=ne Fwel
ne 1 &
= tn Z; Liy/(1+e),9) (Ri)-
Letting n — oo gives
. 1>
nh—golo on([0,y]) — n Z i (Ro)| < v((y/(1+€)y]), as.
i=1

Since € was arbitrary and v({y}) = 0, it follows from the law of large numbers that o,
converges a.s. weakly to v, as n — co. Similarly, one can see that the sequence (vy,)nen has
a.s. the same limit as (7, )pen, as n — oo. O

Proof of Theorem 13. Let up(2) = by, + 2/by, for z € R, up(x) =
x € R? and for x,y € R? write x >y if a; > y; forall 1 <i < d.
Let x = (21,...,74) " € R? be a fixed vector and Aﬁ,n = {XZ-(?L < un(:nl)} forneN,1<i<n
and 1 <[ <d.

(un (1), . .. un(2q)) " for

logP (Erllax Xi(;) < up(z1),-.., max XZ-(Z) < un(md))
n d n d c
= logP [ﬂ A;J --Yp lU (4,) |+ B (5:32)
i=1 =1 =1 L=1

where R, is a remainder term from the Taylor expansion of log. Using the same arguments
as for the remainder term in (5.25), we conclude that R,, converges to zero as n — co. By
the additivity formula we have

_p lU (Aé’”)cl _

Consequently, by (5.32) and (5.33) it suffices to show that

d c
> (—1)! 3 P [ﬂ (ar) ] : (5.33)

=1 m:1<mi<...<m;<d k=1

n
lim. ;P(Xi,n > un(x)) = /[0 s M0 A1) () (5.34)
1= ’
Let Z = (Z1,...,Z4) be a standard normal random vector with independent margins and let
K =1{1,...,d—1}. For a vector x € R? let xx = (21,...,24_1). If A= (aj,k)1<j p<d € Rxd
is a matrix, let Ay x = (ag1,---,0dd-1); Axd = (@1,d;---,04-1,4) and Ax x = (ajk)jkek-

Similarly as in the proof of Theorem 1.1 in Hashorva et al. (2012), we define a new matrix
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B, € R(d—1)x(d—1) by
BinBiy = (Zin)K Kk — Cin0in  Oin = (Zin)K.d (5.35)

which is well-defined since (X )k, x — UWUI », 18 positive definite as the Schur complement
of (X n)dq in the positive definite matrix X; ,,. This enables us to write the vector X, ,, as
the joint stochastic representation

(x

no "

N

Zg.
Therefore, since Z; is independent of Z g,

P(Xin > up(x)) =P (BinZk + Zqoipn > un(XK), Zqg > un(xq))
= / P(BinZk + un(8)0in > un(xk)) b;1¢(bn)e_s_52/(2b%) ds

d

- :L/x:o S <(bi(11T — Ei,n))Kd + zx — 51+ sb, > (bi(llT - Eiv”))K,d ’ b%Bi’nBiT’">

)

Lems S0 g, (5.36)
It follows from the definition of B;, in equation (5.35) that

BinB/l, = (117 = Xi)gal T +1(117 = 5;,)akx — (117 — Xk k
- (117 = Z ) ka1 = Zi)a k-

Together with (5.36) and the definition of 7, this yields

n

> P (Xin > ualx)) = [ pu(A)n2(da),

=1

where p,, is a measurable function from D to [0,00) given by

pn(A) :/ S (QAK@ +xg — sl + Qb;QSAKd‘ Fd,(l,...,d)(\/g) — 4b;2AK7dAd,K)

d
e—s—sz/(2b%) ds.

Further, let p be the measurable function from D to [0,00)

p(A) = / S (QAK,d +xK — 51‘ Fd7(17.."d)(\/2)) e *ds.

d

Note that 7, = 7 if and only if n2 = n?. In view of (5.34) it suffices to show that

n—oo

tim [ po(A4)2(d4) = [ p(4)i?(da). (5.37)
D D
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To this end, let Ag € D and {4,,n € N} be a sequence in D that converges to Ag. We will
show that p,(A,) — p(Ap) as n — oo. By dominated convergence it is sufficient to show
the convergence of the survivor functions. Since Ag is in D, recall that I, d7(17m7d)(\/A70) is
in the space M 4_1) of (d — 1)-dimensional, non-degenerate covariance matrices. Moreover,
since M4_1) C RE@-1Dx(d=1) js open and Ly,.a)(VAR) = b,24(An) k,a(An)a,x converges
to I'y,...a)(v/Ao), there is an ng € N such that for all n > ng we have Iy ) (vV/An) —
by 24(An) k.a(An)ax € M4-1y. Since also 2(An)k,q + Tx — 51+ b, 2s2(An)Kk.q converges
2(Ao)k,d + vx — s1 as n — oo, we conclude that the survivor functions converge and
consequently pp(A,) — p(Ap). Applying Theorem 5.5 in Billingsley (1968) yields (5.37) and

therefore concludes the proof.
O

The following lemma is needed for the proof of Theorem 14 below.

Lemma 1. For q € N, let Z be random vector in RY and V;,i € N, a sequence of i.i.d. copies
of V.. Further, suppose €;n,n € N and 1 < i < n, is a triangular array of errors such that
l€inll goes to O a.s. uniformly for bounded V;, as n — oo. For f € Cy(RY) the following
convergence holds almost surely,

iif(vz +é€in) > Ef(V), asn— .

Proof. For arbitrary N > 0 note that

n

1 1 &

- S f(Vitein) = o Z FVit+€in)ljv<n + = Zf (Vi + €in) v > - (5.38)
i=1 i=1 =1

Since for arbitrary 6 > 0 we find ng € N such that ¢, < a.s. foralln >ngand 1 <7 <n

with ||[V;|| < N, it follows from the uniform continuity of f on compact sets that almost

surely

1 n
EZU(Vi"‘Gi,n) — fV)l L <n — 0, asn — oo. (5.39)
=1

Further, observe that as n — oo, the absolute value of the second sum in (5.38) is a.s.
bounded by P(||V|| > N)sup,crq|f(z)|, which converges to zero as N — oo. Thus, the
assertion follows from the law of large numbers, the triangle inequality, (5.38) and (5.39). O

Proof of Theorem 1. First, note that s, defined in (5.20) goes to 0 for n — oo. For m € N
and pairwise different t1,...,t,, € R? we interpret the random vector (Y (t1),...,Y (tm)),
conditionally on {S;}ien, as the normalized maximum of n independent, yet differently
distributed, m-variate normal random vectors

Zi = (Xi(S % s0t1), .. Xi( S “sutm) ), mENi€ {1, n}.

(2 (2
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In view of (5.19), their covariance matrices are specified by
(1/2)B2 (1107 = Cov(Zin) = (B(S2/° () — 1)) L(sa)s5 + Bo(L(s.)52))

= (Y(S7*(t; = ta)) + 0(1))

1<j,k<m
1< k<m’

because of (5.20) and the continuity of L. The remainder term goes to 0 for n — oo uniformly
in Sf/atj,S?/atk € R?, as long as they stay bounded. In order to apply Theorem 13 we
define 7, as in (5.17) by

1 n
M = — 4
n ; (\/v(sf/a(tj—tk))ﬂ(l))

)me)

1<j,k<m

For a continuous, bounded function f € Cy(]0,00

(VAP =00)) o obtain

1<j,k<m

, we apply Lemma 1 with V =

/[0 oy § A (dA) = F(A)n(dA), asn — oo,

[07oo)m><m

where 7 is as in (5.21). Thus, 7, converges weakly to 7. It remains to check the condition
n*(D) = 1, which is fulfilled if {\A2, A\ > 0} C D. Since 7 is a variogram, A2 is conditionally
negative definite for A > 0. Suppose that there is an x € R™ \ {0} s.t. >/, z; = 0 and
x " A%x = 0. For some to ¢ {t1,...,tm} this gives

0=— > wzpy(ti—t;) = > mizjly(ti —to) +7(tj —to) — v(t: — t;)] = x ' Cx, (5.40)
ij—=1 ij=1

where C' = (C(t;,t;))1<ij<m is a covariance matrix of a fractional Brownian motion {X(¢) :
t € R%} with X (tg) = 0 and covariance function C(s,t) = ||s — to||* + ||t — to]|* — ||s — t]|*,
for s,t € R%. Thus, (5.40) implies that the Gaussian random vector (X (t1),...,X (ty)) is
degenerate. However, this contradicts the properties of fractional Brownian motion stated in
Lemma 7.1 in Pitt (1978) and therefore AA3 € D for all A > 0.

Hence, conditionally on {S;};en, the distribution function of (Y (¢1),...,Y (¢,)) converges by
Theorem 13 pointwise to the distribution function H,. Finally, it suffices to note that

lim E [P (Y (1) <y, .Y (bn) < yml{Sitien)]

n—o0

=E [ lim P(Y(h) <1, Y (bn) < gl {Si}ien)]

n—oo

=EH,(y1, .- Ym) = Hy(y1, - ;Ym),

where the first equation follows by the dominated convergence theorem. O

Proof of Proposition /. By the construction of the spectral measure (cf. (de Haan & Resnick,
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1977)), the spectral density s, can be computed by

s,(0) :1“3( e log F), (x y)) 0 € [0,m/2]
v dzxdy v ’ e

z=r cos(0),y=rsin(6)

Applying this to F, = F,, and F, = F,, from (5.14) and (5.16), respectively, yields the
desired result. O
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