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Abstract: When modeling multivariate phenomena, properly capturing
the joint extremal behavior is often one of the many concerns. Archimax
copulas appear as successful candidates in case of asymptotic dependence.
In this paper, the class of Archimax copulas is extended via their stochastic
representation to a clustered construction. These clustered Archimax cop-
ulas are characterized by a partition of the random variables into groups
linked by a radial copula; each cluster is Archimax and therefore defined by
its own Archimedean generator and stable tail dependence function. The
proposed extension allows for both asymptotic dependence and indepen-
dence between the clusters, a property which is sought, for example, in
applications in environmental sciences and finance. The model also inher-
its from the ability of Archimax copulas to capture dependence between
variables at pre-extreme levels. The asymptotic behavior of the model is
established, leading to a rich class of stable tail dependence functions.
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1. Introduction

The Archimax copula model introduced by Capéraa, Fougeres and Genest (1997)
has been advocated in Chatelain, Fougeres and Neslehova (2020) as a flexible
way to model a group of variables whose asymptotic dependence is driven by a
stable tail dependence function (stdf); or more precisely a random vector whose
dependence structure follows an asymptotic extreme-value regime perturbed by
the same distortion. However, as it is the case for rainfall over large territories
for example, asymptotic independence between certain variables is likely to be
present and this phenomenon cannot be handled by a single Archimax model
without limiting the marginal dependence structure to be an (exchangeable)
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Archimedean copula. In financial applications, a stock portfolio might contain
stocks from the same industry, causing them to be dependent in the extreme
regime, while stocks from different industries might be asymptotically indepen-
dent. Likewise, assuming the same distortion for all variables may not be realistic
when the number of variables is large.

We propose a dependence model based on the survival copula of a nonnega-
tive, real random vector of the form

X = (RySy,...,RxSk)

where for all k € {1,..., K}, Ry are nonnegative random variables and S}, are
di-dimensional random vectors which will be characterized later. More specifi-
cally, each of the vectors RSy = Ry X (Sk1,.-.,Skd,) will be defined so as to
have an Archimax survival copula, while conditional independence of the vec-
tors { Sy H< | given { Ry}, will introduce parsimony to the dependence model.
This paper focuses on the survival copula of X, which can subsequently be used
in a copula model with arbitrary margins.

Stochastic representations involving a randomly scaled random vector are
very common in the literature. For example, pseudo-polar representations exist
for elliptical (see Fang, Kotz and Ng (1990)), generalized Pareto (see Ferreira
and de Haan (2014)), Archimedean (see McNeil and Neslehova (2009)) and Li-
ouville (see Belzile and Neslehova (2017)). Such constructions have garnered
significant interest as models suited for extreme values; they can offer the flex-
ibility needed to model across extremal dependence classes as shown in Huser,
Opitz and Thibaud (2017), Wadsworth et al. (2017) and Huser and Wadsworth
(2019). Engelke, Opitz and Wadsworth (2019) offer an extensive study of the
extremal behavior of bivariate pseudo-polar vectors. As shown in Charpentier
et al. (2014), Archimax copulas also allow a representation of the form RS; the
interpretation proposed by Chatelain, Fougeres and Neslehovd (2020) is that of
a radial variable R distorting the vector S characterized by a stdf and there-
fore representing the extremal regime. The aim of this paper is to propose a
dependence model in a way that its higher-dimensional margins are Archimax
copulas but with possibly different distortions or stdfs. There is also a connec-
tion to be made with Hofert, Huser and Prasad (2018) which have extended the
class of Archimax copulas with completely monotone Archimedean generators
to hierarchical constructions. Therein, hierarchies can be introduced either via
the frailties or stdfs, but the extremal behavior is not elicited.

In this paper, we define the new class of clustered Archimax copulas. Build-
ing a model from this family is straightforward as it only requires specifying the
Archimax clusters and the dependence between the radial variables Ry, ..., Rx.
Under non-restrictive assumptions, the extremal behavior of the clustered Archi-
max copula is obtained and shown to be quite flexible. We find that different
choices of popular Archimedean generators coupled with dependence models on
the radial variables lead to various regimes falling under either asymptotic de-
pendence or independence between clusters. Meanwhile, each Archimax cluster
retains its flexibility in the extreme dependence regime. We also propose infer-
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ence techniques to fit clustered Archimax copulas to data and illustrate with a
data application on rainfall in France.

The paper is organized as follows. Section 2 contains preliminary notions;
Section 3 defines the model; Section 4 presents results on its extremal behavior;
Section 5 provides illustrative examples; Section 6 covers inference techniques
and a simulation study; Section 7 contains the data application; finally, Section 8
concludes the paper with a discussion. Proofs are reported in Appendix A, while
Appendix C formulates a conjecture extending Theorem 4.1.

2. Preliminaries

Copulas contain all the information pertaining to the dependence between the
components of continuous random vectors. The decomposition of Sklar (1959)
links the marginals and the joint distribution of a random random vector via a
copula, which is simply a distribution function on the unit hypercube with
standard uniform margins. Consider X = (Xi,...,Xy) ~ F with margins
Fy,...,Fy. Then there exists a copula C such that for any (z1,...,74) € R,

F(zy,...,2q) =Pr(Xy < 21,...,Xq < zq) = C{F1(x1),..., Fa(zq)} .

Moreover, C' is unique if the margins are all continuous. There is also a version of
Sklar’s decomposition for survival functions. That is, given the marginal survival
functions F\, ..., F; and the joint marginal function F, there exists a copula C,
called a survival copula of X, such that for all (z1,...,24) € R%,

F(.Z‘l,...7.'L‘d) = PI“(Xl >xq,...,Xg > xd) = C'{Fl(xl),...,ﬁd(md)} .

It can be shown that if U ~ C, then 1 — U ~ C (see Nelsen (2006)). There is a
large amount of literature on dependence modeling via copulas; we refer to the
monographs of Nelsen (2006), Durante and Sempi (2010) and Joe (2015).

One particular family of copulas, called Archimax, was introduced in two
dimensions by Capéraa, Fougeres and Genest (2000), and extended to arbitrary
dimensions by Mesiar and Jagr (2013) and Charpentier et al. (2014). General-
izing both Archimedean and extreme-value copula families, Archimax copulas
take the form, for all (uq,...,uq) € (0,1),

C’g/},f(ula"'aud) :¢°€{¢(U1)a-~~a¢(ud)} ) (21)

where 1 is an Archimedean generator with inverse ¢ and ¢ is a stdf. These two
functional parameters are defined below.

Definition 2.1. A non-increasing and continuous function v : [0,00) — [0, 1]
which satisfies 1(0) = 1, lim,_,o ¢(z) = 0 and is strictly decreasing on [0, ),
where z, = inf{z : y(x) = 0}, is called an Archimedean generator.

A function ¢ : Ri — R, is called a d-variate stable tail dependence function
(stdf) if there exists a finite measure p on the d-dimensional unit simplex Ay =
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{w € [0,1] 1w+ +wq = 1} satisfying [, s;du(s) = 1forall j € {1,...,d},
such that for all x € Ri,

Ux) = max(x181, ..., TdSqa)du(s).
Ag

A d-dimensional copula C is called Archimax if it permits the representa-
tion (2.1) for some d-variate stdf £ and an Archimedean generator ¢ with inverse
¢ :(0,1] — [0, 00), where by convention ¢ (c0) = 0 and ¢(0) = zy.

In the special case when ¢ (z) = ¢(x) = exp(—z), one has that Cy ¢ reduces
to the extreme value copula with stdf ¢ defined for all (u1,...,uq) € (0,1)? by

Co(u) = exp{—4(—Inwuy,...,—Inug)} .

Stable tail dependence functions were introduced by Huang (1992) and are given
a characterization by Ressel (2013) in terms of homogeneity, convexity and
boundary properties. In this paper, the d-norm representation of stdfs is partic-
ularly useful. The following characterization, as discussed in Aulbach, Falk and
Zott (2015), can be traced back to the work of Pickands (1975), de Haan and
Resnick (1977), and Vatan (1985) on the representation of standard max-stable

processes. Any d-dimensional stdf ¢ can be written, for (z1,...,24) € ]Ri, as
/ - =E W, 2.2
(:L'h 7.'17d) (lrélka%(dxk k) ( )
for some positive random variables W7, ..., W, with unit mean. When ¢(x) =

l(x) =21 + ...+ x4, i.e., the stdf corresponding to asymptotic independence,
Cy.¢ is simply an Archimedean copula given for all (u1,...,us) € (0,1)¢ by

Cy(u) = P{¢(ur) + ... + d(ua)} .

Conditions on 9 for Cy to be a copula were explored in McNeil and Neslehova
(2009), while conditions for ¥ and ¢ for (2.1) to be a copula were explored in
Charpentier et al. (2014).

Archimax copulas also admit a stochastic representation, which this paper
builds upon. Theorem 3.3 of Charpentier et al. (2014) states under conditions
on 1 and ¢, that Cy ¢ is the survival copula of a random vector

(X1,...,Xq) = (RSy,...,RSy) = RS, (2.3)

where R is a positive random variable independent of S = (Si,...,S4). The
distribution of R is linked to the Archimedean generator via the Williamson-d
transform, i.e. ¢ = Wy(Fr) and Fr = W, ' (¥). We refer to McNeil and
Neslehova (2009) and Larsson and Neslehovd (2011) for more details. The sur-
vival function of S is given, for any s € Ri, by

Ge(s) = Pr(Sy > s1,...,54 > sq) = [max{0,1 —£(s)}]*" . (2.4)
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Note in particular that the margins of S are Beta. Specifically, S; ~ Beta(1,d—1)
for all i € {1,...,d}. We interpret (2.3) as a dependence structure defined by a
distortion (or radial) random variable R applied to the extremal component S.
Archimax copulas have a given extreme-value attractor, which motivates their
use to model pre-extreme dependence. Recall that a function f : Ry — Ry is
regularly varying with index « € R if and only if for all x > 0, f(xt)/f(t) — =
as t — oo, denoted f € R,. When 1 —4(1/-) € R_,, for a € (0, 1], it is shown
in Proposition 6.1 of Charpentier et al. (2014) that Cy ¢ is in the maximum
domain of attraction of the extreme-value copula Cy,_, i.e., for any u € [0, 1]¢,

: n 1/ny
Jim O o(u™) = C, (), (2.5)
where for any & € R, {,(x) = ¢*(x'/*). It is apparent that the Archimax
family is fully flexible in the asymptotic regime, meaning that any extreme-

value copula Cy corresponds to a subclass of Archimax copulas that will be
attracted to it.

3. Model specification and notation

As a first step towards the specification of clustered Archimax copulas, we need
to introduce the notion of clusters to the random vector X. To that end, let
G = {G1,...,Gk} be a partition of {1,...,d} into K disjoint sets. Because
the stochastic representation (2.3) only makes sense in dimensions two and
higher, we shall require, throughout this paper, that d, = |Gx| > 2 for all
k € {1,...,K}. Note that singleton clusters could be included, but this would
require more tedious notation. In this setup, K < |d/2] and of course also
dy+---+dx = d. For convenience, we treat the subsets Gi as ordered sets. This
allows us to refer to the subvector of X associated with the kth cluster G, =
{i1, .- yiq, } as X = (X4, ... ’Xidk) or, in shorter notation, X = (X;)ieg, -

As we shall see shortly, a clustered Archimax copula is defined through a
partition G as well as K stdfs and K distortion variables. To ease the read-
ing, we will use the notation £ = (¢1,...,¢k) and ¥ = (¢1,...,9¥k), where
for each k € {1,...,K}, ¢ is a dp-variate stdf and vy is a dx-monotone
Archimedean generator, i.e., differentiable up to order d; — 2 with derivatives
satisfying (—l)mw(m)(a:) > 0 for all x € (0,00) for m € {1,...,d; — 2} and
further (—1)%~24(@%=2) is nonincreasing and convex on (0, 00).

Definition 3.1. A d-variate copula Cg 4 ¢, is called clustered Archimax copula
with cluster partition G = {Gi,...,Gxk}, stdfs £, Archimedean generators ¢ =
{11, ..., ¥k} respectively dy, ..., dg-monotone, and copula @) that we term the
radial copula, if it is the survival copula of a random vector X that satisfies the
following:
(i) For each k € {1,...,K}, X, = RSk for some dj-dimensional random
vector Sy with survival function Gy, = Gy, as in (2.4) and random variable
Ry, is distributed as the inverse Williamson dg-transform of .
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(ii) The random vectors Si,..., Sk are mutually independent.
(iii) The random vector R = (Ry,...,Rk) is independent of Sy,..., Sk and
has copula Q.

Note that by Sklar’s Theorem, the joint distribution of R in Definition 3.1 is
fully determined by its copula () and marginal distributions that are the inverse
Williamson-d transforms of .

In more explicit notation, Definition 3.1 states that, upon re-indexing so that
G is contiguous with ordered subsets, any clustered Archimax random vector X
admits the representation

X = (X1,...,Xg) =(RiSi1,. ., RiSiay, -, RicSk1s- -, RicSicare) - (3.1)

As the name suggests, certain multivariate margins of a clustered Archimax
copula Cg 4 ¢, are Archimax. Specifically, Theorem 3.3 of Charpentier et al.
(2014) ensures that for each k € {1,..., K}, the survival copula of X}, is the
di-dimensional Archimax copula Cly, ¢, . In particular, in the boundary case
when K = 1, the entire copula is Archimax. It also follows from the proof of the
latter theorem that the survival copula Cg 4 ¢,q of X in (3.1) is the distribution
function of

{1(R1811), .-, 1 (R1S1ay)s - - - UK (R SK1), - Vi (R Skeae )} - (3.2)

Throughout the paper, for each k € {1,..., K}, we let Sy = (S;)ieg, be
the vector that contains the components of S corresponding to cluster k. In
particular, when X is as in (3.1), then S = (S4, ..., Sk). Furthermore, analo-
gously to X and S, for any vector z € R% and all k € {1,..., K}, we denote
by zr = (2;)ieg, € Ri’“ the subvector of x associated with the kth cluster Gg.
Accordingly, for all k € {1,..., K} and i € {1,...,dy}, we use Xy;, Sk; and xy;
to denote the ith entry of Xy, Sk and xy, respectively. Finally, unless other-
wise stated, all operations involving one- and multi-dimensional vectors (ran-
dom or not) should be understood as componentwise, e.g., for k € {1,..., K},
Ry, S} = (RiS})ieg,-

4. Extremal properties

In this section, we investigate the extremal behavior of a clustered Archimax
copula Cg 4 ¢,¢. The main result, Theorem 4.1 below, delineates the conditions
under which Cg ¢, is in a copula domain of attraction of some extreme-value
copula and identifies the latter. Since the survival copula Cg 4 ¢,q of X in (3.1)
is also the copula of 1/ X, we will study the extremal behavior of 1/X.

The distortion vector R has an effect on both inter- and intra-cluster depen-
dence at extreme levels. Its extreme behavior is important, so it is natural to
make the following two assumptions. The first concerns the properties of the
margins of 1/R. Recall that a univariate random variable X with distribution
F' is in the maximum domain of attraction of a non-degenerate distribution G,
denoted X € M(G) or F € M(Q) iff there exist sequences a, € Ry, b, € R
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such that, for any z € R, F"(anz+b,) — G(x) as n — co. Moreover, the Fisher-
Tippett Theorem states that G, up to location and scale, is either Fréchet (®,),
Gumbel (A) or Weibull (¥,) with p > 0.

Assumption 4.1. For a clustered Archimazx copula as in Definition 3.1, assume
that {1,..., K} is the union of disjoint sets D1 and Da, such that

(i) k € D1 if and only if 1/Ry, € M(®,,) for some p, € (0,1).
(ii) k € Dy if and only if there exists an e > 0 such that E{1/R, T} < co.

While the two cases above cover most widely considered Archimedean genera-
tors, we do conjecture an extension in Appendix C.1 that includes the boundary
case 1/Ry, € M(®1) and E(1/Ry) = co. If Assumption 4.1 holds, k € D; means
that 1/Ry, is heavy-tailed and this occurs if and only if 1 —¥(1/-) € R_,,,
as shown in Theorem 2 in Larsson and Neslehova (2011). In contrast, k € Ds
implies that 1 —1(1/-) € R_; by Proposition 2 in Belzile and Neslehovd (2017).
By the same proposition, one then has that 1/Xy; € M(®,,) for k € Dy and
ie€{l,...,dp} and 1/Xy; € M(®y) for k € Dy and ¢ € {1,...,d;}. This means
that under Assumption 4.1, the respective clustered Archimax copula is in the
copula domain of attraction of an extreme-value copula Cjy if and only if 1/X
is in the maximum domain of attraction of an extreme-value distribution with
copula Cp. Such a domain of attraction result requires further assumptions on
the extremal behavior of the entire vector 1/R.

Assumption 4.2. For a clustered Archimazx copula as in Definition 3.1, assume
that the reciprocal distortion vector 1/ R is in the mazimum domain of attraction
of a multivariate extreme-value distribution with stdf {,,r given, for x € Rf,
by

i) = B )

for some positive random variables W1, ..., Wk with unit mean.

It will become apparent in the next result that the choice of the aforemen-
tioned d-norm representations for stdfs is convenient in this context. We are
now in position to formulate the main result of this section.

Theorem 4.1. Let Cg 0.0 be a clustered Archimaz copula such that Assump-
tions 4.1 and 4.2 hold with (W1, ..., Wg) independent of S. For k € Dy, let by, =
E{I/ng}, Iy ~ Beta(l,dk — 1) Then 1/X € M(H) with 1/X]ﬂ S M(H]ﬂ),
where Hy; = ®,, fork € Dy andi € {1,...,dy} and Hy; = &1 for k € Dy and
i€ {1,...,dx}. The stdf of H is given for all z € R% by

Tri W
gg,,(p)l)@(w) =E | max k p;f + E Kk(a:k). (4.1)
keD, ka}m
1<i<dy, k€D

Inter-cluster asymptotic independence can also be achieved if the distortions
are asymptotically independent, as shown in the following corollary.
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Corollary 4.1. If {1/Ry : k € D1} are asymptotically independent, then for
xT € R‘i, the limiting stdf in (4.1) simplifies to

lopeq(@) =D 05 (/") + > ti(xy) .

keDy keDy

Remark 4.1. Note that under the hypothesis of Theorem 4.1, the asymptotic
behavior of {1/Ry, : k € Dy} has no influence on the form of g 4 ¢.q.

The following corollary to Theorem 4.1 compares the inter-cluster stdf to
that of the reciprocal distortions (1/R1,...,1/Rxk).

Corollary 4.2. Under the hypothesis of Theorem 4.1, let (i1,...,ix) € G1 X
... x Gg. Then, for all ©’ € RY and ® € RY such that (z;,, ..., v, ) = @' and
x; =0 forallie{1,...,d} \ {i1,...,ix},

lyr(x") < Llgpeq().

Remark 4.2. It is worth noting that (4.1) elicits a new method to combine
different stdfs in a non-trivial way. Since the second component of (4.1) does
not reveal any new combination of stdfs, suppose for now that Dy = (). For a
given k € {1,..., K}, we then automatically have that D;. Setting z;; = 0 for
all | # k and all ¢ = 1,...,d; recovers the marginal stdf of the cluster k. This
marginal stdf is equal to

E( max _Thi
1<i<dy, b SEY

for o), € R‘i’“, which itself is equal to ¢;* (az,le/p’“) by Proposition (6.1) of Charp-
entier et al. (2014). In the bivariate case, the form above is a special case of (7)
in Engelke, Opitz and Wadsworth (2019). The attractor of the bivariate Archi-
max copula is in particular obtained as a special case of their Proposition 1 and
Equation (6), see Sections 2.1 and 4 therein. The complete stdf, defined for all
xz € RY, by

E | max Zki Wi
Pk )
152@ OrSi
essentially mixes the marginal cluster stdfs £ (z;/""), ..., €55 (z}/") with the

limiting stdf of (1/Rs,...,1/Rk). Simply put, Corollary 4.2 shows that this
mixing results in a weaker asymptotic dependence between clusters than that
of the reciprocal distortions (1/R1,...,1/Rk), characterized by /1, g.

5. Insights into modeling

In this section, we provide examples of parametric families that can be used to
construct clustered Archimax copulas. Simulating from single Archimax copulas
has recently garnered attention, as methods have been advanced by Mai (2022)
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and Ng, Hasan and Tarokh (2022). Due to the popularity of Archimedean cop-
ulas, there is a wide array of parametric families for the distortions to choose
from. When 1 is d-times differentiable, its inverse Williamson d-transform has
the density, given, for r > 0, by

falr) = (- zf(cf)(f) ;
viz. Eq. (2) in McNeil and Neslehové (2010).
Example 5.1 (Clayton Generator). Consider the Clayton generator defined in
(4.2.1) in Nelsen (2006), for 2 € [0,00) and 6 € [—1,00) \ {0}, by
Yo(z) = (1+02)~1/° .

When 6 > —1/(d — 1), 1g is d-monotone and one can obtain the distribution of
R using the inverse Williamson d-transform. For example, when 6 > 0, McNeil
and Neslehovd (2009) calculate that one has, for r > 0,

d—1

[T +65).

j=1

(1 +9T)7d71/6 rd—1
(d—1)!

fr(r) =

We can see that for any d > 2 and g < d,

00 T15=o(L/0+4) } poo  pa-1-5
E(1/R?) = {(d—l)! }/0 (1+0r>1/9+ddr<oo.

Thus if the k-th cluster has a Clayton distortion with 8 > 0, then its compo-
nents are asymptotically independent from all other clusters since k& € Dy in
Theorem 4.1.

Example 5.2 (Joe generator). Consider the Joe generator defined in (4.2.6) in
Nelsen (2006), for x € [0,00) and 6 € [1,00), by

dole) =1~ {1— e }/".

Since 1 — vy(1/-) € R_1/9, Theorem 2 from Larsson and Neslehova (2011)
implies that 1/R € M(®,,9). Thus, if the k-th cluster has a Joe distortion, it is
asymptotically dependent with all other clusters with j € D, whose distortions
R; are asymptotically dependent with Ry.

We now present synthetic examples of clustered Archimax copula based on
the families presented above. By virtue of being constructed via the stochastic
representation in Equation (3.2), random number generation from this model
is straightforward. Recall that we do not require complete monotonicity of the
Archimedean generators and therefore rely on the radial representation in Equa-
tion (2.3). Our simulation algorithm is a simple extension of Algorithm 4.2 in
Charpentier et al. (2014). The R code to generate the samples is provided in the
supplementary materials (Chatelain, Perreault, Fougeres and Neslehova, 2025).
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Algorithm 5.1. Let Cg 0,0 be as in Definition 3.1. To simulate an observa-
tion (Ur,...,Uq) from Cg 0.0,

1. Simulate a vector (R1,...,RK). This can be done by simulating a vector
(V,...,Vk) ~ Q and applying the transformations ngl(l — Vi) for each
ke{l,...,K}. Following McNeil and Neslehovd (2009), for r € [0,00),

di—2 L) _1\d—1,.d—1,,(dx—1)
_ (~17rig () (DT L ()
FRk(r)*lfjgo ]' - (dk—l)! )

where d}éd;l) is the right-hand derivative of z/;,id_l).
2. For each k € {1,...,K}, generate an observation Sy = (Sk1,. .., Skd,)
whose survival function is given, for any s € Ri"', by

Gy, (8) = Pr(Se1 > 1, .-, Sk, > 54,) = [max{0,1 — £(s)}™ " .

3. Construct U by setting Uy = 1(R1S1),...,Ux = ¥ (RKkSK).

Remark 5.1. In fact, the dependence structure of the distortions does not need
to be defined via a copula, as long as it can be simulated from.

In order to illustrate the findings of Section 4, we use Algorithm 5.1 to gen-
erate samples from two clustered Archimax copulas, Model A and Model B
described in Table 5.1; they differ only in the choice of their radial copula
Q. In both cases, three trivariate Archimax copulas representing three clus-
ters are combined to form a 9-dimensional dependence structure. The first
cluster is defined by a Clayton-Gumbel Archimax copula, while the other two
are defined by Joe-Gumbel Archimax copulas. The partition of {1,...,9} is
G = {G1,G2,G5} = {{1,2,3},{4,5,6},{7,8,9}}. Assumption 4.1 holds with
1 € Dy and 2,3 € Ds. Figures D.1 and D.2 in Appendix D represent samples
drawn from Model A and B. It is clearly visible when comparing the off-diagonal
3-by-3 blocks that both models have the same intra-cluster dependence while
having different inter-cluster dependence.

For both samples, we produce chi plots to represent extremal intra and inter-
cluster dependence. Out of the 36 possible variable pairs, we chose 6 to cover
all pairings of clusters Gy, Gs,Gs. Figure 5.1 displays those of variables {1,2}
(intra-cluster G; — G1), {1,7} (inter-cluster G; — G3) and {4,7} (inter-cluster
Go — G3). Figure D.3 in Appendix D pertains to the remaining three cluster
pairings. Following Coles, Heffernan and Tawn (1999), for the pair (4,7), the
quantity of interest is given, for g € (0, 1), by

_logPr(U; < q,U; <gq)
log q

Xij(q) =2 : (5.1)
The well-known upper tail dependence coefficient of Joe (2015) is then simply
expressed
Aij = lim x45(q) (5.2)
qt1



324

S. Chatelain et al.

TABLE 5.1
Simulated models.

Model A

Model B

Radial (survival) copula Q
Radial extremal behavior

S specification

R specification

Intra-cluster extremal dependence

Inter-cluster extremal dependence

Gaussian,
p12 = p13 = p23 = 0.5

Asymptotic independence
Ar =0

¢1: Logistic, ¢ = 1.25
l2: Logistic, ¥2 = 2
l3: Logistic, ¥3 = 1.5

R;: Clayton, 6; = 1.5
Ra: Joe, 62 = 1.5
Rs3: Joe, 03 =2

Cluster 1: Asymptotic
dependence A(M) = 0.26
Cluster 2: Asymptotic
dependence A\ = 0.74
Cluster 3: Asymptotic
dependence A®) ~0.74

Clusters 1-2: Asymptotic
independence A(12) =0
Clusters 1-3: Asymptotic
independence A(13) =0
Clusters 2-3: Asymptotic
independence A(23) =0

Gumbel, 9 = 4

Asymptotic dependence
Ar =0.81

£1: Logistic, 91 = 1.25
l2: Logistic, ¥2 = 2
£3: Logistic, 93 = 1.5

R;: Clayton, 0; = 1.5
Ra: Joe, 62 = 1.5
R3: Joe, 03 =2

Cluster 1: Asymptotic
dependence A\(M) = 0.26
Cluster 2: Asymptotic
dependence A2 ~0.74
Cluster 3: Asymptotic
dependence AB) ~0.74

Clusters 1-2: Asymptotic
independence A(12) =0
Clusters 1-3: Asymptotic
independence A(13) =0
Cluster 2-3: Asymptotic
dependence A(23) ~ 0.5

provided the limit exists. For each k € {1, 2, 3}, the values of \;; are in fact equal
for all ¢,7 € Gy and i # j due to the fact that the logistic stdf is symmetric
with respect to permutation of its arguments. Therefore, for each k € {1,2,3},
we can simplify the notation by having (%) = Aij with any 4,7 € G such
that ¢« # j. Both samples exhibit the same intra-cluster extreme dependence,
with X(1) = 2 — 21/Y1 ~ (.26 for the first cluster (see Figures 5.1 (a) and (b)),
A2 =2 — 21/(9292) ~ (.74 (see Figures D.3 (c) and (d)) for the second cluster
and A®) = 2 — 21/(99s) ~ .74 (see Figures D.3 (e) and (f)) for the third
cluster. Note that the pairs (03,13), (03,93) were chosen to be different while
resulting in the same upper tail dependence coefficient. These values are the
same within each cluster because Cy, ¢, was chosen to be exchangeable for
each k € {1,2,3}. The upper tail dependence coefficient of any bivariate copula
C' in the domain of attraction of an extreme-value copula Cy; can be shown to
be A =2 — £(1,1). We therefore obtain the true values of A®) via (2.5), noting
that the index of regular variation « is equal to 1 for any Clayton generator 1y
and equal to 1/6 for any Joe generator .

Now, for k,l € {1,2,3} and k # [, let \*) = \;; where i € Gy and j € G.
As for the intra-cluster extreme dependence, this simplified notation is possible
due to the fact that given a pair G5, and G, all values of A;; such that i € G
and j € G; are equal. In Figures 5.1 (c) and (d) and D.3 (a) and (b), we
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F1G 5.1. Pair chi plots for the sample from Model A (left) and Model B (right). The full black
line is the empirical estimate of (5.1), the dotted lines are 95% confidence intervals and the
red lines represent the true values of limg—1 xi5(q) for each pair (i,5). The dotted green line
in panel (f) represents the upper tail dependence coefficient of (1/R2,1/R3). The samples
used for the empirical estimates are those of Figures D.1 and D.2.

have \(12) = X\(13) = 0. As explained in Example 5.1, the choice of a Clayton
generator forces cluster 1 to be asymptotically independent from clusters 2 and
3. In Figure 5.1 (e) we have A(?*) = 0. This is due to the fact that the Gaussian
copula used to model the dependence between distortions forces asymptotic
independence between clusters; see Example 4.1. However, Figure 5.1 (f) shows
asymptotic dependence between clusters 2 and 3, i.e. A(23) > 0. The value,
approximately equal to 0.5, was obtained numerically by simulating from (4.1).
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Corollary 4.2 is illustrated by the fact that A(23) is lower than the upper tail
dependence coefficient of (1/Rz,1/R3).

6. Inference

From now on, let Y denote the d-dimensional, continuous random vector of
interest, whose underlying copula Cg ¢ is clustered Archimax. For k €
{1,...,K} and ¢ € {1,...,di} let F}; denote the distribution function of Yj;,
recalling that Yy = (Y;)icg, by definition, and let U be the d-dimensional cop-
ula realization associated with Y, i.e., Uy; = Fy;(Y%i) and U has distribution
Cg.p.0.0- Finally, suppose that we observe a sample {Y7 };L:l of i.i.d. replicates
of Y with corresponding (unobserved) copula realizations {U7}7_,.

Theorem 3.3 of Charpentier et al. (2014) implies that there exists a stochastic
representation similar to (3.1) for the copula Cg 0. We will lean on this
representation to propose a method for inferring Cg y ¢, from {Y7}7_,. Given
G, we perform inference for 1, £ and @ separately. To ease the reading, we
denote by Z the set

T={(i,j,k):1<k<K, i,jeGr i<j} (6.1)

throughout the section, as well as in Appendix B.

In Section 6.1, we briefly review how each individual cluster can be mod-
eled using existing inference techniques for Archimax copulas. In Section 6.2,
we propose a method for estimating the dependence between clusters when the
partition G is known or hypothesized. In some cases, such as a portfolio con-
taining stocks from distinct industries, this partition can indeed be inherent to
the dataset. When G is unknown, one can use the clustering techniques of, e.g.,
Bernard et al. (2013) or Saunders, Stephenson and Karoly (2021) to create a
set of candidate partitions of distinct sizes. The number of clusters can then be
settled heuristically with the help of standard clustering tools (e.g., a dendro-
gram), or by selecting the coarsest partition that yields a satisfactory fit. These
proposed inference tools are investigated via simulations in Section 6.3.

6.1. Inference for individual clusters

This section pertains to the estimation of each marginal Archimax copulas of the
clustered Archimax copula Cg 4 ¢,0. As such, inference methods have already
been developed in Chatelain, Fougeéres and Neslehovd (2020) and more recently
in Ng, Hasan and Tarokh (2022).

6.1.1. Estimating i1, ..., VK

We use a parametric approach to estimate the generators ¥ = (¢1,...,%K),
which requires selecting a (possibly different) parametric family for each gen-
erator. Certain properties observed in the data can guide the user to specific
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choices of generators. For example, the presence of within-cluster lower tail de-
pendence warrants the use of a Clayton generator. However, as explained in
Example 5.1, this choice implies the asymptotic independence of Yy and Y for
allk, ¢ € {1,..., K} with k # £. This consequence is desirable when studying the
precipitation data in Section 7, but would not be appropriate, for instance, when
modeling temperatures over the same region; see Davison, Huser and Thibaud
(2013) for more details.

Once the parametric family of each generator is chosen, the parameters 8 =
(01,...,0K) of ¥ remain to be estimated. For a given k € {1,...,K}, our
estimator of 0 relies on the following remark.

Remark 6.1. Any margin of an Archimax copula is itself Archimax with the
same generator. In particular, for all (i,7,k) € Z, with Z as in (6.1), the dis-
tortions parameters 6 and 6;; associated with Y and (Y;,Y]), respectively, are
identical, i.e., 0, = 0;;.

Remark 6.1 suggests that for each (i,j,k) € Z, an estimator QAZ-]- of 0;; also

estimates 0. In view of this, we estimate 6 by 8 = (0;,...,0k) given, for
ke{l,...,K} and Gup = {(4,7) : 4,5 € Gk, 7 < j}, by

_ 1 ~

( 2 ) (4,7)E€Gkk

where, for any (i,5) € Gk, éij is the estimator defined in Section 7 of Chatelain,
Fougeres and Neslehova (2020). These latter authors discuss the cases when the
underlying generator is of the Clayton, Genest-Ghoudi, Frank or Joe families.
Remark 6.1 also suggests a simple way of assessing whether the partition
G is appropriate: if the underlying distribution is indeed a clustered Archimax
with partition G, then the hypothesis Hy that 8;; = 6, for all (4, j, k) € Z must
necessarily hold. We propose to test Hy using the statistic T given by

Tiji = 05 — O (6.3)

Although its definition involves three indices, we treat T' as a vector of dimension
|Z|; the specific ordering of its entries does not matter, as long as it is kept fixed.
Because we expect that departures from the null will cause certain entries of
T to be large in absolute values, we test Hy using either the supremum norm
|7l = max,ez |T,| or the (squared) Euclidean norm || T3 = >, ;17 of T;
see Perreault, Neslehovd and Duchesne (2022) for similar hypothesis tests, albeit
in a nonparametric context.

To derive the null distribution of ||T'||, where || - || is either the supremum
or Euclidean norm, we exploit the fact that for any (¢,j,k) € Z, éij is a func-
tion of two U-statistics with square integrable kernels (Chatelain, Fougéres and
Neslehova, 2020, Section 7). Consequently, for any ¢ € Z, T, is a function of
several such U-statistics. Standard results about U-statistics (Hoeffding, 1948)
and the delta method then imply that, under the null, /nT is asymptotically
Normal as n — o0, i.e., /nT ~ N(0,X) for some positive definite matrix 3 of
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appropriate dimensions. In view of Slutsky’s Lemma and the Continuous Map-
ping Theorem, a test of approximate level o € (0, 1) then consists in rejecting
Hy whenever Pr(]|Z|| > ||T||) < a, where Z ~ N(0,3) for some consistent
estimator 3 of 3. In the data application of Section 7, we use a jackknife es-
timator of X derived from Section 2(c) of Arvesen (1969); see Appendix B for
the implementation details.

6.1.2. Estimating {1, ..., K

To estimate the stdfs £ = (¢1,...,¢k), we exploit the fact that for any k €
{1,...,K} and = € R%,

le(@) = ||| Ax (/| 2]) , (6.4)

where Ay is the Pickands dependence function associated to Y. Indeed as char-
acterized by Ressel (2013), stdfs are homogeneous functions of degree 1 and are
thus determined by their restrictions on the unit simplex. These restrictions,
Ag(s) = Ui (s) for s € Ay, , are none other than Pickands dependence functions
as introduced in the bivariate case by Pickands (1981). Specifically, we replace
Ayj in (6.4) by its CFG-type estimator (Capéraa, Fougeres and Genest, 1997),
defined as follows. For j € {1,...,n}, let U’ be such that, for all k € {1,..., K}
and i € {1,...,dx},

Ul =g/ (n+1) (6.5)
where 745 is the rank of iji among Y., ..., Y% Now, for w € Ay, with Ay, as

in Definition 2.1, let

€,j(w) = min g, (U},)/w;.

1<i<dy,

Then, for all k € {1,..., K} and w € Ay, , the (endpoint-corrected) CFG-type
estimator of Ay, is given by

n

log flgFG(’w) = %Z {log ?g, (ﬁ) - 1Ogék7j(w)} : (6.6)

Jj=1

We refer the reader to Section 3 of Chatelain, Fougéres and Neslehova (2020) for
more details about the CFG-type estimator, as well as an alternative estimator
based on that of Pickands (1981). The asymptotic behavior of the CFG and
Pickands-type estimators is established under regularity conditions on both
and A; see Section 4 in Chatelain, Fougeres and Neslehovd (2020).

6.2. Inference for the dependence between distortions

To model the dependence between the components of R, we suggest a parametric
approach on the underlying copula ). To this end, we make the assumption
that @ belongs to a parametric family {Cy : 9 € @} of K-dimensional copulas,
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where the parameter space @ is of arbitrary dimension. We further assume the
existence of a multivariate density for R in order to proceed with a likelihood-
based method. While we cannot observe R directly, we may still derive the
corresponding likelihood based on pseudo-observations.

We follow (3.2) and define the d-dimensional random vector V, for all k €
{1,....,K} and i € {1,...,d}, by Vii = ¥r(RpSki), so that V has distri-
bution Cg y¢,q. Now, fix ¢ = (i1,...,ix) € Go = G1 X ... X G and note
that since X,, = RS, for each k € {1,..., K}, the density of the subvector
V., = {1(X,,),. .., ¥i(X,.)} of V can be expressed, for v € (0,1)%, as

fVL(’U):/(Ol) fr{o(v /s}{H fs’“ijk(vk)}ds (6.7)

where ¢(v)/s = {p1(v1)/s1,...,0x(vK)/sk} and, for k € {1,..., K}, fs, is a
Beta(1, d; — 1) density. Also note that, due to Sklar’s Theorem, the joint density
of R can be written, for r € Rf and ¢ the copula density of R, as

fR(r) = q{FRl (Tl) FRK Tk {H ka Tk } . (68)

Now, let V,, = (Y7)’/_; and recall that U7, j € {1,...,n}, and V are equal in
distribution. The pbeudo copula observations can be plugged into the (pseudo)
composite marginal log-likelihood (Varin, Reid and Firth, 2011) associated with
the density of V, and given by

Lg(OVn) = Z > log fv,(UF) (6.9)

j=14€G,

where U] = (U} ,...,U} ) with U7 as in (6.5), and fy, as in (6.7).

Due to the multi-dimensional integral in the expression of fy, and the possibly
large cardinality of G,, (6.9) will often be difficult to compute in practice. When
the chosen parametric family for @ allows it, a natural approach for reducing
the computational burden is to consider lower-dimensional margins to form the
composite likelihood function. For example, when @ is a Gaussian copula, it
seems reasonable to use the pairwise marginal likelihood

L2(9|Vn) :Z > > logfu, v, U), (6.10)

j=11<k<(<K i€G,

where Gip = Gi. x G, U] = (U? e Uj ), and fv, v,, is the corresponding bivariate
analogue of fy,. For more details about composite likelihood estimation, we refer
the reader to Cox and Reid (2004) and Varin, Reid and Firth (2011).

Remark 6.2. For some specific models, the similar yet simpler strategy under-
lying the estimation of ¥ can also be used. For example, let () be a Gaussian
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copula with correlation matrix (Jxe)1<k.e<k, so that 9 is of length (12() For
each k,¢ € {1,..., K} with k < ¢, one can first independently consider the bi-
variate log-likelihoods associated with Gi, in (6.10) to compute a set of pairwise
parameters {p; : ¢ € Gpe}, which can then be averaged over to obtain a final
estimate pgp for ¥y,. This estimator resembles the averaged maximum pseudo
likelihood estimator (AMPLE) in Goérecki and Hofert (2023). We conducted a
preliminary assessment of this approach by contrasting the resulting model with
the one based on (6.10) in the context of the application described in Section 7,
which uses the Gaussian copula. We found that the two resulting models are
almost indistinguishable in this particular case.

Remark 6.3. The composite log-likelihoods Lk (9|Y,) and Lo(#|Y,,) in (6.9)
and (6.10), respectively, depend on ¥ through ¢ in (6.8) (or its bivariate ana-
logues in the case of Lo(?|Yy,)). The functions fg, , Fr, and ¢y, k € {1,..., K},
are assumed to be known. In practice, one can plug in the parametric estimates
proposed in Section 6.1.1. While outside of the scope of this work, one could
consider the feasibility of estimating the distortion parameters together with 9
via pseudo-maximum composite likelihood.

6.3. Simulation study

We assess our proposed inference technique in a simulation study on a range of
different clustered Archimax copula models. Inference on individual clusters has
been extensively studied in Chatelain, Fougeres and Neslehova (2020) and Ng,
Hasan and Tarokh (2022), here the onus is on the evaluation of our method for
inference of the underlying copula @ of the distortion variables.

To remain in realistic scenarii, we perform the moment-based estimation of
the distortion parameters as described in Chatelain, Fougeres and Neslehova
(2020) before applying the pairwise-likelihood estimation method of the previous
section, viz. (6.10). This allows us to take into account the propagation of error
that would also occur in practice. Throughout, we assumed that the families of
Archimedean generators for each clusters were correctly specified, as were the
radial copula @ and the clusters.

It can be the case in certain applications that the clusters do not arise natu-
rally. For each simulated dataset, we therefore also employed several clustering
algorithms with the correct number of clusters specified and computed Rand in-
dex measures. This allowed us to quantify how difficult it is to obtain an accurate
data-driven clustering for each studied clustered Archimax copula configuration.

The class of clustered Archimax models proposed here is very rich due to
the vast number of combinations of cluster configurations, families, parame-
ters and dimensions. In the vein of the illustrations in Section 5, we restrict
ourselves to two types of radial (survival) copulas @ (Gaussian and Gumbel
copulas) and two types of radial families (Joe and Clayton generators). For com-
parison’s sake, we parameterize according to Kendall’s rank correlation for Q
(1q € {1/3,2/3}) and the radial components (7, € {1/4,1/2}). We explore the
effects of the number of clusters (K € {2, 3}) as well as their sizes (dy, € {2, 3} for
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FIG 6.1. Boxplots of the fitted values of Kendall’s Tau for the radial copula Q in the Gaussian
case. True values Tq are plotted in dotted lines. The simulation is based on 100 Monte-Carlo
replicates.

ke {l,...,K}) in small samples (n € {50,150}) motivated by environmental
applications with data-scarcity. In our proposed inference method, the intra-
cluster stdfs {;}X, can be estimated, e.g., via the semi-parametric approach
of Chatelain, Fougeres and Neslehovd (2020) after having performed inference
on the radial components and their copula. Since the estimation of intra-cluster
stdfs is not the focus of this simulation study, we limit ourselves to the logis-
tic stdf with parameter corresponding to the upper-tail dependence coefficient
AF) =1/3 ke {l,...,K}.

The main results are reported in Figures 6.1 and E.1. As expected, we observe
better performance with a larger sample size, as well as higher dimensional
clusters. This latter behavior is because of the exchangeability of the choices for
@ and the subsequent averaging of parameter estimates. The number of clusters
only affects computational time. For both families, there isn’t a clear effect of
the value of 79 on the estimation performance, although particularly small or
large degrees of dependence were not considered in this simulation study. Across
the board, there seems to be a slight reduction of variance when 7, increases
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from 1/4 to 1/2. The most notable difference pertains to the choice of the radial
families; the performance is better for the Clayton case than for the Joe case.
Note that the presence of outliers in the plot is due to numerical instabilities
that mostly happen for small sample sizes and Joe radial components.

To investigate the difference between these two Archimedean families, we
provide the boxplots of the obtained moment-based estimates in Figure E.2 that
are fed into the inference for Q. These results make it clear that the difference
in performance at the radial copula level is due to the propagation of the error
from the estimation of the individual radial components, i.e. of the parameters
0 in Table 5.1. Indeed, we observe superior performance for the Clayton family.
Figure E.3 shows that, unsurprisingly, performance when the model includes a
mix of Clayton and Joe clusters falls between the cases for all clusters being
Clayton (best) and for all clusters being Joe (worst).

Figure E.4 reports the average Rand index values obtained for all configu-
rations of cluster numbers and sizes. As expected, performance increases with
sample size and cluster size while it decreases with the number of clusters. There
is a clear indication that Kendall’s tau provides a better dissimilarity matrix
for determining the correct Archimax clusters than the upper tail dependence
coefficient. Hierarchical clustering algorithms seem to be more suited than the
partitioning around medoids approach; in particular complete linkage performs
best.

7. Data illustration

In this section, we illustrate the proposed methodology through an application
to flood monitoring. The data, provided by Météo France, consists of daily pre-
cipitation amounts measured from 1976 to 2015, inclusively, at d = 23 meteoro-
logical stations in France. As shown in Figure 7.1, the stations are agglomerated
into three clusters centered around the cities of Paris (Gy, 9 stations), Lyon (Gs,
6 stations) and Montpellier (Gs, 8 stations). We thus let G = {G;, G, G5} be the
partition underlying our model.

Note that our application is purposely similar to that of Chatelain, Fougeres
and Neslehové (2020), who fitted an Archimax copula to precipitation amounts
(monthly maxima) measured at three nearby stations. The greater flexibility
of clustered Archimax copulas allows us to increase the number of variables
considered.

7.1. Data preprocessing

A preliminary analysis of the data reveals the presence of seasonality and tempo-
ral dependence within the univariate series. To mitigate the effect of seasonality,
we consider only the observations from the months of September to December,
inclusively, which encompass most of the extreme precipitation events. Since
our primary focus is on extreme precipitations, we then take monthly maxima
of the series, yielding a total of n = 160 observations per station. The resulting
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Fic 7.1. Left: Geographical position of the stations used in the application of Section 7, along
with their respective cluster label. Right: Pair plots of the scaled componentwise ranks of
monthly mazima of precipitations for the stations around which the clusters were formed.

series show no obvious sign of temporal dependence according to the Ljung-
Box tests (Ljung and Box, 1978); note however that the asymptotic results of
Chatelain, Fougeres and Neslehova (2020) upon which the present work relies
hold for alpha-mixing sequences, meaning that temporal dependence vanishing
with increasing lag is indeed allowed.

The pair plots of the scaled componentwise ranks of monthly maxima of
precipitations involving only the most central station of each cluster are dis-
played in the right panel of Figure 7.1. They suggest a very weak dependence
between precipitation maxima in Lyon and Montpellier, and an even weaker
one, if at all, between any of these and the stations in Paris. In contrast, similar
plots for all pairs of stations within the same cluster (Figures F.1-F.3) indicate
much stronger dependencies. In these latter plots, we also note the presence of
asymmetry; this is particularly pronounced in Figure F.1 (Paris).

As a final preliminary step, we used the procedure of Kojadinovic, Segers
and Yan (2011) to test the hypothesis that the copula underlying each cluster of
variables is an extreme-value copula. In all three cases, the test clearly rejects the
hypothesis. This may be explained by the presence of masses of points near the
bottom-left corner of many pair plots, combined with the fact that extreme-value
distributions cannot allow lower-tail dependence. In contrast with extreme-value
distributions, clustered Archimax copulas may indeed allow for both lower-tail
and extremal dependence; in particular, letting 1)y be the Clayton generator
leads to (pairwise) lower-tail dependence coefficients equal to 24(1/2,1/ 2)_1/ 9,
where A is the Pickands dependence function characterizing the Archimax, as
explained in Chatelain, Fougeres and Neslehova (2020).
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Fic 7.2. Estimated quantities from Section 7.2. Left: Matrixz of intra-cluster pairwise upper
tail dependence coefficients (d = 22 stations). Right: Matriz of pairwise distortion parameters
(d = 23 stations).

7.2. Inference for ¢ and ¢

The apparent lack of inter-cluster dependence in the right panel of Figure 7.1
and the presence of lower-tail dependence in the data suggest that the Clay-
ton generators could be good candidates for modeling the distortions, as these
would produce asymptotically independent clusters. We thus begin by formally
testing whether G defines three asymptotically independent clusters. To do so,
we apply the test of independence for random vectors proposed by Kojadinovic
and Holmes (2009). Because we are interested in asymptotic independence, we
apply the test procedure not to our dataset of monthly maxima, but to the
corresponding dataset of yearly maxima, which includes 40 observations per
station; the corresponding matrix of empirical Kendall’s 7 correlations is de-
picted in the left panel of Figure F.4 in the Appendix. The test yields a p-value
of 0.16 for the global hypothesis of independence between the three clusters and
a p-value above 0.35 for each of the three hypotheses of pairwise independence.
Although the fact that only 40 observations are available might arguably yield
a test with limited power, we move on with our analysis assuming that the clus-
ters are asymptotically independent and that Clayton generators are reasonable
choices.

The next step is to estimate the parameters 61, 62 and 63 of the three Clay-
ton generators. This involves computing, for each k € {1, 2,3}, the (dz’“) pairwise
estimates {éw :4,J € Gk, i < j}; these are gathered in a dy X dy matrix illus-
trated in the left panel of Figure 7.2. The resulting distortion estimates, defined
in (6.2), are 6, ~ 1.08 (Paris), A2 ~ 0.62 (Lyon) and 63 ~ 1.20 (Montpellier),
suggesting that the hypothesis of different distortions affecting the three clusters
is reasonable.

At this point, one can already suspect a problem with the Montpellier cluster,
as there seems to be strong discrepancies among the entries of its corresponding
matrix in the left panel of Figure 7.2, violating the statement in Remark 6.1.
To check this more formally, we perform the test described in Section 6.1.1 for
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the hypothesis Hy that 6,; = 6 for all k € {1,2,3} and ¢,j € Gy such that
t < j. While the version of the test based on the supremum norm yields an
acceptable p-value (approximately 0.18), the version based on the Euclidean
norm yields an approximate p-value of 0.03, thus rejecting Hy at nominal level
0.05. Three similar cluster-specific tests, each involving only the pairwise distor-
tion estimates from a single cluster, indeed reveal an anomaly with Montpellier;
its corresponding approximate p-values are 0.06 (supremum norm) and < 0.01
(Euclidean norm). A last series of entry-specific tests, each involving a single
pairwise distortion estimate from the Montpellier cluster, strongly suggests that
one particular station, the west-most station of the cluster, is at the root of the
rejection. Concretely, the d3 — 1 = 7 p-values associated with this latter station
are below the nominal level 0.05, with most of them being smaller than 1073,
From the left panel of Figure 7.1, one can see that it effectively appears isolated
from the other stations of the Montpellier cluster, as it is located on the other
side of the Cévennes montain range. Removing its corresponding column from
the data yields a new distortion parameter f5 ~ 1.48 for the Montpellier clus-
ter, as well as satisfactory p-values for the tests of Hy and the preceeding test
of asymptotic independence. We thus remove the problematic station from the
data and redefine G to be the ensuing partition of {1,...,22}, assuming that
the variables were re-indexed. Similarly, we now use 5 to refer to the estimate
of 03 computed without the problematic station.

Given the new partition G, we then construct, for each k € {1,2, 3}, the semi-
parametric estimate of the stdf £, based on ACFS defined in (6.6). Note that for
the estimated values of 01,05, 03, Conditions 4.1 and 4.2 in Chatelain, Fougeres
and Neslehova (2020) used for convergence of AEFG are met. To better visualize
the strength of the dependence between stations of the same cluster, we also
computed, for each k € {1,2,3} and all i,j € G, such that ¢ # j, pairwise esti-
mates S\ij of the upper tail dependence coefficients A;; defined in (5.2). To this
end, we note that when Clayton generators are used, o = 1 in (2.5) and the es-
timator in (6.6) can be slightly modified to obtain an estimator of A;; as follows.
Recall the definition of Z in (6.1). For all (i, j, k) € Z, let £;;(1,1) = 0 (el)),
where () € R% has only two non-zero entries, those associated with the ith
and jth stations, equal to one. Then, for any (7, j, k) € Z, one can estimate A;;
combining the identities \;; = 2—£;;(1,1) and ly(x) = ||| Ax(z/[|x||). Because
the bivariate margins of an Archimax copula are also Archimax (Remark 6.1),
we get that \;; = 2 — 24;;(1/2,1/2) with A;;(1/2,1/2) = A(e'™)/2). This
leads to an estimator of A;; given by A;; = 2 — 2ACF%(1/2,1/2). The resulting
estimates are shown in the right panel of Figure 7.2. Although this is not re-
quired, we expect many of these estimates to be large; this is clearly the case
for the Paris and Lyon clusters, and still true, perhaps to a lesser extent, for the
Montpellier cluster.
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7.3. Inference for Q

To capture the dependence between the components of R = (R, R, R3), we
suppose that their copula @ belongs to the family of Gaussian copulas with
correlation parameters ¥ = (¢12,713,923), which we estimate by numerically
maximizing (6.10). The resulting estimates are given by p1a = 0.14 for the
Paris-Lyon pair, p;3 =~ —0.02 for the Paris-Montpellier pair and ps3 = 0.45
for Lyon-Montpellier pair. The results suggest in particular that the clusters
centered around Paris and Montpellier are nearly independent, which is coherent
with the fact they are the most distant pair of clusters among the three.

When reconducting the analysis using the simpler estimation method de-
scribed in Remark 6.2, we obtained virtually identical parameters. This sug-
gests that in some cases the simpler method may be used as a viable alternative
to maximizing (6.10). The pairwise Pearson correlations computed during the
process, and whose inter-cluster averages are used as final estimates, are shown
in the right panel of Figure F.4 in the Appendix.

This application to rainfall illustrates some of the strengths of clustered
Archimax copulas. Namely, we are able to model the dependence of multi-
dimensional data that consists of groups of variables which are asymptotically
dependent. Within each cluster, dependence is modeled in a fully flexible way, al-
lowing for asymmetry. Inter-cluster dependence is modeled more parsimoniously
while maintaining the possibility for both asymptotic dependence and indepen-
dence. Finally, the proposed copula family allows to fit data at a pre-asymptotic
level while boasting flexibility at the extreme level.

8. Discussion

The clustered Archimax model studied in this paper is related to several other
articles in the literature. Hierarchical constructions based on Archimax copulas
were proposed by Hofert, Huser and Prasad (2018). Specifically, their construc-
tion is based on the frailty representation of Archimax copulas, which only holds
for completely monotone generators. Hierarchies can be induced via the frail-
ties, the stdf, or both. Introducing hierarchies through the stdf alone leads to an
Archimax copula again, but introducing hierarchies through the frailties leads
to a hierarchical model which would be interesting to compare to the clustered
Archimax construction proposed here. Notably, it would be interesting to estab-
lish the attractor of the model of Hofert, Huser and Prasad (2018) and compare
it to that of the clustered Archimax copula advocated here. Unfortunately, the
Hofert, Huser and Prasad (2018) hierarchical model with hierarchies induced
through frailties is not, to the best of our knowledge, supplemented with in-
ference techniques; the recent methodology of Gorecki and Hofert (2023) only
considers hierarchies induced through the stdf. Therefore, performance compar-
isons with our proposed clustered Archimax copula model are not yet possible.

The extremal dependence structure of Liouville copulas is established in
Belzile and Neslehovd (2017). The stochastic representation of Liouville copulas
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is similar to that of Archimax copulas, as they are survival copulas of vectors
of the form RD, with R a nonnegative random variable and D a Dirichlet ran-
dom vector. The work presented in this paper differs from this by replacing the
Dirichlet component by a vector S characterized by an stdf and by allowing
for multiple distorting random variables Ry, ..., Rk, thus inducing a hierarchy
(or clustering). Finally, Engelke, Opitz and Wadsworth (2019) establish the ex-
tremal dependence of bivariate vectors of the form R x (W7y, W) for an extensive
combination of asymptotic behaviors of both R and (W7, W5). The attractor of
the bivariate Archimax copula is in particular obtained as a special case of their
Proposition 1 and Equation (6), see Sections 2.1 and 4 therein.

A. Proofs of Section 4

This section contains the proofs of the results from Section 4. We begin with
auxiliary results in Section A.1; Theorem 4.1 and its Corollaries are proved in
Sections A.2 and A.3, respectively.

A.1. Auziliary results

The following proposition is used to prove Theorem 4.1 but is also of independent
interest.

Proposition A.1. Let S = (Sy,...,5q) be a random vector with joint survival
function Gq as in (2.4) for some stdf £. Then 1/S belongs to the mazimum do-
main of attraction of a multivariate extreme-value distribution with unit Fréchet
margins and stdf £.

Proof of Proposition A.1. For the margins, recall that for each ¢ € {1,...,d},
S; ~ Beta(1,d — 1). The survival function of 1/S; is thus given by Fj g, (s) =
1—(1—1/s)%"1; it is easily seen that Fy;s, € R_1. Now set ¢, = {1 — (1 —
1/n)1/(d*1)}*1. From Equation 3.13 in Embrechts, Kliippelberg and Mikosch
(1997), for all s; € R, it then holds that Pr(1/S; < ¢,8;) — P1(s;) as n —
0o. Thus 1/8 is in the domain of attraction of a multivariate extreme-value
distribution with unit Fréchet margins and stdf ¢ if and only if for all s € R?

nli_>n;on{1 —Pr(1/51 < epsiy. .. 1/Sq < ensa)}
= lim n [l —Ga{l/(cas1),....1/(cnsa)}] = £(1/51,...,1/5q).

n—oo

To show this, fix an arbitrary s € Ri and observe that because ¢, — oo as
n — 0o,

éd{l/(cnsl), R 1/(cn5d)} = {1 —(1/en)l(1/s1,. .., l/sd)}d71

for all n sufficiently large. Now note that as n — oo, n/ck converges to 0 for all
ke{2,...,d—1} and to 1/(d — 1) for k = 1. Consequently,
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tim [0 {1 = (1 /et /51, 15} "]

n—oo

M:“

= lim
n— 00

< . ) k+1cn R(1/s1,...,1/sq) = £(1/s1,...,1/5q)

k=1
as claimed. O

The following lemma determines the normalizing sequences needed for the
proof of Theorem 4.1.

Lemma A.1. Let Cg 0.0 be a clustered Archimaz copula such that Assump-
tions 4.1 and 4.2 are satisfied. Then the following hold:

(i) For eachk € Dy andi € {1,...,dy}, 1/(RiSki) € M(®,,). Recall that for
k € Dy, by = E{1/Z0*} where Z), ~ Beta(1,d,—1). Moreover, there exists
a sequence of positive constants {ani} such that for allx > 0, nPr(1/Ry >
ankx) = P as n — oo and nPr(1/(RkSk:) > ankbi/p"’m) — Pk as
n — 00.

(ii) For each k € Dy and i € {1,...,dp}, 1/(RpSki) € M(P1). Moreover,
there exists a sequence of positive constants {any} such that for all x > 0,
nPr(1/Ski > anxw) — 271 as n — oo and nPr(1/(RiSki) > ankbrr) —

271 as n — oo, where by, = E(1/Rg).

Proof of Lemma A.1. (i) Letk € Dy andi € {1,...,d}. We then have (1/Ry,) €
M(®,,) by assumption and 1/Si; € M(P;) owing to the fact that Si; ~
Beta(1,d — 1). By Proposition 3.1.1 in Embrechts, Kliippelberg and Mikosch
(1997), there exists a sequence of positive constants {anx} such that for all z > 0,
nPr(1/Ry > angx) — x~P* as n — oo. Because pi < 1, E(1/Sy;)P**¢ < oo for
some ¢ sufficiently small. Using the lemma of Breiman (1965) and the fact that

by = E{1/SL}}, we then have, for all z > 0 and with (g, = ankbl/p’”

Pr(—Rklski > me)
PI“(RL,C > Cknx)

> (;mac) = hﬁm nPr( !

li P(
m nrr Rk

n—oo

1
Rk Ski > Cknw)

= (a:b,lc/p’“)fp’“bk =g P,

Indeed, nPr(1/Ry > ankbllc/pkm) — (mb,lc/pk)_pk as n — oo by the choice of
normalizing constants {anx}. The convergence of the fraction in the above dis-
play is due to Breiman’s lemma. The Fisher-Tippett-Gnedenko Theorem (Fisher
and Tippett, 1928; Gnedenko, 1943) implies that since 1/R, € M(®,,) and
pe € (0,1), Fi/r, € R_,,. We also have that 1/Si; and 1/Rj are inde-
pendent, positive, and E(1/S5}.,] < oo for v € (pg,1). By Breiman’s lemma,
1/(Rk51”‘) € M(‘I)pk) and

Pr(RkS’k >ankb1/pk )

E(1/S0F) = by,
Pr(— > ankbl/p’“ ) g
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as n — o0.

(ii) Let k € Dy and ¢ € {1,...,dx}. The proof of the result relies again on
Breiman’s lemma; see also Proposition 2(b) of Belzile and Neslehova (2017).
Since 1/Sy; € M(®1), Proposition 3.1.1 in Embrechts, Kliippelberg and Mikosch
(1997) implies that there exist sequences of positive constants {a,} such that
for all z > 0, nPr(1/Sk; > anxr) — 71 asn — oo, and this foralli = 1,. .., dg.
Recall that by = E(1/Ry). Similarly to the proof of part (i), Breiman’s lemma
then implies that for all x > 0 and with (x, = anikbs,

Pr(iRklski > me>
PT(SLM > Cknl')

lim n Pr(

n—oo

> Cknl”) = lim nPr(L > CknﬂJ)

1
Ry, S
= (l'bk)_lbk = x_l .

The convergence of the first part of the above is due to the choice of the nor-
malizing constants {an}. For the convergence of the second term, note that
Fl/sk € R_1 and by assumption, E{l/RHE*} for some €, > 0. Finally, since

1/Sy; and 1/Ry, are independent and positive, Breiman’s lemma implies that
1/(RkSki) € M(®1) and that

Pr(Rks > ankbkx)
Pr(S_ki > ankbkx)

E(1/Rg) = by

as n — 0o. This completes the proof. O

The lemma below establishes asymptotic independence between clusters in
D1 and clusters in Ds.

Lemma A.2. Suppose thatk € D1, € Do, i € {1,...,d} and j € {1,...,d;}.
Let {ank} and {an;} be normalizing sequences as in Lemma A.1. As in Lemma
A.1 (i), let by = E(1/Ry). Then for all z,y > 0,

li_>m nPr{l/(RySk;) > ankb,lc/p’“x, L/(R1S15) > ambiy} = 0.
n o0

Proof. Fix x,y > 0 and recall that p; € (0,1). The probability of interest can

be written as follows, for (,; = ankbllc/p"

nPr{1/(RySki) > Curw, 1/(RiSij) > nuy}

= /2 nPr(l/Ski > (T, 1/Slj > nnzym)dFRk,Rl(m,n)
R

and 1y = aniby,

:/ ’I’LPr{l/Ski > anxrk}Pr{l/Slj > nnljﬂ“l}dFRle (Tk,’l“l) ,
R2

T

where the first equality is due to the independence between (Ry, R;) and (Sk;, Si;)
and the last equality is due to the independence of Si; and Sj;. Next, consider
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the integrand as a sequence of functions {f,} defined on R%. Observe that for
each ri,r > 0,
fn('f'k,’l"l) S gn(Tkﬂ"l) 5

where {g,} is itself a sequence of functions on Ri defined by
Gn (k1) = gn(r1) = nPr{1/S;; > anbiyri} .

From the choice of {an}nen, for all rg,r > 0, limy, 00 gn(re, 7)) = g(rx, 71),
where g(rg, ) = 1/(biyr;). Moreover,

J

1
/ n (T, 1)dF R, R, (Tk,71) = nPr{1/(RiSij) > anbiy} — "
R

2
T

1 1
9(ri, 1)dF R, R, (T8, 71) = / dFR, r, (1K, 11) = —,
r2 Diyri Y

2
T

and

asn — 0o. We therefore have a sequence of nonnegative functions {g,, } bounding
{fn} from above such that

lim 9n (T 71)dF R, R, (Th, 1) :/ lim g, (rg, 7)dFR, r, (ThsT1) -

n—oo Jpz R P00
Finally, note that
fo(rg,m) = nPr{l/Sk; > ankbllc/p"’xrk}Pr{l/Slj > ambiyri} — 0
as n — 0o since
Pr{l/Sk; > ankbllc/perk} —0 and nPr{l1/S; > aubyri} — 1/(biyr)

as n — o0o. The desired result then follows by the generalized Lebesgue domi-
nated convergence theorem (see Theorem 1.21 in Kallenberg (2002), for exam-
ple). O

We are now ready to prove Theorem 4.1.

A.2. Proof of Theorem 4.1

A random vector (Y7,...,Yy) is in the maximum domain of attraction of the
extreme-value distribution H with Fréchet margins if and only if there exist
sequences of positive constants (a,;) € (0,00), i € {1,...,d}, so that, for all
(y1,---,ya) € le_,

lim n{l —Pr(Y1 < any1,---,Ya < anaya)} = —InH(y1,...,yq) -

n—oo

This is a multivariate extension of Proposition 3.1.1 in Embrechts, Kliippel-
berg and Mikosch (1997), as used in Belzile and Neslehova (2017). For each
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ke {l...,K}, set the sequences {a,;} as done in Lemma A.1l. Then the fact
that the marginals of H are Fréchet follows from the said Lemma. With the
normalizing constants now set, the limit of interest is, for any fixed € Ri
and, for convenience, let J = {(k,i) : k=1,...,K,i=1...,di},

: 1 1/
(k,i)ed

where for k € Da, b, = E(1/Ry) as in Lemma A.1 (ii) and for ease of notation,
pr = 1. Letting P(J) denote the power set of 7, (A.1) can be rewritten as
1 1
nll_}n;on Z |p|+1 Pr ﬂ {Rkski > ankbk/pkx;“} . (A.2)
pEP(J) (kyi)ep

We now consider the subset P(J)|p, p, of P(J) such that p € P(J)|p, s
if and only if there exists (k,7),(l,j) € p so that k € D; and [ € Ds. As it
turns out, the summands in (A.2) for which p € P(J)|p, p, are asymptotically
negligible. To see this, fix an arbitrary p € P(J)|p, p, and pick (k,4),(l,j) €p
so that k € Dy and | € Dy. Then for all {z., : (¢c,a) € p} € R‘pl

1
nPr m {RS >ancbi/pcxca}

(c;a)€p

< TLPI"{]./(R]CS]”) > ankbi/p’“xki, 1/(RlSlj) > anlbll/pll'lj} —0

as n — oo by Lemma A.2.

Now, let P(J)|p, be the subset of P(J) such that p € P(J)|p, if and only
if (¢c,a) € p implies that ¢ € D;. In other words, P(J)|p, contains only sets of
indices (c,a) with ¢ € Dy. Let Ny = ), p d, define SM = (S : k € Dy),
and rewrite the summands in (A.2) with p € P(J)|p, as follows:

1
n Z (-1 )|p|+1Pr< ﬂ {RS >ancb(1:/pcxca})

pEP(JT)|D, (c,a)ep

1
1—Pr< {R 5 Sankbi/pkxki}>]
keD, 1<i<d;, \ k7Kt
nll Pr< ﬂ m {— < ank:b o/x Z‘kﬁkz})
[0 N keDy 1<i<dy,

1
n|l-Pr = < aub!™ min (zrisk)
[0 IR k€D1 B i

where s(!) € [0,1]V* is indexed so that s(V) = (sp; : & € Dy, 1 < i < dy).
Now con51der the integrand as a sequence of functions {f,} defined on [0, 1]M

=N

dFga (s)

dFS(1) (S(l)) ,
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and observe that for each n € N, 0 < f,, < g¢,, where g, is given, for each
s € [0,1]V* as above, by

d

gn(sM) =n Z ZPr (1/Rk > ankbllc/pkxkiSki>

k€D, =1

Clearly, g,(s™")) — g(s™M)) as n — oo, where

Z Z by, {xkzskz}p"

keD;y i=1

with
/ g(sM)dFgn) (s™M) Z Zafp’“ .
[0,1]N1 keED; i=1
1
Moreover,
/ gn(sW)dFga (s {Z ZPr (1/ RiSki) > ankby ™ )}
[0,1]M1 keDy i=1
N Z foﬂk
keDy i=1

as n — oo. Therefore, we have a sequence of majorants {g,} for which the
identity lim, oo [ gn = [lim, e gn is satisfied. Now recall that the vector
of reciprocal distortions 1/R has a limiting stdf /;,z defined in terms of the
positive, unit-mean variables W7, ..., Wi in Assumption 4.2. Therefore, f,, — f
pointwise, where for all s() € [0,1]M

f(sW) = E{max 5 - Wi } :

keDy by min (g;Sk;)P*
1<i<dy,

Now, integrating over the s(!) yields

/ f(sM)dFga (s = E{ max L} .
(0,1]M1

1’267% br (SkiTri)Px

Using the generalized Lebesgue dominated convergence theorem, we can thus
conclude that for all ") = (z : k € D;) € RY?

im o > (=1 P () {1/(ReSea) > ansbfwea})

n— o0
pEP(T)|p, (c,a)ep
Wi
{’?é%)i b (Skiri)P* }

1<i<dy,
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Analogously to P(Z)|p,, let P(Z)|p, contain only sets of indices (¢, a) with
¢ € Dy. Let Ky = |Dy| and Ny = Y, op, di, define R = (Ry : k € Dy), and
recall that pp = 1 for all k € Dy. Next, for 22 = (x : k € Dy) € sz, rewrite
the summands of (A.2) with p € P(Z)|p, as follows:

no 3 DR () {1/(ReSea) > ancbt "o ea})

pEP(I)|p, (c,a)ep

= n{l —~ Pr( N () {1/(BSk) < ankbkxm)]

k€D, 1<i<dy,

= /RK2 n{l - Pr< ﬂ ﬂ {1/Ski§ankbkl'kirk}>}dFR<2) (r),

kEDy 1<i<dy,

where 7(?) = (r : k € Dy) is indexed as R(). Now consider the integrand as
a sequence of functions {f,} defined on sz and observe that for each n € N,
0 < fn < gn, where g, is given, for all #(?) ¢ R?, by

dy.
gn(r?) = n{ Z ZPr(l/Ski > ankbkxkirk)}
keDsy 1=1
Clearly, for all ) ¢ Rf"‘ and as n — oo,

9n (r(Q)) — g( r(2) Z Z bk-l'k- e
3

k€Dy i=1

Furthermore,

[ = 25

+ keDy i= 1

and, as n — 00,

dy,
/RKZ gn(r(2))dFR<z) (r(z)) = n{ Z ZPI’(]./(R}CS;“) > ankbkxki)}

+ kEDz i=1
= > Z —
keD; i= 1 Tki

Analogously to the treatment of P(Z)|p,, we have a sequence of majorants {g, }
such that lim,, o f Gn = f limy, _so0 gn. It remains to determine the limit of the
sequence of functions {f,} defined for all »(?) € sz by

n[l —Pr( ﬂ ﬂ {1/S4; > ankbkmkirk}ﬂ .

keDy 1<i<dy,
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By assumption, Sy and S; are independent if k # [ and are therefore asymp-
totically independent as well. Using Proposition A.1 and the fact that 1/Sk; €
M(Pq) for all k € {1,...,K} and ¢ € {1,...,di}, one has that f, — f point-
wise, where for all 7(2) € sz,

?) = Z U { (bkzpare) ™ (brzga, i) '}

k€D

= Z (bk’l’k)_lgk (l‘;ll, .. xkdlk) .

keD-

Integrating the limit f yields

f( (2))dFR(2) Z ék xkl?" ‘delk) .

Ko
Ry k€D,

Thus for all z € RZ, the limit (A.1) is equal to

E{ keD, bk(Skzﬂim }+ Z hldsomia)

1<i<dy, k€D

Recalling that 1/(RySk;) € M(®,,), one obtains (4.1) by plugging in the ap-
propriate Fréchet margins. O

A.3. Proofs of Corollaries 4.1 and 4.2

Proof of Corollary 4.1. Let K1 = |D1| and recall that E[maxgep, ypWi] is the
limiting stdf of {1/Ry : k € D1}, defined for all (y1,...,yx,) € RE". Letting
{W) : k € D1} be a (uniformly) random permutation of (K7,0,...,0) yields the
independence stdf E[maxgep, ys Wi] = y1 + ... + Yk, . Due to the fact that, for
all k,1 € {1,...,d} and i € {1,...,d;}, W} is independent of Sj;, plugging this
into (4.1) yields, for all € RY,

fosaate) = X2 B s, %) + 3 i
keDy ? keDs

By Proposition 6.1 in Charpentier et al. (2014), as mentioned in the Section 1,

for each k € Dy,
Lki Pk ( 1/ Pk
E(@%’ék ka,‘;f") @)
This completes the proof. O
Proof of Corollary 4.2. Observe first that by Assumption 4.2 and the fact that

the variables W}, have unit mean,

/r(@) = B{ max (2}, W)}
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< E{]E[elab)i(l‘;CWk) + k; Wi }
2

= E{Igrelapx(m;ch)} + Z ). (A.3)
! kED>

Next, note that £g 4 ¢,0(x) = A(x') + B(x'), where

A(z') = Z O () = Z T, = Z ),

keDsy keDsy k€D,

and

CijWk I;CWk
Blz) = E( KeDy  bpSPE ) - E<?é%x bLS7% )
1<j<dy, ki ki

Because for each k € Dy, b, = E(1/5y;), we have that for any w € RX and

k € Dy,
/ /
T Wi T W ’
E( max —£ >E =zw
(;@1 bks,g;.) = (ka,’j;) R

so that

/
Thw
E(max k k) > max (zjwy) -

This implies that
B(z') > E{max(x%Wk)} ,

- k€D,

which together with (A.3) yields the desired result. O

B. Jackknife estimation of the covariance matrix of T

Here, we provide a consistent estimator of the asymptotic variance X of /nT,
where T is as in (6.3). Recall the definition of 7 in (6.1). For each v € {1,...,n}
and (i, 4, k) € Z, let éij,, be a version of éij based on all but the vth observation;
01, be the average of all éiju such that, given k, (4, j, k) € Z; Tjjr, = éijl, — O
and T, = (T,,).ez. In particular, T, is a version of T based on all but the
vth observation. It then follows from Theorem 9 of Arvesen (1969) that, for
T =nT —(n—1)T, and T; = (1/n)Y_.._, T},

n

DT -THT -T0)T (B.1)

v=1

1
n—1

=

is a consistent estimator of X.
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C. Conjectured extension of Theorem 4.1

As it is stated, Theorem 4.1 does not account for the boundary case when 1/Ry, €
M(®1), which can occur. It would thus be desirable to replace Assumption 4.1
of Theorem 4.1 by the following requirement.

Assumption C.1. For a clustered Archimaz copula as in Definition 3.1, as-
sume that {1,..., K} is the union of disjoint sets D1, Da, and D3 such that

(1) k € D1 if and only if 1/Ry, € M(®,,) for some py € (0,1).
(i) k € Dy if and only if there exists an ex > 0 such that E{1/R, T} < cc.
(iii) k € Ds if and only if 1/ Ry, € M(®1) and E(1/Ry) = oco.

We conjecture that the variables whose distortions are in D3 have the same
asymptotic behavior as those whose distortions are in Dy. More precisely, we
surmise that the following statement holds.

Conjecture C.1. Let Cg 0,0 be a clustered Archimax copula such that As-
sumptions C.1 and 4.2 hold. For k € Dy, let by, = E(1/Z[*), Zi, ~ Beta(1,dj —
1). Then 1/X € M(H) with 1/Xy;, € M(Hy;), where Hy, = ®,, for k € Dy
andi € {1,...,di} and Hy; = &, for k € Dy UDs and i € {1,...,dx}. The stdf
of H is given for all x € Ri by

Tpi Wi
lgpeq(z)=E ’?é%x e 5PE + Z Lr(xk) - (C.1)
19i<d,  Eoki kE€D2UDs

One part of Conjecture C.1 is clear, namely that Hy; = ®; for k € D3. Indeed,
for any such k, the Corollary to Theorem 3 in Embrechts and Goldie (1980)
implies that 1/(RySk;) € M(®P1). So one can again find a sequence {a,;} of
positive constants ensuring that for all x € Ry, n Pr{1/(RgSki) > anrx} — 1/x
as n — 00. The main difficulty in establishing the validity of Conjecture C.1 is
the fact that, for k € D3 and i € {1,...,dy}, the relation between the above
normalizing sequence {a,} and the normalizing sequences for 1/Ry and 1/Sk;
is unclear. In order to prove the conjectured result, it suffices to prove three
sister lemmas which are reported below. The first two, Lemmas C.1 and C.2,
are analogous to Lemma A.2 and are proved therein. The third, Conjecture C.2,
that states asymptotic independence between different clusters in Ds, is the
missing result that if established would prove Conjecture C.1.

Lemma C.1. Under the hypothesis of Conjecture C.1, suppose that k € D1,
leDs,ie{l,...,dp} and j € {1,...,d;}. Let {ank} be a sequence of positive
constants such that for all x > 0, nPr(1/Ry > apgr) — x~P% as n — oo and
nPr{1/(RpSki) > ankb,lg/p’“a:} — &Pk as n — oo. Furthermore, let {an} be a
sequence of positive constants so that for all x > 0, nPr(1/(R;Sy;) > anix) —
1/x as n — co. Then for all z,y € R4,

lim nPr{l/(RkSki) > ankbllc/pkx, 1/<R15lj) > anly} =0.

n—oo
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Proof of Lemma C.1. The proof is quite similar to the one of Lemma A.2.
Observe first that the assumed sequences {an;} and {an} indeed exist, by
Lemma A.1 and the discussion in the paragraph following Conjecture C.1. Fix
some arbitrary z,y > 0 and recall that p, € (0,1). The probability of interest
can be written as follows

nPr{l/(RkSki> > ankbllc/pkaﬁ, 1/(RlSlj) > anlbly}
= / . nPr{l/Ry > ankbllc/pkwski, 1/R; > anlyslj}dFSM’slj (ski,slj) .
(0,1)
Consider the integrand as a function f,, defined on (0,1)? and note that for all
n €N, 0< f, < g,, where g, is given, for all (s, s;;) € (0,1)? by
In(Skir$13) = Gn(ski) = nPr(1/ Ry, > anpby ™ wsys) -
As in the proof of Lemma A.2, for all (sg;, s;;) € (0,1)2,
i gn(skis 515) = 9(skis s15) = 1/{br(@s8:)* } -

Moreover,

1
/ 9(Ski, 515)dFs,, s, (Skiy 515) = —
(0,1)2

TPk

and

/( 2 gn(ski, slj)dFSki,Sl]‘ (Ski7 Slj) = nPr{l/(RkSki) > ankbllc/pkl‘} —
0,1)

TPk

as n — 0o. We therefore have a sequence of functions {g,,} bounding {f,} from
above such that

nlgfgo (071)2971(51@1';Slj)dFSk,;,Sl,j (Skis S15)

:/ lim gy, (Ski, 515)dFs,, s,; (Ski» 515) -
o

’1)2 n—oo
Finally, note that
fn(ski, s1;) =nPr{l/Ry > ankbi/p’“mski, 1/R; > anlbll/myslj} —0

as n — oo since nPr{l1/Ry > ankbllc/p’“xski} — {bi/p’“xski}_”’“ and Pr{1/R; >
anlbll/ plyslj} — 0asn — oo. The desired result then follows from the generalized
Lebesgue dominated convergence theorem. O

Lemma C.2. Under the hypothesis of Conjecture C.1, suppose that k € Do,
leDs,ie{l,...,dp} and 5 € {1,...,d;}. Let {ank} such that for all x > 0,
nPr(1/Sk; > anpxr) — v~ as n — oo and nPr{1/(RySk;) > anxbrz} — x7*
as n — oco. Furthermore, let {an;} be a sequence of positive constants so that for
allz > 0, nPr{1/(R;S;;) > amz} — =" asn — oo. Then for all z,y € Ry,

li_>m nPr{l/(RkSki) > an}cbllc/pkm, 1/(RlSlj) > anly} =0.
n—oo
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Proof of Lemma C.2. This proof is almost exactly the same as the proof of
Lemma A.2. Again, the existence of the norming constants {a,r} and {a,}
follows from Lemma A.1 and the discussion in the paragraph following Conjec-
ture C.1. Fix some arbitrary x,y > 0. We are interested in the limit as n — oo
of

nPr{l/(RkSki) > ankbkx, 1/(RlSlj) > anly}

= /2 nPI‘{l/Ski > ankberk}Pr{l/Slj > anlyrl}dFRth (Tk,Tl) .
]R+

Consider the integrand as a function f,, defined on Ri. Observe that for each

n €N, 0 < f, < gn where for all (ry,r) € RE,

In(Tk, 1) = gn(re) = nPr{l/Sk; > anrbrary} .

From the choice of {any}, for all (ry,r) € R2,
Jim g (i, 1) = g(r, 1) = 1/ (bpre) -

Moreover, since by, = E(1/Ry),

J

1
/ gn(rk,rl)dFRk,Rl (’I"k,T'l) = ’nPI‘{l/(RkS]ﬂ) > ankbkx} — E
R

2
+

1

1
g(rkarl)dFRk,Rl (rkn,r‘l) = / —dFRk,Rl (Tkhrl) = ; .

brxr
3 R% OkTTE

and

as n — 0o. We therefore have a sequence of functions {g,} bounding {f,} from
above such that

lim 9n (T, 71)dF Ry, R, (T8, 71) =/ lim gn(rg, r1)dFR, r, (Tk,T1) -

oo Jp2 R2 ™00
Finally, note that
fn(ri, ) = nPr{l/Sk > anxbrary} Pr{l/S; > anyri} — 0
as n — oo since
nPr{l/Sk; > anxbrary} — 1/{bgzry} and Pr{l1/S; > anyri} — 0

as n — o0o. Using the generalized Lebesgue dominated convergence theorem
concludes the proof. O

Conjecture C.2. Under the hypothesis of Conjecture C.1, suppose that k,l €
D3, i € {l,...,dr} and j € {1,...,d;}. Let {anr} and {an} be sequences of
positive constants such that for all x > 0, nPr(1/(RgSki) > anrx) — 7% and
nPr(1/(RSi;) > amx) = =1 asn — co. Then for all z,y € Ry,

li_>m nPr{l/(RkSki) > ankbllc/pkm, 1/(RlSlj) > anly} =0.
n—»00



Clustered Archimaz copulas 349

D. Additional figures for Section 5
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Fic D.1. (Model A) Pairwise plots of a sample of size n = 1000 from the copula
Cg 0, where G = {G1,062,Gs} = {{1,2,3},{4,5,6},{7,8,9}}. ¥ = {¢91’¢927'¢)93} with
(61,02,03) = (1.5,1.5,2) where g, is Clayton while 1bg,, e, are Joe. £ = {Ly, Ly, Ly,}
with (91, 92,93) = (1.25,2,1.5) where £y, , £y, , Ly, are Gumbel-Hougaard. The radial survival
copula D 1is trivariate Gaussian with correlations all equal to 0.5. Upper: linear correlation,
Lower: contour density, Diagonal: univariate histogram.
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F1G D.2. (Model B) Pair plots of a sample of size n = 1000 from the copula Cg y ¢,q where
G = {01,G2,G5} = {{1,2,3},{4,5,6},{7,8,9}}. ¥ = {vg,.va,, %0y} with (1.6,05) =
(1.5,1.5,2) where 1bg, is Clayton while 1y, , Vg, are Joe. £ = {Ly,,Ly,, Ly, } with (91,92,03) =
(1.25,2,1.5) where Ly, , Ly, , Ly, are Gumbel-Hougaard. The radial survival copula D is trivari-
ate Gumbel-Hougaard with parameter 9 g = 4. Upper: linear correlation, Lower: contour den-
sity, Diagonal: univariate histogram.
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Fic D.3. Pair chi plots for the sample from Model A (left) and Model B (right). The full
black line is the empirical estimate of (5.1), the dotted lines are 95% confidence intervals and
the red lines represent the true values of limg_1 Xx;5(q) for each pair (i,j). The samples used
for the empirical estimates are those of Figures D.1 and D.2.
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E. Additional figures for the simulation study of Section 6
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F1G E.1. Boxplots of the fitted values of Kendall’s Tau for the radial copula Q in the Gumbel
case. True values Tq are plotted in dotted lines. The simulation is based on 100 Monte-Carlo
replicates.
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Fic E.2. Boxplots of the fitted values of Kendall’s Tau for the radial components. True values
Ty are plotted in dotted lines.
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F1G E.3. Bozplots of the fitted values of Kendall’s Tau for the radial copula Q in the cases
where clustered Archimazx copula contained both Clayton and Joe clusters. True values ¢ are
plotted in dotted lines. The simulation is based on 100 Monte-Carlo replicates.
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Fic E.4. Average Rand indices obtained for each cluster size and number configuration ac-
cording to sample size. Four clustering algorithms were considered with dissimilarity matrices
built from estimates of either Kendall’s tau or the upper tail dependence coefficient. Notation:
hc denotes hierarchical clustering with average, complete and single linkage while pam denotes
the partition around medoids method.
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F. Additional figures for the data illustration of Section 7
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Fic F.1. Pair plots of the scaled componentwise ranks of monthly mazxima of precipitations
for the nine stations of the Paris cluster considered in the application of Section 7.
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Fic F.2. Pair plots of the scaled componentwise ranks of monthly mazima of precipitations
for the sixz stations of the Lyon cluster considered in the application of Section 7.
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F1c F.3. Pair plots of the scaled componentwise ranks of monthly mazima of precipitations for
the eight original stations of the Montpellier cluster considered in the application of Section 7.
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Fic F.4. Estimated quantities from Section 7.3 (d = 22 stations). Left: Matriz of pairwise
Kendall correlations associated with the (yearly) data used to perform the test of Kojadinovic
and Holmes (2009). Right: Matriz of pairwise Pearson correlations involved in the simpler
estimation procedure for @Q described at the end of Section 6.2.
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