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We propose a new method to measure systemic risk in
the global insurance sector by analyzing interconnect-
edness among firms under different market conditions.
Using a semi-parametric approach that relies on the
Spearman correlation and copula-based partial depen-
dence, we assess relationships in relatively stable, ex-
tremely bullish, and extremely bearish markets. Our
approach provides a more flexible and robust frame-
work than traditional methods that rely on linear
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correlation and the multivariate normal distribution.
We show that geographic proximity and shared stock
exchanges drive interconnectedness, while the Russo-
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Ukrainian war had a notable impact on the sector's
network under relatively stable market conditions.

1 | INTRODUCTION

Systemic risk refers to the threat of financial instability spreading so widely that it disrupts the
functioning of the entire financial system, leading to significant economic consequences. The
2007-2008 global financial crisis is a key example of how financial instability can propagate
globally through the complex network of connections among financial institutions. Since the
onset of the 2007-2008 crisis, supervisors and regulators have developed tools and supervision
regimes to control systemic and moral hazard risks in both the banking and insurance sectors.
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Examples of policies related to the banking sector are those introduced by the Financial
Stability Board (FSB). The FSB developed a policy framework to address the “too-big-to-fail”
risk, that is, the problem posed by systemically important financial institutions (SIFIs)."! In
2011, with the help of the Basel Committee on Banking Supervision (BCBS), the FSB identified
an initial group of global systemically important banks on which to apply the policy measures
drawn up (see FSB, 2011, 2023).> While much attention has been devoted to banking sector
risk, insurance companies have increasingly come under scrutiny for their potential role in
propagating systemic instability. For example, Eling and Pankoke (2016) review systemic risk
in this sector, highlighting new methodological approaches and identifying future research
priorities in light of evolving insurance-specific activities and regulatory changes. Indeed, since
the 2008 Federal Reserve bailout of AIG, the industry's largest player, the efforts to monitor and
mitigate systemic risk have intensified substantially (see, among others, Jobst, 2016,
Denkowska & Wanat, 2020, Clemente & Cornaro, 2022, and Jourde, 2022).3 For example, in
2013, the International Association of Insurance Supervisors (IAIS) developed an assessment
methodology to identify global systemically important insurers (G-SIIs), which the FSB then
used in consultation with IAIS to designate an initial list of nine G-SIIs (see FSB, 2023 and
IAIS, 2013a, 2013b).* This study investigates systemic risk within the global insurance industry,
introducing an innovative approach to quantifying the interconnectedness among insurance
companies worldwide.

Over the last several years, academic research in insurance and risk management has
broadened substantially, reflecting the increasing complexity and interconnectedness of mod-
ern financial systems. Recent work has particularly emphasized cross-sector linkages and the
rapidly evolving dimensions of environmental and climate-related risks within the sector. This
focus is evident in studies such as Kraus (2024), which uses a text-mining analysis to shed light
on environmental risk management and strategic disclosure practices in European banks and
insurers. Similarly, Kousky and Netusil (2023) empirically investigate the determinants of flood
insurance literacy and risk knowledge, offering critical insights into climate risk perception and
insurance demand, particularly concerning catastrophic weather events. A second important
direction in contemporary insurance research concerns the organizational and enterprise risk
management (ERM) response to crisis events. For instance, Dahmen (2023) explores the
mechanisms of organizational resilience, underlining the crucial role of robust ERM frame-
works for navigating severe and novel crisis situations.

Academic research on systemic risk has also flourished. Benoit et al. (2016) provide a survey
on systemic risk and identify two distinct approaches. The first one, labeled “source specific,” is

ISIFIs are financial institutions that, in case of distress or disorderly failure, would significantly affect the wider
financial system and economic activity because of their size, complexity, and systemic interconnectedness.

>The FSB conducts an annual review of this list in November, working closely with BCBS and national regulatory
authorities.

*The European Insurance and Occupational Pensions Authority (EIOPA) contributed by publishing a number of
discussion papers on systemic risk and macroprudential policy in insurance, and one target was the promotion of some
macroprudential tools in addition to the ones already existing in the Solvency II framework (see

EIOPA, 2017, 2018a, 2018b).

“This G-SII group was updated annually based on new data until 2019. After that, the FSB suspended the updating
process in 2020 and applied a holistic framework for the assessment and mitigation of systemic risk in the insurance
sector developed by the IAIS in November 2019 (see FSB, 2023 and IAIS, 2019). The FSB announced in November 2022
that it would continue to base its considerations on systemic risk in the insurance sector through the IAIS holistic
framework (see FSB, 2022, 2023).
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based on confidential data. It considers different sources of systemic risk in isolation and
proposes targeted but complex regulatory tools. In contrast, the second approach—central to
our analysis—utilizes publicly available market data to generate global measures of systemic
risk. Grounded in the efficient market hypothesis, this global measure approach posits that
current market prices can serve as indicators of financial stability (or lack thereof). Broadly
speaking, two classes of measures are derived from observed prices.

The first class of measures employs the joint distribution of prices to derive tail or
probability-based risk indicators, with several notable methodological approaches emerging,
starting with measures based on the expected shortfall. Acharya et al. (2016) propose the
marginal expected shortfall (MES) and the systemic expected shortfall (SES). MES is defined as
the marginal contribution of an institution to systemic risk, where the latter is measured as the
expected shortfall of the system. Building on MES, SES estimates the expected capital shortfall
of a bank during a broader financial system collapse.’ An alternative approach is represented by
measures derived from Value at Risk (VaR). An example is the ACoVaR of Adrian and
Brunnermeier (2016), which, for a given firm, is defined as the difference between the VaR of
the financial system conditional on the firm being in financial distress and the VaR of the
financial system conditional on the firm being in its median state. A third approach consists of
indicators based on estimates of implied joint default probabilities for financial institutions. For
instance, Segoviano and Goodhart (2009) view the bank system as a portfolio of banks and
determine empirical measurements of distress probabilities for each bank included in the
portfolio. Then, they compute the banking system's multivariate density and estimate some
banking stability measures. Alternatively, Giglio (2016) combines credit default swaps (CDS)
and bond price data to infer the probability of joint default of several banks and, without any
assumption about the shape of the joint distribution function, estimates bounds on the prob-
ability that several banks default together.®

The second class of global measures focuses on interconnectedness. Billio et al. (2012) study
systemic risk from a network perspective and develop several measures of interconnectedness.
Using Granger-causality networks and principal component analysis applied to monthly returns
from hedge funds, banks, broker-dealers, and insurance companies, they find an increase in
sectoral interdependence and that banks play a greater role in transmitting shocks than other
financial institutions. In the same vein, Diebold and Yilmaz (2014) use a vector autoregressive
framework to model stock returns and empirically estimate directional volatility connectedness
measures among major US financial institutions. In particular, they show the usefulness of ‘con-
nectedness thinking’ for systemic risk measurement. Recently, Shahzad et al. (2023) use partial
correlation analysis to construct influence quantities among firms in the global energy sector, and

>The SRISK measure proposed by Acharya et al. (2012) and Brownlees and Engle (2017) extends the MES by including
the liabilities and the size of the financial institution.

SOther works belonging to this latter category are those of Huang et al. (2009) and Oh and Patton (2018). Huang et al.
(2009) compute a systemic risk indicator based on a hypothetical portfolio consisting of debt instruments issued by
banks and with weights equal to the liabilities size of each bank. The systemic risk measure is defined as the expected
portfolio credit loss that exceeds a certain share of the banking sector's total liabilities. This expected loss is derived
from default probabilities extracted by CDS and forecasts of default correlations, and it takes the name of distress
insurance premium because it represents the actuarial premium of an insurance policy against the distress of the
hypothetical portfolio. Oh and Patton (2018) propose a new class of copula-based dynamic models for high-dimensional
conditional distributions they apply to a collection of daily CDS spreads on 100 US firms over the period 2006 to 2012.
Their analysis shows that systemic risk, measured as the joint probability of distress, has increased after the financial
crisis.
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they compute connectedness measures as defined by Diebold and Yilmaz (2014). Partial correlation
analysis is a tool to determine the correlation between two variables when conditioning on one or
several other variables, and it can be used to define the average influence that a firm exerts on
another one in a given financial system (see, among others, Kenett et al., 2010 and Kenett
et al., 2015). In addition to the Pearson correlation, Shahzad et al. (2023) apply partial correlation
analysis with the extreme downside correlation (EDC) and extreme upside correlation (EUC)
measures proposed by Harris et al. (2019). They use the Pearson coefficient to analyze the con-
nectedness in the energy sector under relatively stable market conditions, and the EDC and EUC to
analyze the connectedness under extremely bearish and bullish market conditions, respectively.

Building on Shahzad et al. (2023), we propose systemic risk measures under different market
conditions and apply them to the insurance sector. Specifically, our study does not investigate how
the insurance sector generates systemic risk for the entire economic system but aims to explore how
insurance companies are interconnected and hence systemically linked. Insurance companies form
a strongly connected network, not only because they engage in similar economic activities, but also
through their business, contractual, and financial relationships. Measuring systemic risk conditional
on market conditions is crucial, as systemic vulnerabilities often amplify during periods of market
turbulence. Our method is based on three association measures. We employ the Spearman corre-
lation to assess connectedness under relatively stable market conditions, and apply the extreme
downside and upside correlations, reformulated in terms of Spearman correlation, to examine
connectedness under extremely bearish and bullish market conditions, respectively. In addition to
the global versions of these association measures, we also need their partial versions, which can be
defined with the help of copula functions. These partial versions quantify the relationship between
two variables while excluding the influence of a third variable. Then, we quantify the influence of
company k on the relationship between companies i and j by computing the difference between the
global association measure between i and j and their partial association measure accounting for k's
influence. Connectedness measures are then computed from these influence indexes.

Our approach has two significant advantages over those based on the partial Pearson
correlation. First, using the Spearman correlation, we can detect any monotonic relationship
between variables, not just linear ones, as with the Pearson correlation. Hence, our approach
gains flexibility by capturing a broader range of correlations. Second, our copula-based method
of partial dependence can be used in any stochastic environment and is not limited to any
specific dependence structure between three variables. Indeed, the partial Pearson correlation
completely characterizes the dependence structure between two variables taking a third one
into account only in a Gaussian environment.

Clemente and Cornaro (2022) and Denkowska and Wanat (2020) also study systemic risk in
the insurance sector. We differ from their approaches at least in the way we measure systemic
risk. The systemic risk measure of Clemente and Cornaro (2022) is based on the difference
between the ES of a given insurance company and its marginal ES (i.e., its expected return
conditional on the return of another insurer being below its VaR). Denkowska and Wanat
(2020) capture systemic risk via tail-dependence coefficients derived from a copula-DCC-
GARCH model. Our method instead quantifies systemic risk by measuring how each company
influences the pairwise relationships between all other companies in the system, using an
association measure to evaluate these relationships.” An advantage of our approach is that it

"This approach is equivalent to that of Kenett et al. (2010) and applied by others, such as Kenett et al. (2015) and
Shahzad et al. (2023).
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allows capturing systemic risk in insurance companies in the case of relatively stable market
conditions, while both the approaches of Clemente and Cornaro (2022) and Denkowska and
Wanat (2020) are useful only to capture systemic risk during extreme market conditions. We
also make an incremental contribution with respect to Jourde (2022), since the measure of
connectedness developed by the author is based on a multifactor model of equity returns. In
our study, instead, we use a similar factor model only to derive the residuals and employ a
method that captures how each insurance company contributes to the interconnectedness
among the other companies. Similar to Shahzad et al. (2023), we use the triangulated maxi-
mally filtered graph (TMFG) algorithm of Massara et al. (2016) to obtain graphical represen-
tations of the interconnectedness among the insurance firms under the three market
conditions. The resulting plots help us assess the level of systemic risk in the insurance sector
and identify clusters of companies or single companies that play a prominent role in trans-
mitting risk under different market conditions.

Our results confirm that the country of belonging, or more broadly, the geographical
proximity, and the sharing of the stock exchange market are leading factors in establishing the
strongest connections among the 82 insurance companies used for the empirical analysis. In
addition, we find that, for the observation period from 30 November 2016 to 31 October 2023,
the transmission and receiving of influence in the insurance sector do not increase during
extremely bearish and extremely bullish market conditions compared to relatively stable
market conditions. We also conduct a dynamic analysis to determine how systemic risk,
measured through a total connectedness index, evolves throughout the sample period. This
time interval encompasses both the COVID-19 pandemic and the Russo-Ukrainian war. Our
results indicate that the pandemic's impact on the insurance sector was limited to extremely
bullish market conditions and emerged only after 3 months from the initial outbreak. In
contrast, the combined effects of the war and the concurrent inflation surge influenced the
insurance sector's dependency network under relatively stable market conditions.

The rest of the paper is organized as follows. Section 2 presents the methodology devised to
measure the degree of interconnectedness at the firm level in a financial system. Section 3 provides
information about the considered data set and shows two types of analysis: a static analysis in
Section 3.1 and a dynamic analysis in Section 3.2. Finally, Section 4 concludes the paper.

2 | METHODOLOGY

We consider the returns of N insurance companies and denote by p; , the adjusted closing price® at
the end of day ¢ for company i. The return over [t — 1, t] for the ith company is defined as

_ ( bi; ]
e = log| ——|.
Pit

To control for the overall market conditions we use, for each company, the residuals of the
Fama-French 3-factor model, which has been modified to reflect the increased volatility in asset

8The adjusted closing price is the value of a single share at the close of a trading day modified to account for dividends,
stock splits, and new stock offerings.
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returns caused by the COVID-19 pandemic. Indeed, since our dataset includes observations
over the pandemic period, the direct application of the Fama-French model would not consider
the changes in shock volatility occurring in March 2020 and the following months. Specifically,
we apply the solution proposed by Lenza and Primiceri (2022) in the context of VAR models
and thus multiply the daily shocks in March, April, and May 2020 by the unknown parameters
S0, 51, and 5,, respectively, and those in the jth month after May 2020 by 1 + (5, — 1)¢/. Then,
the modified Fama-French 3-factor model for the ith firm is given by

e = Tre = Qi + By (e — 1p.0) + B, SMBy + B s HML; + s, (@)

where ry; is the risk-free return rate at time ¢, 1,,,; is the return of the market portfolio at
time ¢, SMB; is the difference in the returns at time ¢ of portfolios of small company stocks
and big company stocks, HML, is the difference in the returns at time ¢ of portfolios with
high Book-to-Market ratios and low Book-to-Market ratios, ¢;; is the shock at time ¢, and s,
is the residual volatility re-scaling factor at time ¢t and equals 1 up to 29/02/2020, §, in
March 2020, § in April 2020, §, in May 2020, and 1 + (5, — 1)@/ in the jth month after May
2020. We assume that all companies within the same geographical area have the same re-
scaling factor s,.° The parameters of the model can be estimated by a quasi-maximum
likelihood procedure as explained in Appendix B. We denote by e;; the estimated time ¢
residual for company i.

To study the connectedness links in the system formed by the N insurance companies,
we need to define an association measure between two variables and a partial version of it,
excluding the influence of a third variable. We consider three measures of association:
Spearman’s rho and two extreme correlation measures, all defined in terms of two-
dimensional copula functions. Appendix C provides a brief discussion of two-dimensional
copula functions.

Given a two-dimensional random vector (E;, Ej) with marginal distribution functions Fj,
and Fg, and copula function Cj;, Spearman’s rho is defined as

1 1
COV(U []]) ﬁ \]; (u - 05)(V - 05)dCld(u, V)
ps(i.f) = b0
BN Iy
0

1 1 1 1 1
= IZJ; j; (u — 0.5)(v — 0.5)dC;j(u,v) = 12[]; j; uvdC; j(u,v) — Z)

1 1
= 12f f Cij(u,v)dudv — 3,
0 0

where the transformation (U, Uj) = (F,(Ey), F,(E))) has C;; as the joint distribution function.
To assess the Spearman correlation in the left tail of (E;, E;), we use a Spearman-based analog of
the extreme downside correlation of Harris et al. (2019):

“We apply our methodology to companies from different geographical areas. Since the values of the three Fama-French
factors vary with the geographical region, the same holds for the estimates of the parameters 3y, 5, 51, and ¢.
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p p
f f (U = 0.5)(v — 0.5)dC;y (u, v)
0 0
fp(u — 0.5)%du
0

p (i, j:p)=

12 1), (1 P
=——>|Ci(p, 2 — +—)+(—— )fau, du+
ot 3p[ i (P p)(p p+l*(z P, Gi@p)

1 p P P
+(5—P)j; CiJ(P,V)dV+j; ](; C(u,v)dudv],

where p is a small probability level, typically less than or equal to 10%. The correlation p, takes values
in [0, 1] and measures the degree of dependence between E; and E; in the left tail. It can be
interpreted as a localized version of Spearman'’s rho, as it restricts the double integral in Spearman’s
numerator to the square [0, p]?, and applies a normalization that yields the value 1 when the
variables are perfectly positively dependent in that region. Therefore, o, takes values close to 1 when
E; and E; exhibit strong positive dependence in the left tail, and values close to 0 when such
dependence is weak.

As observed by Shahzad et al. (2023), the extreme downside correlation can be modified to
compute the correlation at other quantile levels. Thus, we can quantify the Spearman corre-
lation in the right tail through the extreme upside correlation:

f 1 f " (U= 0.5) — 0.5)dCy(, v)
1-pvY'1-p

py (. J; p) = T
f (u — 0.5)%du
1-p
12 pfp s
= u— 0.5 —0.5dC?(u,v
4p3_6p2+4pf0 = 05 - 0.5dC W v)
12 1) (1 p
S O | R s
4p3_6p2+3p[l,,(pp)p P+ 2 P, (U, D)

+(——p)f Cii(PaV)dV+f f Cs(u,v)dudV},
2 0 0o Jo

where p is again less than or equal to 10%, and Cl-f',- is the survival copula associated to C;, i.e.,

Ciw,v) =P -U<u,1 -U<v)=PUi>1-uU>1-v)

Like the correlation p;, the measure o, also takes values in [0, 1], but unlike p,, it evaluates
the degree of dependence between E; and E; in the right tail.

To assess how the extreme downside and upside correlations, o, and p,;, capture tail dependence,
we compute their values for some standard copula functions by numerically evaluating the integrals
in their definitions. For a fixed probability p = 5%, Table 1 presents the values of the dependence
measures p; and o, for two tail-symmetric copulas, the Gaussian and the Student's ¢, and for two tail-
asymmetric copulas, the Gumbel and the Clayton. The table also includes the corresponding pg
values. For the tail-symmetric copulas, o, and o, coincide and increase as the dependence parameter
p increases. It is worth noting that, for o fixed, the Student's t copula exhibits higher values of o, and
py than the Gaussian copula, due to its heavier tails. For the tail-asymmetric copulas, o, and p,
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TABLE 1 Values of the correlation measures pg, o;, and p, for different copula functions. The probability
level p for p; and p, is 5%.

Copula Ps Pr Pu Copula Ps Pr Pu

Gaussian (o = 0.25) 0.2394  0.1239  0.1239 Gumbel (6 = 2) 0.6822 0.2931  0.6126
Gaussian (p = 0.50) 0.4826  0.2474 0.2474 Gumbel (6 = 5) 0.9432  0.6510 0.8650
Gaussian (o = 0.75) 0.7341 0.4485 0.4485 Gumbel (6 =10) 0.9855 0.8167 0.9359

Student's t (v = 4,0 = 0.25)  0.2319 0.2204 0.2204 Clayton (6 = 2) 0.6822  0.7201  0.1365
Student's t (v = 4,0 = 0.50)  0.4690 0.3458 0.3458  Clayton (6 = 5) 0.8846  0.8794  0.2413
Student's t (v = 4,0 = 0.75) 0.7196 0.5293  0.5293 Clayton (6 = 10) 0.9582 0.9386  0.3715

differ. In particular, the Gumbel copula, characterized by strong upper-tail dependence, exhibits o,
values that are higher than the corresponding p; values. Conversely, the Clayton copula, which
displays strong lower-tail dependence, shows p, values greater than p;. In both cases, p, and o,
increase as the dependence parameter 0 increases.

To define partial association measures for the dependence between E; and E; after removing
the effect of Ej, we refer to the concept of partial copula (see Gijbels et al., 2015). The partial
copula Cj ik is a copula between two transformations that are independent of E; and preserve
the dependence structure of E; and E; after the removal of Ej. Specifically, we consider the
copulas C;; and Cj; and compute the two new variables

OCh 1 (Un, Uy) .
Unik = Fyu, (UnlUy) = %, h=1,j, 2)
k

which are both uniformly distributed on [0, 1] and independent of Uy, and thus of Ej. Their
copula, the partial copula C;ji, can be seen as the expectation of the conditional copula
Cijik (-, 1Uy) with respect to U (i.e., it coincides with the so-called average conditional copula).
We then define the partial versions of the previous association measures as

1 pl
ps (i, jlk) =12 f f Cijik(u, v)dudv — 3
o Jo

. 12 [ 1 1 p_
e, j; plk) = | Ci,j|k(P,P)(P2 -p+ Z) + (5 - P)f(; Cijic(u, p)du
(_ - p)f Cz]lk(P, v)dv + f f Clj|k(u v)dudv]

.. 12 1
Pu(l,J;P”C)_m U|k(P P)( -p+ 4) (— —P)f Cz]lk(u p)du

1 _g PP
+|=——-p f Cl-,ﬂk(p,v)dv + f f Cl-,ﬂk(u,v)dudv s
2 0 o Yo

=S . . . —
where Cjj is the survival copula associated to C; .
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We can now recall some connectedness indexes to analyze the system composed of the N
insurance companies. Let p(i,j) be any of the three association measures defined above between
companies i and j, and p (i, jlk) the corresponding partial association measure adjusted for the third
company k. Then, the influence of variable k on the association measure between i and j can be
measured by

d(i,jik) = p(i,j) — p (i, jIk).

The average influence of variable k on variable i is given by

1
N-2

N
>, d, jik). (3)

Jj#ik

d(, k) =

Note that, in general, d(i, k) # d(k, i) and hence the dependency matrix D with generic
element d (i, k) is not symmetric. We can compute the total connectedness index as the sum,
divided by N, of all the off-diagonal elements of the matrix D:

N N
> d(, k). @
The contribution of variable i to the system can be measured by

N
C(i~) = 2, d(j, D), (5)

J#i

while the influence of the system to variable i by

N
Clie) = Y dG, k). (6)

k#i
Finally, the net contribution of variable i to the system is obtained as
C@i)=C(i—) — C(i+). 7

When using Spearman's rho as the association measure, we assess systemic risk in the
insurance sector during relatively stable market conditions. In contrast, extreme downside and
upside correlations allow us to examine systemic risk under extreme bearish and bullish
market conditions, respectively.

21 | Estimation of pg, p;, and py
Computing the previous connectedness indexes requires estimating the non-partial and partial
versions of the three association measures pg, o;, and py;.

Given the time series {(e;;, ¢;:), t = 1, ..., T}, we first compute the values

u = Fgr(e) and u;, = Fgr(e.),
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fort =1, .., T, where ﬁEl.,T and ﬁEj,T denote the empirical distribution functions:

. 1 & .
Fg,r(u) = mtzzl 1(ep <u), h =1,j,

and 1(-) denotes the indicator function, which equals 1 if the condition inside is satisfied and 0

otherwise. Then, the three association measures pg(i,j), 0. (i,j; p), and py(i,j; p) can
respectively be estimated as

T
2oy Wie = 0.5)(uj = 0.5)

ﬁs(i,j):
\/Z,Tzl(ui,t — 0.5) \/Zil(u}-,t — 0.5)
e N ZtT:I(ui,t — 0.5)(uj; — 0.5)1(u;; <p, uj; <p)
pLjs p) = —= - - 2
o, i = 051wy, <p)y| Y, (W — 0.5%1(w;, <p)
puli.jip)= Yoy (i = 09wy, = 051G 21 = p,uy 21 - p)
v\ s =

2 = 0521w 21— p) {3 (0 — 0571w, 21— p)

For the partial versions of the three association measures, we need realizations of the variables
Uik and Uj, whose computation relies on the copulas C;x and Cj, respectively. Given the two
samples {(u;;, ux,), t = 1,..., T} and {(w;, ux 1), t = 1, ..., T}, we select the best-fitting theoretical
copulas from a predefined set according to specific criteria. This set of theoretical copula functions
includes the independence, Gaussian, Student's ¢, Clayton, Gumbel, Frank, and Joe copulas along
with 90°, 180°, and 270° rotations of the Clayton, Gumbel, and Joe copulas. We use the inversion of
Kendall's tau as an estimation method for each copula inside the set and adopt the Akaike Infor-
mation Criterion to select the best copula. The partial derivatives in (2), called h-functions in the
copula jargon, have closed-form expressions for all copulas considered in this study (see Schepsmeier
& Stober, 2014). The components of the bivariate random vector (Ujx, Ujix) are obtained as

OCh i (un, u)

Jh=1j,t=1,..,T,
6uk

(U, Uk, 1)

Upik,t =

where the two copulas CA‘i,k and éj,k are estimates of Cjx and Cj, respectively. Finally, the
estimates of the partial association measures are given by

Zle(ui\k,t — 0.5) (Wi, — 0.5)
\/Zthl(uuk,t — 0.5)? \/Zle(uj‘k,t — 0.5
_ Zil(unk,[ — 0.5)(Wjik,e — 0.5)1 (Ui <P, Ujikr <P)

\/Zle(uﬂk’[ = 0.1tk Sp)\/zszl(”jlk,t — 0.5)%1(uj, <p)
S (Wi = 0.5) W — 0.5) Lt 21 = p, e 21 = p)

\/Zil(ui\k,t = 0.5 (i, 21 — P)\/Z[Tﬂ(uﬂk,z = 0.5°1(ujike 21 = p)

ps (i, jlk) = P, (i, ji plk)

py (i, j; plk)
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3 | EMPIRICAL RESULTS

Our empirical analysis focuses on daily adjusted closing prices of 82 insurance companies across 23
countries'®: Australia (4), Austria (2), Belgium (1), Bermuda (3), Canada (5), China (4), Denmark
(1), Finland (1), France (3), Germany (4), Hong Kong (3), Italy (3), Japan (5), Netherlands (3),
Norway (1), Poland (1), Singapore (1), South Korea (1), Spain (2), Switzerland (6), Taiwan (3),
United Kingdom (5), United States (20). Daily adjusted closing prices were obtained from Refinitiv
Eikon for the period spanning November 30, 2016, to October 31, 2023. All closing prices in foreign
currencies were converted to U.S. dollars using exchange rates from Refinitiv Eikon before cal-
culating daily returns. For each insurance company, Table A1l reports the company name (Name),
Refinitiv Eikon acronym (Symbol), company headquarters country (Country), stock exchange as
reported in Refinitiv Eikon (Exchange), the main statistics about returns over the entire sample
period, the Jarque-Bera statistic to test the normality assumption, and, in the last column, the
Augmented Dickey-Fuller (ADF) statistic to test for a unit root. The table is organized so that the
top 33 companies are based in Europe, the next 28 in North America, and the bottom 21 in Asia
Pacific. We observe, as expected, daily returns with means very close to zero for each insurance
company. The reported standard deviations range from 0.9% to 2.5% averaging 1.8%. We also notice
that the daily returns of most insurance firms exhibit negative skewness, indicating that the left tail
of the return distribution is longer or fatter than the right tail, hence implying that large negative
returns occur more frequently than large positive returns. All return series exhibit kurtosis values
exceeding three, suggesting leptokurtic distributions with heavier tails than the normal distribution.
Indeed, the reported values of skewness and kurtosis entail non-normal distributions, as evidenced
by the Jarque-Bera test statistics. Finally, the last column with the ADF statistics ensures that all the
return series are stationary at the 1% level. The sample period is characterized by the COVID-19
pandemic, which was detected in China in December 2019 and spread globally in early 2020. It
remained a global health emergency until 5 May 2023, even though some developed countries
considered it an endemic disease as early as 2022. The sample period also includes the Russian
invasion of Ukraine, which began in February 2022 and was still ongoing at the end of the sample
period. Since the insurance companies in the sample belong to three broad geographical regions, to
compute the residuals from our modified Fama-French 3-factor model (see Section 2 for the
adjustment accounting for the increased residual variance due to COVID-19), we use regional
Fama-French factors for North America, Europe, Asia Pacific (excluding Japan), and Japan,
obtained from Kenneth French's website.!! Table 2 reports the estimates of the parameters 3, 31, 3,,
and ¢ of the modified Fama-French 3-factor model with standard errors reported in brackets. These
estimates confirm that March 2020, the initial month of significant global economic impact from
COVID-19, witnessed an increased shock volatility across all four geographical areas. The growth is
sharper in Europe and North America than in Asia (Japan excluded) and Japan. High volatility
persisted in April and May 2020, albeit with diminished intensity compared to March 2020. We also
observe that shock volatility in Asia (Japan excluded) is higher in May 2020 than in April 2020
because 3, is greater than ;. Estimated values of the parameter ¢, which controls the rate at which
shock volatility reverts to its pre-pandemic level, are 0.96257, 0.96142, and 0.97826 for the geo-
graphical areas of North America, Asia (Japan excluded), and Japan, respectively. For Europe, the

19The number in parentheses indicates the number of companies from that country.
""The Fama-French factors data can be downloaded from Kenneth French's data library (https://mba.tuck.dartmouth.
edu/pages/faculty/ken.french/data_library.html).
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estimate is 0.73307, indicating a more rapid return to pre-pandemic volatility levels compared to the
other regions.

To show that controlling for the Fama-French factors is essential for removing common
effects, Figure 1 presents a scatter plot of Spearman'’s correlation coefficients computed with the
returns (y-axis) and those computed with the residuals from the modified Fama-French 3-factor
model (x-axis). Since almost all points lay below the diagonal line, a significant portion of the
correlations among returns is explained by common factors. Therefore, an analysis based on
pure pairwise correlations requires first filtering the data with the Fama-French factors.

The residuals from the modified Fama-French 3-factor model are expected to contain
information on the business, contractual, and financial interdependencies among the compa-
nies and can therefore be used to assess systemic risk in the insurance sector. To test this
conjecture, we conduct a small empirical analysis on a subgroup of 18 European insurance
companies.12 We focus on European insurers because, for only 18 of them, it was possible to
retrieve the following balance sheet information for the year 2022, one of the years included in
our sample period, from Moody's Analytics' InsuranceFocus database: premiums received (Life
and Non-Life), reinsurance held expenses (Life and Non-Life), cash and deposits with credit
institutions, bonds and other fixed-interest securities, shares and other variable-interest
instruments, mortgages and loans, and real estate. For each pair of companies, we compute
three measures of similarity: (i) a business similarity based on premiums received (Life and
Non-Life); (ii) a contractual similarity based on reinsurance held expenses (Life and Non-Life);
and (iii) a financial similarity based on cash and deposits with credit institutions, bonds and
other fixed-interest securities, shares and other variable-interest instruments, mortgages and
loans, and real estate. These measures are computed using cosine similarity. For instance,
considering the business dimension, we first normalize the two variables, premiums received
(Life) and premiums received (Non-Life), so that, for each company, the values lie between 0
and 1. Then, if x; denotes the two-dimensional vector containing the normalized values of
premiums received (Life) and premiums received (Non-Life) for company i, and x; denotes the
corresponding vector for company j, the business similarity for the pair (i,j) is given by

Xi1Xj1 + Xi2Xj 2

sim(i,j) = - - - =
XA+ xd \/xj’1 + x2,

We use cosine similarity because it captures the angle between the corresponding vectors of
variables, and is therefore sensitive to the relative composition of the variables rather than their
absolute magnitude. Specifically, cosine similarity compares companies in terms of the struc-
ture of their activities or investments, and is thus suitable for identifying similarities in business
mix, reinsurance structure, and asset allocation. Our empirical analysis to test the presence of
information on business, contractual, and financial interdependencies then uses the Spearman
correlations computed from the residuals for the year 2022 and estimates the model

y(,j) =By + Bysimy(i,j) + Bysimc(i,j) + Bysim ¢(i,j) + ¢, (8)

where y(i,j) = tanh(o,(i,j)), ie., y(i,j) equals the hyperbolic tangent of py(i,j), and
simy (i, j ), sim ¢(i, j ), and sim (i, j ) denote the business, contractual, and financial similarities,

2In Table Al, these 18 European insurance companies are marked with an asterisk beside their name.
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TABLE 2 Estimates of the parameters 3y, 51, 55, and ¢ in the modified Fama-French 3-factor model for each
geographical area. Standard errors are reported in brackets.

So 51 s> [
Europe 3.22024 2.19115 1.69884 0.73307
(0.0916) (0.0647) (0.0472) (0.0194)
North America 4.37315 2.35695 1.53380 0.96257
(0.1239) (0.0673) (0.0193) (0.0024)
Asia (ex Japan) 2.15869 1.21321 1.42981 0.96142
(0.0856) (0.0565) (0.0265) (0.0036)
Japan 2.62289 1.36370 1.31597 0.97826
(0.1846) (0.0961) (0.0380) (0.0061)

pS(RHRJ)
04 06

0.2

0.0

-0.2

0.0 0.2 0.4 0.6 0.8
ps(Yi,Y)

FIGURE 1 Scatter plot between Spearman's correlation coefficients computed with the returns (y-axis) and
those computed with the residuals from the modified Fama-French 3-factor model (x-axis). The correlation
coefficients have been estimated using the observations over the entire sample period (30/11/2016- 31/10/2023).

respectively, for the pair (i,j). Table 3 reports the estimate of Model (8), showing that the
coefficients B, and 3, are significant at the 5% level and §, at the 10% level. These results
confirm that the 2022 residuals contain information about the business, contractual, and
financial interdependencies within the small subgroup of European companies considered in
the analysis. Regarding the negative estimate of 3,, this result can be interpreted as evidence
that insurance companies with similar business structures tend to diversify more on the asset
side or to manage risks differently, thereby reducing the degree of co-movement captured by
the model.

We recall that, to estimate the partial association measures pg (i, jlk), o, (i, jlk), and p, (i, jlk)
between companies i and j after removing the influence of company k, our method first
estimates the copula functions C;; and Cj . The estimated copulas, @,k and @k are then used
to determine the realizations {(u; s, Wji,1), t = 1, ..., T} of i and j not influenced by k, which in
turn are used to compute the estimates pg (i, jlk), o, (i, jlk), and p; (i, jlk). A critical step of the
method, therefore, lies in estimating the copula functions C;; and C;x, which are obtained by
selecting the best-fitting functions from a set of theoretical copulas according to the Akaike
Information Criterion. Table 4 reports the distribution of the 3321 copula functions estimated
across the 82 insurance companies under study, based on the residuals from our modified
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TABLE 3 Estimates of Model (8), assessing whether residuals from the modified Fama-French 3-factor
model contain information on the business, contractual, and financial interdependencies among the companies.
Standard errors are reported inside round brackets. ** and *’ denote significance at the 5% and 10% level,

respectively.
Bo By 8, B;
0.20159 —0.27482%* 0.14643** 0.26878*
(0.16081) (0.10997) (0.06597) (0.16193)

Fama-French 3-factor model applied to asset returns over the entire sample period, that is, from
November 30, 2016 to October 31, 2023. The table is organized so that upper-tail-dependence
copulas appear at the top, tail-symmetric copulas in the middle, and left-tail-dependence co-
pulas at the bottom. Notably, a significant proportion, 25.59%, of the copulas are identified as
independence copulas, suggesting that some companies remain only weakly connected to each
other after removing the effect of the Fama-French factors from the asset returns. The
remaining proportion of the tail-symmetric copulas amounts to 48.05%, with the Student's t and
Frank copulas having proportions of 25.53% and 15.84%, respectively, and being those that
exhibit heavier tail dependence. The proportions of upper- and lower-tail-dependence copulas
are 8.04% and 18.30%, respectively. This indicates that a significant number of companies are
characterized by stronger dependence in only one tail, with lower-tail dependence being more
common than upper-tail dependence.

This copula distribution across the 82 globally dispersed insurance companies suggests that
companies sharing business markets within the same world regions and/or having contractual
and financial ties tend to exhibit dependence structures, identified through the Student's t and
Frank copulas, that are tail-symmetric and characterized by heavy tails. Moreover, a mean-
ingful share of lower-tail-dependence copulas is observed, confirming that some companies
become more interconnected during periods of market turmoil. However, the sizable propor-
tion of independence copulas also supports the view that certain companies remain only
weakly connected once the effect of market-wide factors is removed.

Given a system of N insurance companies and an association measure p, the number of
influence measures d(i, jlk) is N(N — 1)(N — 2)/2. To identify the non-trivial influences, we
apply the empirical statistical significance test proposed by Kenett et al. (2015), which we
briefly outline below. We fix M = 100 and proceed as follows:

1. Form = 1, ..., M, we independently shuffle the time series {e;, t = 1, ..., T} of each company
i, thereby destroying the dependence structure across firms while preserving the marginal
distribution of each series;

2. We compute the influence measures dn (i, Jjlk) resulting from the reshuffled system at the
mth iteration;

3. The collection {Em (i, jlk), m = 1, ..., M} provides realizations of the influence measure under
the null hypothesis of cross-company independence;

4. We use the empirical distribution {d,(, jlk),m =1, .., M} to determine the significance
thresholds at the desired level.

For instance, given the residuals from the modified Fama-French 3-factor model applied to the
entire sample period and using Spearman'’s rho as the association measure, Figure 2 shows the
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TABLE 4 Distribution of the 3321 copula functions estimated across the 82 insurance companies under
study, based on the residuals from the modified Fama-French 3-factor model applied to asset returns over the
entire sample period. The copulas are grouped by tail-dependence type and tail symmetry, sorted in descending
order within each group. Values are expressed as percentages.

Copula Value Copula Value
Upper-tail-dependence copulas

Gumbel 4.43% Joe 2.50%
Rotated Clayton 270 degrees 0.66% Rotated Joe 270 degrees 0.45%

Tail-symmetric copulas

Independence 25.59% Student's ¢ 25.53%
Frank 15.84% Gaussian 5.45%
Rotated Clayton 90 degrees 0.51% Rotated Gumbel 90 degrees 0.42%
Rotated Gumbel 270 degrees 0.30%

Lower-tail-dependence copulas

Rotated Gumbel 180 degrees 7.20% Rotated Joe 180 degrees 3.79%
Rotated Clayton 180 degrees 3.49% Clayton 2.56%
Rotated Joe 90 degrees 1.26%
(=]
g :
g |
> 2 !
B ' ——  Shuffled time series
c 1
[ f ——  Empirical time series
e § _| E - - S tvo-taied sigifcance
o -

\ | T T T
-0.010 0.000 0.005 0.010 0.015 0.020
Influence measure

FIGURE 2 Distributions of d (i, Jjlk) from the shuffled time series (black curve) and of d (i, jlk) from the
empirical time series (blue curve) when using Spearman's rho as the association measure. The curves are
computed from the residuals of the modified Fama-French 3-factor model applied to the entire sample period
(30/11/2016-31/10/2023). The dashed red vertical line corresponds to the two-tailed 5% significance threshold.

distribution of d,,, (i, jlk) from the reshuffled data (the black curve) compared with d (i, jlk) from
the empirical time series (the blue curve). The dashed red vertical line corresponds to the 5%
two-tailed significance threshold, that is, the 97.5% quantile of the distribution of 8,,, (i, jIk)).
Only influences exceeding this threshold in absolute value are considered non-trivial. Table 5
reports the 5% two-tailed significance thresholds for the three association measures pg, p;, and
Py» which we use in the static analysis of Section 3.1 to identify non-trivial influences. For p;
and p;;, the thresholds are obtained by setting p = 5% in the formulas defining the measures.
Here, p specifies the extent of the left and right tails considered in the integrals, so that p, and
py focus on the lower and upper tails of the joint distribution, respectively.
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TABLE 5 Two-tailed 5% significance thresholds for the three association measures, pg, o;, and p;, obtained
from the shuffling of residuals from the modified Fama-French 3-factor model over the entire sample period
(30/11/2016-31/10/2023). These thresholds indicate the values of d (i, jlk) that can be considered statistically
significant. For p; and p;;, the thresholds are calculated by setting p = 5% in the formulas defining the left- and
right-tail contributions.

Ps Pr Pu
Threshold 0.002127 0.014873 0.014875
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FIGURE 3 Dependence network of stock returns of insurance companies over the entire sample period
(December 2016 to October 2023) under relatively stable market conditions. There are 82 companies from 23
countries across three geographical regions (North America, Asia Pacific, and Europe). Spearman'’s rho oy is
used to build the dependence network under relatively stable market conditions, and the triangulated maximally
filtered graph (TMFG) algorithm is applied to determine the significant links across the insurance companies.
The companies of a country are shown with the same color. The thickness of the edges is proportional to the
strength of the connection between each pair of companies. The green arrows mean a positive link, while the red
ones a negative link.

3.1 | Static analysis

We use the TMFG algorithm of Massara et al. (2016) to study dependence networks in the
insurance sector under relatively stable, extremely bearish, and extremely bullish market
conditions. The TMFG algorithm is a network-filtering method that provides an approximate
solution to the weighted maximal planar graph problem. Specifically, it can be used to
visualize the dependence structure among companies, represented as nodes or vertices, and
the dependencies between pairs of stock returns, represented as edges. Figures 3, 4, and 5
display the dependence networks of the insurance company stock returns over the entire
sample period using Spearman's rho, the extreme downside correlation, and the extreme
upside correlation, respectively. For the latter two extreme correlations, the parameter p
controlling the extent in the left and right tails equals 5%. The edges connecting the com-
panies are determined through the asymmetric matrix D with generic element d(i,j) of
Equation (3). Following Kenett et al. (2010), to keep information about the main direction of
influence and avoid multiple links, we set d(j,i) = 0 if Id(i,j)I > Id(j, i)l and d(i,j) =0
otherwise. The thickness of the edges is proportional to the strength of the connection
between each pair of companies.
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FIGURE 4 Dependence network of stock returns of insurance companies over the entire sample period
(December 2016 to October 2023) under extremely bearish market conditions. There are 82 companies from 23
countries across three geographical regions (North America, Asia Pacific, and Europe). The extreme downside
correlation p; is used to build the dependence network under extremely bearish market conditions, and the
triangulated maximally filtered graph (TMFG) algorithm is applied to determine the significant links across the
insurance companies. The companies of a country are shown with the same color. The thickness of the edges is
proportional to the strength of the connection between each pair of companies. The green arrows mean a
positive link, while the red ones a negative link.
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FIGURE 5 Dependence network of stock returns of insurance companies over the entire sample period
(December 2016 to October 2023) under extremely bullish market conditions. There are 82 companies from 23
countries across three geographical regions (North America, Asia Pacific, and Europe). The extreme upside
correlation p; is used to build the dependence network under extremely bullish market conditions, and the
triangulated maximally filtered graph (TMFG) algorithm is applied to determine the significant links across the
insurance companies. The companies of a country are shown with the same color. The thickness of the edges is
proportional to the strength of the connection between each pair of companies. The green arrows mean a
positive link, while the red ones a negative link.

Looking at Figure 3, we notice that the geographical area, or the stock exchange market,
explains the strongest connections among insurance firms. For instance, we can see thick edges
connecting U.S. and Bermudian companies at the middle bottom of the graph. These compa-
nies are all listed on the New York Stock Exchange (NYSE) or the Nasdaq Stock Market
(NASDAQ). Another small group of North American companies with thick edges is located at
the right of the graph, and it also includes the Swiss company Chubb listed on the NYSE. Other
clusters of companies with thick edges can always be explained through the geographical area,
such as the group of European companies at the right-middle of the graph. Under extremely
bearish and bullish market conditions, we have similar results, that is, the geographical area or
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the stock market justifies the strongest connections among insurance firms. This similarity in
the dependence networks under the three market conditions can also be confirmed quantita-
tively: Spearman correlations between the asymmetric matrices D before the adjustment, which
preserves information about the main direction of influence, range from 0.41 to 0.62, while
after the adjustment, they range from 0.13 to 0.19. Thus, the connections among insurance
companies remain quite stable regardless of the market conditions, although the direction of
the main dependence is sensitive to the condition.

Figure 6 shows the relative importance of individual companies within the entire insurance
sector under three market conditions: stable (Panel a), extremely bearish (Panel b), and ex-
tremely bullish (Panel c). Each panel displays the to, from and net contribution measures
defined in Equations (5), (6), and (7), respectively. The to measure gives a size of the influence

(a) Relatively stable market conditions (ps)

| To
1.5 @ From

(c)

| To
0.8 o From

Eg [[l]-,] 5 &M&ﬂmalhnwllﬂijiﬂmﬂﬂd il

-0.2 \

FIGURE 6 To, from and net contribution measures between each insurance company and the system

represented by all the other companies under three market conditions over the whole sample period: relatively
stable conditions in (a), extremely bearish conditions in (b), and extremely bullish conditions in (c). The red line
with yellow dots in each panel represents the net contribution of each company to the remaining companies.
The insurance companies are ordered from the highest net transmitter of influence to the lowest net transmitter.
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that a company exercises on the system represented by all the other insurance companies, the
from one quantifies the influence that the system exerts on a company, and the net one is
simply the difference between the influence transmitted and received by an insurance com-
pany. For each bar plot, the companies are ordered according to the net measure. We observe
that North American and European companies display to and from bars higher than those of
the Asia-Pacific companies under relatively stable market conditions. This remark agrees with
Figure 3, where we have groups of highly interconnected firms mainly composed of North
American and European companies. Under extremely bearish market circumstances, that is, in
Panel b, the levels of the to and from measures are lower than those under relatively stable
market conditions. Thus, adverse market circumstances do not exacerbate the interactions
among insurance companies. As in Panel b, Panel c shows a general decrease in influence
transmission and reception compared to stable market conditions. Moreover, we also observe
that some insurance companies, mainly from the Asia Pacific region, show one or both of the to
and from measures with slightly negative values. A negative fo measure means that the com-
pany exerts an influence that makes all the other firms less interconnected among them, while
a negative from measure means that the market's influence makes the company less inter-
connected to the other firms. From these bar plots, the relative importance of the individual
companies does not change much across market conditions, both in terms of influence
transmitted (fo measure) and received (from measure). However, some shifts are observed in
the role of net contributors, that is, companies that transmit more influence than they receive.
We confirm these visual impressions by computing the Spearman correlations between the
influence measures across the three market conditions. For the transmitted and received
influences, the correlations range from 0.61 to 0.91, indicating a fairly stable ranking of com-
panies. By contrast, the Spearman correlations for the net measures are much lower, ranging
from —0.02 to 0.23, which reflects the higher variability of companies’ net roles.

3.2 | Dynamic analysis

In this section, we examine the evolution of the dependence networks among insurance
companies over the period under study. This period was marked by the health emergency
triggered by the COVID-19 pandemic and Russia's invasion of Ukraine, which were among the
main causes of the inflationary surge that began in mid-2021 and was still ongoing at the end of
the sample period. Hence, for the period of study, examining changes in the insurance sector's
interconnectedness over time is crucial. Specifically, we apply a rolling window approach
similar to those of Diebold and Yilmaz (2012), Diebold and Yilmaz (2014), and Shahzad et al.
(2023). Figure 7 shows three plots of the time-varying total connectedness index defined in
Equation (4): Panel a displays the dynamics under relatively stable market conditions and uses
Spearman's rho to quantify the connectedness in the insurance sector; Panel b shows the time
evolution under extremely bearish market conditions and uses the extreme downside corre-
lation p; with p = 5%; Panel c exhibits the time-varying connectedness index under extremely
bullish market conditions and uses the extreme upside correlation p;; with p = 5%. We apply a
rolling window of 500 trading days to compute all the total time-varying connectedness
indexes. In Appendix D, we provide a robustness analysis to motivate the choice of 500 tra-
ding days as the window size.

Figure 7 reveals that the COVID-19 pandemic did not significantly affect the dependence
network of the insurance sector under relatively stable market conditions. Indeed, in Panel a,
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FIGURE 7 Time-varying total connectedness index under three market conditions over the whole sample period:
relatively stable conditions in (a), extremely bearish conditions in (b), and extremely bullish conditions in (c). A rolling
window of 500 trading days is applied for the computation of the three total connectedness indexes.

the curve of the total connectedness index does not show any abrupt change when COVID-19
started to develop into a pandemic, that is, around February 2020, and emergency measures
were taken to prevent its spread. To explain this result, we argue that since the COVID-19
outbreak disrupted virtually all economic sectors, controlling for the three Fama-French factors
effectively removes its systematic impact on the insurance sector's network of dependencies.
We also note that the curve of the total connectedness index exhibits low values from February
2020 to February 2022, the period heavily affected by the COVID-19 pandemic and charac-
terized by lockdowns in many developed countries. We justify this result as previously dis-
cussed: during this period, many sectors of the economy were similarly affected, and the
regression on the three Fama-French factors removes the COVID-19 influence on the depen-
dence network in the insurance sector. Even under extremely bearish market conditions, the
total connectedness index does not seem to be particularly influenced by the COVID-19 pan-
demic. A different result emerges from Panel c, where the curve follows an upward trend
during the pandemic but only after 3 months from the coronavirus outbreak.
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Russia's invasion of Ukraine, which began in late February 2022, affects the total con-
nectedness index under relatively stable conditions. Indeed, the curve in Panel a starts to
increase around February 2022 and follows this trend until the end of the period under study,
October 2023, when the Russian invasion was still ongoing. The upward trend of the curve in
this period can also be ascribed to the high inflation triggered by the fiscal stimuli previously
introduced to address the outbreak of COVID-19 and by the reduction in the supply of gas and
oil caused by the Russian invasion of Ukraine. Under extremely bearish market conditions, the
influence of the Ukrainian war is relatively weak and emerges only after some time. Finally,
under extremely bullish conditions, the effect of the war appears to be absent.

The period from the start of the war in Ukraine to the end of the sample was marked by
rising interest rates, which affected insurance companies’ market prices. Although our systemic
risk measures are based on the residuals from the Fama-French 3-factor model, these residuals
may still be influenced by changes in interest rates. This is because the Fama-French model
removes only broad market effects and does not explicitly account for discounting, investment
income, or capital structure channels that are particularly relevant for the insurance sector. As
a result, our dynamic analysis might mistakenly interpret the observed increase in intercon-
nectedness as a rise in systemic risk, when in fact it is a consequence of the interest rate hikes.
To assess whether interest rate changes have driven the increase in interconnectedness, we
report in Table 6, for all three market conditions, the results obtained with the following model:

Ap, = Bo + 51ARt + ﬁzI’VI + ﬁg(ARl - W) + &, 9)

where Ap, is the first difference of the systemic risk measure, AR; is the first difference of the U.S.
10-Year Treasury yield, and W, is a dummy variable equal to 1 from the date 24 February 2022
onward, marking the start of the war. The results indicate that, under relatively stable conditions,
changes in interest rates did not have a statistically significant effect on systemic risk, whereas the
war had a clearly significant impact. For the extremely bearish scenario, we observe a negative
effect of interest rates on systemic risk during the war, although this effect is only marginally

TABLE 6 Estimates of Model (9) under three market conditions (relatively stable, extremely bearish, and
extremely bullish), assessing whether changes in interest rates contributed to the increase in interconnectedness
among insurance companies from the start of the Ukrainian war until the end of the sample period. Standard
errors are reported inside round brackets. *** and “’ denote significance at the 1% and 10% level, respectively.

Stable Bearish Bullish
By —0.0002 —0.0008 0.0005
(0.0002) (0.0006) (0.0005)
By 0.0011 —0.0006 0.0020
(0.0037) (0.0108) (0.0076)
B, 0.0015%** 0.0018* —0.0003
(0.0004) (0.0010) (0.0007)
B —0.0048 —0.0254* 0.0036
(0.0048) (0.0141) (0.0100)
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significant. Hence, the analysis suggests that the Ukrainian war had a weak influence on the
increase in systemic risk, and that interest rate hikes may have contributed to it. Finally, under
extremely bullish market conditions, the results suggest that neither interest rates nor the war
had a statistically significant effect on the interconnectedness of insurance companies.

To investigate the dynamics of the connectedness indexes, we explore whether their
behavior can be captured within a jump-diffusion framework. We fit the Merton jump diffusion
(JD) model to the log-returns of the total connectedness indexes. In continuous time, the model
specify that the asset or index of interest, S, evolves according to the following stochastic
differential equation:

where B, is a Brownian motion, Z; = Zf\il(Yi — 1), where N; is a Poisson process with intensity
A and the Y;'s are i.i.d lognormally distributed random variables, that is, log(¥;) ~ N (m, b?). We
estimate model (10) using the maximum likelihood method. The results of the estimation are
reported in Table 7. In the table, a comparison is made with respect to the lognormal (LN)
model, which does not feature the jump component dZ;. Using the Akaike (AIC) and Bayesian
(BIC) information criteria, we find evidence that the JD models have a better fit compared to
the LN models. The Merton jump diffusion model better captures the behavior of the con-
nectedness indexes, which often exhibit sudden, extreme changes (jumps) not well represented
by simple lognormal processes. This finding is consistent with the fact that financial con-
nectedness often spikes during crises, reflecting abrupt contagion or systemic shocks. The JD
model quantifies both the frequency (1) and size (b) of these jumps, allowing for more realistic
assessment of the likelihood and impact of rare, extreme events.

TABLE 7 Estimation of Model (10) for the total connectedness index under three market conditions
(relatively stable, extremely bearish, and extremely bullish). “**** denotes significance at the 1% level.

Stable Bearish Bullish
JD LN JD LN JD LN
u 0.0002 0.0005 0.0003 —0.0002 0.0018 0.0016
(0.0003) (0.0003) (0.0009) (0.0013) (0.0013) (0.0017)
o 0.0028*** 0.0081*** 0.0219%** 0.0378*** 0.0165%** 0.0485%**
(0.0004) (0.0002) (0.0010) (0.0009) (0.0025) (0.0012)
A 0.9147%+* 0.0778%*+* 0.8186™**
(0.1716) (0.0257) (0.1702)
m 0.0003 —0.0065 —0.0002
(0.0004) (0.0140) (0.0023)
b 0.0078*** 0.1024%*** 0.0471%**
(0.0007) (0.0191) (0.0046)
LogLik 2858.2682 2775.9347 1765.4155 1515.9092 1435.1854 1312.2831
AIC —5706.5363 —5547.8695 —3520.8310 —3027.8184 —2860.3707 —2620.5663
BIC —5683.0142 —5538.4606 —3497.3090 —3018.4096 —2836.8486 —2611.1574
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4 | CONCLUSIONS

The method presented in this paper allows measuring systemic risk under relatively stable,
extremely bearish, and extremely bullish market conditions. Extending Shahzad et al. (2023)
Pearson correlation-based approach, we employ Spearman's correlation to better capture
monotonic relationships between variables. The method resorts to copula theory to measure
the association between two variables after removing the influence of a third variable.

To study systemic risk in the worldwide insurance sector, the empirical analysis focuses on
the stock returns of 82 insurance companies spread over three geographical areas: North
America, Europe, and Asia-Pacific. The observation period spans from November 30, 2016, to
October 31, 2023, encompassing significant global events including the COVID-19 pandemic
and the Russo-Ukrainian war. The first empirical analysis is static and uses the entire sample.
The TMFG algorithm is employed to build planar graphical representations of the insurance
sector's dependence structure under three market conditions. The resulting plots highlight how
the geographical area and the stock exchange listing play an important role in explaining the
connection between insurance companies. In particular, strong links exist among North
American companies, European companies, or companies that, even though not located in the
same geographical area, are listed on the same exchange. Based on bar plots representing
the transmitted and received influence of each company, the North American and European
companies transmit and receive influence more than the Asia-Pacific firms. The result is
consistent with the planar graphical representations. Moreover, under extremely bearish and
extremely bullish conditions, the transmitted and received influence in general does not
increase, that is, extreme market conditions do not exacerbate the interactions among insur-
ance firms. Using a dynamic analysis based on rolling window, we find that COVID-19 pan-
demic affects systemic risk in the insurance sector only under extremely bullish market
conditions and some time after the outbreak. It does not impact the dependence network under
the other two market conditions. We explain these results by noting that the pandemic dis-
rupted all the economic sectors, and thus the regression on the Fama-French factors removes
much of its influence from the stock returns. Instead, we detect the influences of the Russo-
Ukrainian war and the inflation surge on the dependence network under relatively stable
market conditions.

The methodology presented in this paper can be extended in two directions. The first is to make it
fully parametric by computing the three association measures, Spearman's rho, extreme downside
correlation, and extreme upside correlation, with formulae based on copula functions. The second
direction concerns the possibility of defining association measures that are time-varying, which would
eliminate the subjectivity of window size selection in the dynamic analysis.

ACKNOWLEDGMENTS

Arturo Leccadito and Alessandro Staino thank the Italian Ministry of University and Research's
grant [DD 967 30.06.2023] supporting PRIN 2022 - Project number 2022FWZ2CR: “Building
resilience to emerging risks in financial and insurance markets.” A. Leccadito and A. Staino
gratefully acknowledge the hospitality and support of the LFIN/LIDAM, UCLouvain, Belgium,
where the ideas in this paper were initially conceived.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

85U801 SUOWILLOD 9A11R1D) 3|ded![dde Uy Aq pausenob afe sajone O ‘8sN JO S3|NJ Joj Akeud18U1UO AS|IA UO (SUONIPUOD-PUR-SLLIB) ALY A 1M AleIq Ul |Uo//:SdNy) SUONIPUOD pue Swie | 8U)8eS *[9202/20/c2] Uo A%iqiauljuo AS|IM ‘0800, 1IL/TTTT OT/I0p/W0d A8 | 1w Afelq1juluo//Sdny Wwolj papeoiumoqd ‘0 ‘96290vST



TANIA ET AL.

24_|_Wl |_E Y —Risk Management and Insurance Review

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on request from the corresponding
author. The data are not publicly available due to privacy or ethical restrictions.

REFERENCES

Acharya, V., Engle, R., & Richardson, M. (2012). Capital shortfall: A new approach to ranking and regulating systemic
risks. American Economic Review, 102, 59-64. https://www.aeaweb.org/articles?id=10.1257/aer.102.3.59

Acharya, V. V., Pedersen, L. H., Philippon, T., & Richardson, M. (2016). Measuring systemic risk. The Review of
Financial Studies, 30, 2-47. https://doi.org/10.1093/rfs/hhw088

Adrian, T., & Brunnermeier, M. K. (2016). Covar. American Economic Review, 106, 1705-1741. https://www.
aeaweb.org/articles?id=10.1257/aer.20120555

Benoit, S., Colliard, J.-E., Hurlin, C., & Pérignon, C. (2016). Where the risks lie: A survey on systemic risk*.
Review of Finance, 21, 109-152. https://doi.org/10.1093/rof/rfw026

Billio, M., Getmansky, M., Lo, A. W., & Pelizzon, L. (2012). Econometric measures of connectedness and
systemic risk in the finance and insurance sectors. Journal of Financial Economics, 104, 535-559. https://
www.sciencedirect.com/science/article/pii/S0304405X11002868

Brownlees, C., & Engle, R. F. (2017). SRISK: A conditional capital shortfall measure of systemic risk. The Review
of Financial Studies, 30, 48-79. https://doi.org/10.1093/rfs/hhw060

Clemente, G. P., & Cornaro, A. (2022). A multilayer approach for systemic risk in the insurance sector. Chaos,
Solitons & Fractals, 162, 112398. https://www.sciencedirect.com/science/article/pii/S0960077922006087

Dahmen, P. (2023). Organizational resilience as a key property of enterprise risk management in response to
novel and severe crisis events. Risk Management and Insurance Review, 26, 203-245.

Denkowska, A., & Wanat, S. (2020). A tail dependence-based MST and their topological indicators in modeling
systemic risk in the European insurance sector. Risks, 8, 39. https://www.mdpi.com/2227-9091/8/2/39

Diebold, F. X., & Yilmaz, K. (2012). Better to give than to receive: Predictive directional measurement of
volatility spillovers. International Journal of Forecasting, 28, 57-66.

Diebold, F. X., & Yilmaz, K. (2014). On the network topology of variance decompositions: Measuring the
connectedness of financial firms. Journal of Econometrics, 182, 119-134. https://www.sciencedirect.com/
science/article/pii/S0304407614000712

EIOPA. (2017). Systemic risk and macroprudential policy in insurance sector. Tech. rep., European Insurance
and Occupational Pensions Authority.

EIOPA. (2018a). Other potential macroprudential tools and measures to enhance the current framework. Tech.
rep., European Insurance and Occupational Pensions Authority.

EIOPA. (2018b). Solvency II tools with macroprudential impact. Tech. rep., European Insurance and Occupa-
tional Pensions Authority.

Eling, M., & Pankoke, D. A. (2016). Systemic risk in the insurance sector: A review and directions for future
research. Risk Management and Insurance Review, 19, 249-284. https://doi.org/10.1111/rmir.12062

FSB. (2011). Policy measures to address systemically important financial institutions. Tech. rep., Financial Stability
Board.

FSB. (2022). The FSB endorses an improved framework for the assessment and mitigation of systemic risk in the
insurance sector and discontinues annual identification of global systemically important insurers (G-SIIs).
https://www.fsb.org/2022/12/the-fsb-endorses-an-improved-framework-for-the-assessment-and-
mitigation-of-systemic-risk-in-the-insurance-sector-and-discontinues-annual-identification-of-global-
systemically-important-insurers/. Accessed: 2024-08-12.

FSB. (2023). Global Systemically Important Financial Institutions (G-SIFIs). https://www.fsb.org/work-of-the-
fsb/market-and-institutional-resilience/global-systemically-important-financial-institutions-g-sifis/. Ac-
cessed: 2024-08-12.

Giglio, S. (2016). Credit default swap spreads and systemic financial risk. ESRB Working Paper Series 15,
European Systemic Risk Board (ESRB), European System of Financial Supervision, Frankfurt a. M. https://
hdl.handle.net/10419/193522

Gijbels, 1., Omelka, M., & Veraverbeke, N. (2015). Partial and average copulas and association measures.
Electronic Journal of Statistics, 9, 2420-2474. https://doi.org/10.1214/15-EJS1077

85U801 SUOWILLOD 9A11R1D) 3|ded![dde Uy Aq pausenob afe sajone O ‘8sN JO S3|NJ Joj Akeud18U1UO AS|IA UO (SUONIPUOD-PUR-SLLIB) ALY A 1M AleIq Ul |Uo//:SdNy) SUONIPUOD pue Swie | 8U)8eS *[9202/20/c2] Uo A%iqiauljuo AS|IM ‘0800, 1IL/TTTT OT/I0p/W0d A8 | 1w Afelq1juluo//Sdny Wwolj papeoiumoqd ‘0 ‘96290vST


https://www.aeaweb.org/articles?id=10.1257/aer.102.3.59
https://doi.org/10.1093/rfs/hhw088
https://www.aeaweb.org/articles?id=10.1257/aer.20120555
https://www.aeaweb.org/articles?id=10.1257/aer.20120555
https://doi.org/10.1093/rof/rfw026
https://www.sciencedirect.com/science/article/pii/S0304405X11002868
https://www.sciencedirect.com/science/article/pii/S0304405X11002868
https://doi.org/10.1093/rfs/hhw060
https://www.sciencedirect.com/science/article/pii/S0960077922006087
https://www.mdpi.com/2227-9091/8/2/39
https://www.sciencedirect.com/science/article/pii/S0304407614000712
https://www.sciencedirect.com/science/article/pii/S0304407614000712
https://doi.org/10.1111/rmir.12062
https://www.fsb.org/2022/12/the-fsb-endorses-an-improved-framework-for-the-assessment-and-mitigation-of-systemic-risk-in-the-insurance-sector-and-discontinues-annual-identification-of-global-systemically-important-insurers/
https://www.fsb.org/2022/12/the-fsb-endorses-an-improved-framework-for-the-assessment-and-mitigation-of-systemic-risk-in-the-insurance-sector-and-discontinues-annual-identification-of-global-systemically-important-insurers/
https://www.fsb.org/2022/12/the-fsb-endorses-an-improved-framework-for-the-assessment-and-mitigation-of-systemic-risk-in-the-insurance-sector-and-discontinues-annual-identification-of-global-systemically-important-insurers/
https://www.fsb.org/work-of-the-fsb/market-and-institutional-resilience/global-systemically-important-financial-institutions-g-sifis/
https://www.fsb.org/work-of-the-fsb/market-and-institutional-resilience/global-systemically-important-financial-institutions-g-sifis/
https://hdl.handle.net/10419/193522
https://hdl.handle.net/10419/193522
https://doi.org/10.1214/15-EJS1077

JTANIA ET AL.

Risk Manag t and Insurance Review —Wl LEYJ—ZS

Harris, R. D., Nguyen, L. H., & Stoja, E. (2019). Systematic extreme downside risk. Journal of International
Financial Markets, Institutions and Money, 61, 128-142. https://www.sciencedirect.com/science/article/pii/
S1042443117305814

Huang, X., Zhou, H., & Zhu, H. (2009). A framework for assessing the systemic risk of major financial insti-
tutions. Journal of Banking & Finance, 33, 2036-2049. https://www.sciencedirect.com/science/article/pii/
S0378426609001216. Financial Globalisation, Risk Analysis and Risk Management.

TAIS. (2013a). Global Systemically Important Insurers: Initial Assessment Methodology. Tech. rep., International
Association of Insurance Supervisors.

TAIS. (2013b). Global Systemically Important Insurers: Policy Measures. Tech. rep., International Association of
Insurance Supervisors.

TAIS. (2019). Holistic Framework for Systemic Risk in the Insurance Sector. Tech. rep., International Association
of Insurance Supervisors.

Jobst, A. A. (2016). Systemic risk in the insurance sector: A review of current assessment approaches. The
Geneva Papers: 40 Years at the Cutting Edge of Research in Insurance Economics, 34-73.

Jourde, T. (2022). The rising interconnectedness of the insurance sector. Journal of Risk and Insurance, 89,
397-425. https://doi.org/10.1111/jori. 12373

Kenett, D. Y., Huang, X., Vodenska, I, Havlin, S., & Stanley, H. E. (2015). Partial correlation analysis: Applications for
financial markets. Quantitative Finance, 15, 569-578. https://doi.org/10.1080/14697688.2014.946660

Kenett, D. Y., Tumminello, M., Madi, A., Gur-Gershgoren, G., Mantegna, R. N., & Ben-Jacob, E. (2010).
Dominating clasp of the financial sector revealed by partial correlation analysis of the stock market. PloS
one, 5, €15032.

Kousky, C., & Netusil, N. R. (2023). Flood insurance literacy and flood risk knowledge: Evidence from Portland,
Oregon. Risk Management and Insurance Review, 26, 175-201.

Kraus, A. (2024). A text mining analysis of European banks' and insurers' disclosures on climate-related risks.
Risk Management and Insurance Review, 27, 257-286.

Lenza, M., & Primiceri, G. E. (2022). How to estimate a vector autoregression after march 2020. Journal of
Applied Econometrics, 37, 688-699. https://doi.org/10.1002/jae.2895

Massara, G. P., Di Matteo, T., & Aste, T. (2016). Network filtering for big data: Triangulated maximally filtered
graph. Journal of Complex Networks, 5, 161-178. https://doi.org/10.1093/comnet/cnw015

McNeil, A. J., Frey, R., & Embrechts, P. (2015). Quantitative risk management: Concepts, techniques and tools-
revised edition. Princeton University Press.

Nelsen, R. B. (2006). An introduction to copulas. Springer.

Oh, D. H., & Patton, A. J. (2018). Time-varying systemic risk: Evidence from a dynamic copula model of CDS spreads.
Journal of Business & Economic Statistics, 36, 181-195. https://doi.org/10.1080/07350015.2016.1177535

Schepsmeier, U., & Stober, J. (2014). Derivatives and Fisher information of bivariate copulas. Statistical Papers, 55,
525-542.

Segoviano, M., & Goodhart, C. (2009). Banking stability measures. Working papers, International Monetary Fund.

Shahzad, S. J. H., Ferrer, R., & Bouri, E. (2023). Systemic risk in the global energy sector: Structure, determinants and
portfolio management implications. The Energy Journal, 44, 211-243. https://doi.org/10.5547/01956574.44.6.ssha

How to cite this article: Iania, L., Leccadito, A., & Staino, A. (2026). Systemic risk in
the insurance sector: A semi-parametric approach based on Spearman's rho. Risk
Management & Insurance Review, 1-35. https://doi.org/10.1111/rmir.70030

85U801 SUOWILLOD 9A11R1D) 3|ded![dde Uy Aq pausenob afe sajone O ‘8sN JO S3|NJ Joj Akeud18U1UO AS|IA UO (SUONIPUOD-PUR-SLLIB) ALY A 1M AleIq Ul |Uo//:SdNy) SUONIPUOD pue Swie | 8U)8eS *[9202/20/c2] Uo A%iqiauljuo AS|IM ‘0800, 1IL/TTTT OT/I0p/W0d A8 | 1w Afelq1juluo//Sdny Wwolj papeoiumoqd ‘0 ‘96290vST


https://www.sciencedirect.com/science/article/pii/S1042443117305814
https://www.sciencedirect.com/science/article/pii/S1042443117305814
https://www.sciencedirect.com/science/article/pii/S0378426609001216
https://www.sciencedirect.com/science/article/pii/S0378426609001216
https://doi.org/10.1111/jori.12373
https://doi.org/10.1080/14697688.2014.946660
https://doi.org/10.1002/jae.2895
https://doi.org/10.1093/comnet/cnw015
https://doi.org/10.1080/07350015.2016.1177535
https://doi.org/10.5547/01956574.44.6.ssha
https://doi.org/10.1111/rmir.70030

15406296, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rmir.70030, Wiley Online Library on [23/02/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

2
&
S
Z WepIoISwy
#3xL9ETT— 4k LTP'909°9T ¥01°0C 0C¢S'T— ¥20°0 S¢£000°0— QP IXsuOINH SpuelIRyISN NOV'H NODIAV
[ouedsg
ek LI TT— 889 CVL6 96091 08T'T— LTIO00 600000 onunuoy OpedIdN ureds 00D'H «dINAdIDD0 VNVIVLVO OdNdD
[ouedsg
#xxCS0'CL— #xxC86 7169 96T'¥1 8G7°0 8IO0'0 LTO000— onunuoy OpedIs]N ureds dVIN'H HIAdVIN
#xx0L6'CT— #x+L9E 189 6€1°9 ¥9¢'0— V100 81000°0 UeIN Ae3r SN'T IVSTOdINN
#x06LCT— «x9ET'9ET6 6vL’ST 0€6'0— 0200 650000 Ue[lN Arei INNT  «OIdVIZNVNIA OddNdgD TOdINN
#x£00C CT— k(78 0ETO 6€8'ST 0S8'0— 9100 79000°0 UeTIA Ae3r D1 ([ TVIENID INOIZVINDISSY
##4S9L°TT— 4 [LEE9E°0T TLT'CC 96L°0— +20°0 600000  SLIed 9JI IxouoInyg BRI 00S:4 «dS JODS
#xxG8C CT— x9S T°6196 00091 €0CT’T— ¥C00 ¢1000°0 SLIed 9JJI[IXauoinyg NMDuUel]{ VA0Dd J0Vvd40D
#:4E0CCT—  4xx€0E°TE6'TT T106°CC €6L°0— 8I0°0 900000  SHed 9JI Ixeuoinyg ueI IdINA VXV
#3%9ES €T~  44x0TL' SLE VT 090'61 016'0— 8I00 2€000°0 DV °sIa0g aydsinaq Aueursn X1L:d +HASDIAV XNVIV.L
w0 T8 VI — 44 TTOEEQ VT TLOVC 856'0— LIOO €5000°'0 DV 9sI20g {ydsineg Auewen  TINH:A +A10d0d JHAONNVH
#0V0'ST—  5xxSP9€T6°ET TIS8°€T L60°0— LTIO0 820000 DV 9SI80g aydsinaq Auewvy  ANNW:A +A10Nd JHNIHONINN
#41008°CT—  44499€°C66°ST 206'61 CITT— 9100 T€000°0 DV 9sI20g aydsinag Kueuran ANTV:d «ZNVITIV
aav g SIS0)INY[ SSoUMIS as URIIN aSueyoxy Anyuno)  [oquAS sureN

"€ UONOAS Ul SISATeU® Paseq-Tenpisar 9y} ul pasn s1arnsul ueadoinyg 81 Jo dnoidqns

9} UT papn[oul SOy} aIe (4) YSLd)Se Ue M payIewr soruedwo) oY BISY Ul Tg W0))0q 9Y) PUE ‘BOLIdUWIY [YIION UI 87 IXau oY) ‘odoing ur paseq a1e sorueduwiod
¢¢ doj a3 18y} 0S pazIue31o OS[e SI 3[qe) YL, "90uasald 1001-)1Un ) 3593 03 JNSHElS (JAV) I9[NA-Le)0I[ paudwdny aY) ‘Uwnjod Ise 9y} ur ‘pue ‘uonduwnsse A jewriou
a1y} 1593 03 o1ISIIE)S BIdg-onbrer ayy ‘porrad ojdures 21U 9Y) I9A0 SUINIAI JNOGE SONSNIEIS UTRW Y} ‘(98ueyoxy) UONIH ANTUGY Ul pajrodal se 98ueyoxa J003s ‘(A1uno))
Anyunod sigyrenbpeay Auedwiod {(JoquIAS) wAuoIoe UOYIH ABIULYY ‘(dweN) aweu Auedwod ay) sy1oda1 9[qe) siy) ‘Auedwod soueInsur yoes 10J [V ATdV.L

Wl |_E Y —Risk Management and Insurance R

SHINVdINOD dONVHNSNI 40 LSIT :V XIANdddV

26



15406296, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rmir.70030, Wiley Online Library on [23/02/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

27

t and Insurance Review —Wl LEY

9

Risk M

JTANIA ET AL.

(senunuo))

$kLCL CTT—

3k [90°€T—
k0SS TET—
sk0C T ET—
s CS 8 ET—
sekOLL ET—
3 98E VI —

#1x0€9°CT—

sk [L9CT—

#1x0C T CT—

4dvV

*xx8€6°SCO
sk LLL 06TS

##x085796CC
#:x€£09°0T6°€ T
#:x00€ V68 VT
+:xSSETEV 6T
#:xC68 TOE 6T
#:x09€ €T PE

#:+L6T STV YT

*x+£88'8VSE

#xxCLC0€0T
##+1L8'TT6°ST

+xx808' TEV'CT

#:+L19TTY'ET

+:x0C6° 8PV LY

020’
68G°CI

£€C6
098'81
€V0vT
610°9¢C
LEG6'ST
618°LCT

266'8T

S98°01

1S6°8

18S¥¢C

VS8'LT

61581

616'1¢

00¥'0—
6C0'T—

1€9°0—
965°0—
¢SS I—
€T 1—
ILTT—
OIT'1—

LyC1—

L080—

109°0—

8CT'I—

SYI'T—

01—

86S°C—

g SIS0)INY[ SSOUMIS

020°0
LT00

¥10°0
Y100
910°0
9100
LT00
Y100
LT00

910°0

ST0°0
910°0

610°0

6100

610°0
as

900000
80000°0

9€000°0
€€000°0
0€000°0
15000°0
61000°0
€5000°0

$+000°0

T10000°0

900000

92000°0—

T€000°0

¢€000°0

000000

UBIN

MBSIBA
s10g 0[SO

uadeyquado)
J3ueyoxyg

OIPION XINO
SSIMS XIS
SSIMS XIS
SSIMS XIS
SSIMS XIS
SSIMS XIS

HSAN

J3ueyoxg
3003 BUUSIA

3ueyoxyg
300)S BUUSIA
UIS[SH

s[ossnig
L Eeliohiile|

WepIASUy
I IXouUOINg

WepIISury
QW IXouoINg

9Sureyoxyg

pue[od

AeMION

STRWUS
PUBLIOZ)IMS
PUBLIOZ}IMS
PUBISZIIMS
PUBLIOZIIMS
PUBLISZIIMS

PUBISZ)IMS

eLIsny

BLISNY

pue[uLy

wnideg

SPUBLISYION

SpUBLISYIoN
Anyuno)

NZ7d:0d
ArO:N

A4L2d
NIVE:S
NTHH:S
NHTIS'S
NHIS:S
NINZ:S
g0:0

LSNM:O

OINN:O
VINVSA

SOvd

NYSV‘H

NN:H
roquikg

xdNOYD NZd
ONTIAISIOA HDIAISNALD

DAYL

*ONIATOH dSIOTVE

*N DNIATOH VILIATAH
*ONIATOH HAIT SSIMS

qJY9 SSIMS

+*d10YD HONVINSNI HOIEINZ
g94NHD

+V dNOYD HONVINSNI VNNHIA

*OV IO NSNI VOINN
<V, OdINVS

+(SILI04-XHd) SVADV

*ANVTIHIdIN ISV

dNOYD NN

swreN

(penunuo)) TV HTIIV.L



15406296, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rmir.70030, Wiley Online Library on [23/02/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

2
=
S
z
5 #:x9CEEL— #1xL 9L COVL 8YSvl 9€8°0— ST0°0 85000°0 HSAN S9je)S pajiun) oddq:n NMOYL ® NMOYd
wVETTI—  %xx9L9°S6T°0T cov 91 S9€'T— LIOO 20000 HSAN S9je)S paytun) TIV:N SHS ¥0 ALVISTIV
w919 ET—  44x105°689°9L 900°0% I8Y'¢C— LI00 9€000°0 HSAN S9JelS pajuN) AdLN 'SOD SYHTHAVIL
#:+SSETI— 44450 981°ST €Cr've 6C0'T— €200 <T1000°0— HSAN S9JelS pajuN) ndd-n "INIA TVILNAANdd
wkOVTTI— s TTE099°8T SETIT €8C’'T— $20°0 61000°0— HSAN S9JelS paluN) oIv:N 'dD"TINI NVOTIdINV
w688 TI— 5kl 9STLLET TCL'8T €88°0— T1¢0'0 00000°0— HSAN S9JelS pajuN) LHN:N HAI'TLHN
wxkELETI— Ll T6'LOTYT LEY'ET €9¢€'T— SI0°0 09000°0 HSAN S9JelS pauN) oIV YHHOVTIVD [ INHLIV
€08 CT— 89T TTES ¥8L°CT vey'0— LI0°0 88000°0 HSAN S9je)S pajun) dod:N OIHO HAISSHYDOYUd
#5905 TT—  44x96T 08L VT weel 129°0— ¥10°0 610000 HSAN SoJelS payiul DN NVNNHTON 2 HSIVIA
##xL6CCT— ##x€58°096L E€LBVT 866'0— 8I0°0 8€000°0 HSAN epnuLeyg ANYN ‘DAH HYIONVSSIVNAY
35:09L CT— sV LELOTS S99°CT 667'0— 6100 00070 HSAN epnurisg od:N dNOYD LSHIHAH
= #x89€ TI— 4SSO VTY'ST 79861 268°0— 61070 SL000°0 OVASVYN epnueg  TOOVO 'dD’'dVD HO¥UV
£
s wopSury
3
2 #xk0CL ET— 4 CTY98Y°6T S16°SC 91— 8100 ¥€000°0 uopuoT pajun nav dNOY¥D TVIINAV
2
s wop3ury
m #5768 CT— s [ [9°88L9 SOT'vI L20°0— 0¢0'0 91000°0— uopuo] pajaun AV *VAIAV
@
g wopSury
m wx0ES VI — xS C9"8TT9 €CSEl 9¢€’0— ¥¢0'0 <¢e0000— uopuoT pajun ndad TVILNHANdd
]
4 wop3ury
> kST ET— #408C CECL 1At €85°0— 9100 800000 OVASVN paaun MIMO NOSLVM SEdHMOL SITIIM
_U._ wop3ury
M #CSYTT—  42x867°098°8C 08°S¢C €90'T— SI0°0 8€000°0 HSAN pajun NOV: V SSVID NOV
Aav dr SIS0)Iny SSAUMIYS as UBIN aSueyoxy Anuno)  [oquIAS sureN

(penunuo)) TV HTIIV.L

28



15406296, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rmir.70030, Wiley Online Library on [23/02/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

29

t and Insurance Review —Wl L EY

9

Risk M

JTANIA ET AL.

(senunuo))

%% [08°CT—

sk CVL TT—

sV CTCT—
sk [S8CT—
sk C Y TT—
sk 9L TT—
#5806 €T—
s 8L TT—
3058 CT—
35 E€0CT—
xS CY CT—
#5859 CT—
wk0EL TT—
LSO CT—
39 TCCT—
3G C8CT—
##x8C6CT—
3 E8GTET—
#kOCY €T —

#xx08€°CT—
4V

#xx[0T°0T8
%596 VEST

#:x968'9LY
+xxG 8V ¥ST
#x9EEVOE ST
#++6V5°7S0°9C
LV L80T8
xxx7€0°68L ‘89
#:+6C6TIS EE
+++L8S V06
+#x186'866°1C
#++6L8780°TE
#xSTE8YSTT
##x689°S0CTT
#++99€°679°CT
#xx 6T VTV
#x+0ET'SSLET
#++SEETITTT
#:x6CTE LYY'E6
#xx956'6816

90L'9
09T'8

VLL'S

VIS
9L0°TC
99 vC
06T°ST
81°8¢
0SL’LT
0t9°ce
66°CC
§¢S9¢C
L6081
SOT'LT
81081
S0T61
€6L°81
8CC'LT
S0Tvy

008°ST

06%°0
0¢C’0—

8817°0
€90°0—
SITTI—
601 T—
69¢°0—
VoL T—
758°0—
OLL'T—

SLO0
869°'1—
SYT'0—
8L9°0—
$66'0—
688°0—
19¢€°0—
S0€0—
8¥'0—
988'0—

g SIS0)INY[ SSOUMIS

00
¥10°0

§20°0
610°0
0200
ST0°0
€100
910°0
0200
6100
6100
6100
€200
S20°0
810°0
LT00
€200
0200
1200
LT00

as

L0000°0
6€000°0—

TOT00°0—
90000°0—
§€000°0
0T000°0
2s000°0
61000°0
T0000°0—
81000°0
¥000°0
T¥000°0
20000
6€100°0
LT000°0
910000
90000°0—
600000
10000

200000

UBIN

rey3ueys

Suoy Suoy

Suoy Suoy
Suoy Suoyg
0JuoIo],
0JUoIo],
0JU0I0],
0JuoIo],
0Ju0I0],
HSAN
OVavN
HSAN
HSAN
HSAN
HSAN
HSAN
OVASVYN
OVASVN
HSAN
HSAN

9Sureyoxyg

'uIyD
Suoy Suoy

Suoy Suoy
Suoy Suoyg
epeUR)
epRURD
epeUR)
epeUR)
epeUR)
$9Je)S pajIuf)
SaeIS paun)
salel§ parun
S91elS paluN
Sa1BIS pAUN
sorels pauq
$91B1S PaYIUN
saeIS paun
sajels parun
Sa1BIS pAIUN

So1elS palIuf)
Anyuno)

ATO:ND
AISV

SNID A
dov:
DOVID
A4S0
odI:D
omDdDD
OdN:D
™oNn
CIRELC)
ANA-N
vodan
TSN'N
To:N
TIMN
04d®
ANID®
DIH:N

VND:N
roquikg

V, HONVYINSNI H4IT VNIHD
"DdH TVIONVNIA VISV

SOA'TH
HONVUNSNI DNIAIVL VNIHD

dNOo¥Dd VIV

TVIONVNIA VI

"INId HATT NAS
TVIONVNIA LOVINI
ODddIT LSHM LVHID
TVIONVNIA HAI'TONVIA
"ILNI DI'TdNddd dT10

<V, ALINWHANI dI¥949
TVIONVNIA'LVN ALI'THAIA

NV 40 dNOY¥D dONVINSNIFY

dNO¥YD TVIIdVD HTVSNIA
H4IT 4401D

AHTXIHT I M

‘dD”INIA TVJIONIEd

"INI4 ILLVNNIDNID

'dD "SAS "INId A404LdVH
TVIONVNId VND

swreN

(penunuo)) TV HTIIV.L



15406296, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rmir.70030, Wiley Online Library on [23/02/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

=
2
#3xSESTT— #4+0E6 T TH TwLs 820°0 TZ00  12000°0 oAyog, uedef HAVLIL SONIATOH d % L
#4061 1— #37097908 1289 980°0 LTI00  90000°0— 040, ueder  [SMN:[ SONIATOH OdINOS
s LOL ET— #4+059790S 0109 LLT'0— ¥TI0'0 800000 o&yoL, uedef  QVSILL "DAH'dD HONVINSNI AVISIN
s IOV ET— #2S65°T99 oFt'9 TIT0 0200  81000°0 o4yo, ueder  ATVA:SL SONIATOH 41T IHDI- VA
#4186 €T— kP 8ELST 1LT°S LOT'0— 9T0'0 920000 04y0], uedef  QHIN:L SONIATOH ANTIVIA OINIOL
wxISOTI—  44x96E 096 Y8191 8/5'0 0Z0'0 62000°0— 23103 BAIOY YINOS  DAS:O HONVINSNI 41T ONNSINVS
#4x68ETI—  44xl08'LOLE 86T'TT L8ST'0 6000 0£0000— axodedurg orodeduls VDL "OAH NYHISVH LVAYD
#34ESTET—  44x659'965TT 00S°LT SYE'0 ¥I00  0000°0 uemIe], uemel,  DYDML "NIZY TVILNED
K #44C8ETTI—  44488TTVLL 079°'8 ¥L0'0 ¥10'0  60000°0 uemIe], uemie],  dNdML "DATH INIA NOgNAd
m wCL8TI— s IF8°0T0C S€0°6 8YT'0 €100 S0000°0— ueMmIE], uemie],  DJAD:ML "DATH INIA AVHLVD
..m wCLEET—  4ax6VTHSOT €TE’L IEE0— 9100  0T000°0 Yojeusper} XSy elRUSNY XTIV HLVATId INVIIAIN
.m #6996 €T— 4 EVTHSST LOE'8 SOT'0— LI0'0 000000 Uojewopen XSV RlRISDY  XOVLV dNO¥D'SNV HONVINSNI
m. #k99LTT—  4480L°0TS9 T9LET 118°0— 8T0°0 T00000— Uojewopen XSV BIRISDY  XNNS:V dNO¥D dYODNNS
m #3086 TT—  4xxS8T'8LYL Lyl 6vYT'T— 0200 +1000°0— yojeusper) XSy elRUSNY  XHIO'V dNOY¥H HONVINSNI 490
E: i SYLTT— 44056 8YS 0¥0'9 TT0 €200 09000°0— reysueys eulyD  TININD VNI HAI'T VNIHD MEN
v_. #4859 €T— #4+C9T 89T LIT'S 80€'0 TZO0 TH000'0— rey3ueys eury)  dNOIND V, (dN0OYD)'NI'DVd VNIHD
_U._ .V, VNIHD 40
- #2897 TT— #4xES8'SHE 60€°S ¥8Y°'0 8100 1T000°0— reysueys eUlD)  SNAIND  "0D ('d9) ADNVINSNI NV ONId
W aav qr SIS0)Iny SSOUMIYS as UBIN 9Sureyoxyg Anpuno) [oquisg QwreN

(penunuo)) TV HTIIV.L

30



JTANIA ET AL.

Risk Manag t and Insurance Review —Wl l_‘E“YJ—31

APPENDIX B: THE MODIFIED FAMA-FRENCH 3-FACTOR MODEL
We first rewrite Equation (1) in matrix form for the n companies belonging to the same
geographical region:

Y =vx + 56 (B1)
oA ... Ap
Bia o B
where y, = (n,; — Ff oo — 17,0 X = (1, — ¥y, SMB;, HML,), y = ; 8 , and
1,2 = Pn2
Bis - Bus

& = (€Lt - €n) ~ N (0, Z). Setting 3 =y, /s, X; = x;/s;, and dividing both sides of (B1) by s;
gives

Y=7%+e. (B2)

Denoting by v = (5, 51, 52, )" the vector of parameters in the re-scaling coefficients s;, the
likelihood function of model (B1) is given by

T =
Lyly, %) = [[@m) 2 |s?2[ 2exp{——2(x yx) (s22) (3 - y'xt)}.
t=1

t=1

Using (B2) and ignoring the constant terms

T T
— _Z ]- ~ I N\Ie—1 77 /a4
L(yly,Z,v) « (H St ] I zexp{—EZ G -y G - yxt)}. (B3)
t=1

t=1

Based on the last equation, and upon defining Y and X as the matrices obtained by staking
¥/, ... ¥; and X1, ..., X7, respectively, we immediately see that

S =

give the maximum likelihood estimators of ¥ and Z, as functions of ». Substituting the above
estimates into (B3) yields the concentrated likelihood

N

Xy ¥ -X7w)| °

L7 ). 20), ) [Hs

which can be numerically maximized with respect to v.

APPENDIX C: TWO-DIMENSIONAL COPULA FUNCTIONS

In this appendix, we provide a brief introduction to two-dimensional copula functions and refer
the reader to the textbooks by Nelsen (2006) and McNeil et al. (2015) for a comprehensive
treatment, including extensions to the multivariate case.
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A two-dimensional copula function C is a distribution function on [0, 1]* with standard
uniform marginal distributions. Hence, C is a mapping from the unit square into the unit
interval that satisfies the following three properties:

1. C(u,0) = C(0,v) = 0;
2. C(u,1) =uand C(1,v) = v;
3. for all (uy, v1), (U, v2) € [0, 1]? such that u; <u, and v; <v,, it holds that

C (U, v2) — C(uy, v2) — C(up, v1) + C(uy, v1) 20.

Observe that the second property ensures that the marginals are uniformly distributed, while
the third one ensures that, if (U, V') is a random vector with distribution function C, then the
probability P(u; < U <u,, v; <V <1,) is non-negative.

The importance of copula functions lies in Sklar's Theorem, which states, first, that any
multivariate distribution function can be expressed in terms of its marginals and a copula
function, and second, that copula functions can be used in conjunction with univariate dis-
tributions to construct multivariate distribution functions. In the two-dimensional case, the
first part of the theorem states that if F is a distribution function with marginals F, and F,, then
there exists a copula function C : [0, 1]*> — [0, 1] such that

F(x,y) = C(Fi(x), F2(¥)),x,y € [—00, o0]. (C1)

If the marginals are continuous, then C is unique; otherwise, C is uniquely determined on
RanF; X RanF,, where RanF; and RanF, denote the ranges of the two marginals F; and F,,
respectively. The second part of the theorem states that if C: [0,1]*> - [0, 1] is a copula
function and F, and F, are univariate distribution functions, then the function defined in (C1) is
a two-dimensional distribution function with marginals F; and F,.

For any two-dimensional copula function C, it can be shown that the following
bounds hold:

max{u + v — 1, 0} £ C(u,v) <minfu, v},

where the two bounding functions, max{u + v — 1, 0} and min{u, v}, are themselves copula
functions, known as the countermonotonicity copula and the comonotonicity copula, respec-
tively. The countermonotonicity copula is the copula function of two random variables that are
perfectly negatively dependent, while the comonotonicity copula is the copula function of two
random variables that are perfectly positively dependent. Another fundamental copula function
is the independence copula, defined as IT(u, v) = uv.

We now present four examples of copula functions:

1. The two-dimensional Gaussian copula is the copula function associated with a random vector
following a bivariate normal distribution. Denoting by o the correlation coefficient between the
two components of the random vector, it can be shown that the Gaussian copula is given by

s2 — 2pst + t?

TORO T R ( )d a
C*(u,v) = f f exp sdt,
o Yoo 2myJ1 = p? 21 - p?)
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where @1 denotes the inverse of the standard normal distribution function ®. The Gaussian
copula coincides with the independence copula when p = 0. In the limiting cases p — 1 and
p — —1, it converges to the comonotonicity and countermonotonicity copulas, respectively.
Hence, the Gaussian copula provides a flexible dependence structure ranging from perfect
positive to perfect negative dependence, with the parameter p controlling the strength and
direction of dependence.

2. The two-dimensional Student's ¢ copula is given by

V+2) v+2

T ) P () 2 _ 272
C,fp(u V) = f f 2 [1 + S 2pst-2|- t dsdt,
vn' J1-p% v(1l - p?)

where v > 0,p € (=1, 1), T denotes the gamma function, and ¢, is the inverse of the
distribution function of a standard univariate t-distribution with v degrees of freedom. For
fixed v, the Student's ¢ copula converges to the comonotonicity copula as p — 1, and to the
countermonotonicity copula as p — —1, similar to the Gaussian copula. However, unlike the
Gaussian copula, the Student's ¢ copula does not reduce to the independence copula when
p=0and v < oco.

3. The two-dimensional Gumbel copula is given by

CCu(u,v) = exp(—[(—ln u)? + (—Inv)°/° ), 1<6< oo,

where the parameter 6 controls the strength of dependence: 6 = 1 yields the independence
copula, and the limit of C®®(u, v) as 6 — oo is the comonotonicity copula.
4. Finally, the two-dimensional Clayton copula is given by

Clu, ) =W +v?%—-1y1%0<06 < x,

where the parameter 6 again controls the strength of dependence: 6 = 0 should be inter-
preted as the limit of C®(u, v) as & — 0, which yields the independence copula, and the
limit of C%(u, v) as & — oo is the comonotonicity copula.

Figure C1 shows scatterplots for the four copula functions described above. Each two-
dimensional distribution assumes standard normal marginals to highlight tail behaviors, with
the following parameters: the Gaussian copula uses p = 0.7; the Student's ¢ copula uses p = 0.7
and v = 4; the Gumbel copula uses 6 = 2; and the Clayton copula also uses 6 = 2. The
Gaussian and Student's t copulas are characterized by tail symmetry, as reflected in the figure
by similarly shaped lower and upper tails. It is also worth recalling that the Student's ¢t copula
exhibits heavier tails than the Gaussian copula for v < oo and approaches the Gaussian copula
as ¥ = oo. In contrast, the Gumbel copula is tail-asymmetric, with a heavier upper tail than
lower tail. This is clearly visible in the figure, where the scatterplot for the Gumbel copula
shows a higher concentration of points in the upper tail than in the lower tail. Similarly, the
Clayton copula is also tail-asymmetric but, unlike the Gumbel copula, features a heavier lower
tail than upper tail. This is confirmed by the figure, in which the scatterplot for the Clayton
copula displays a higher concentration of points in the lower tail than in the upper tail.
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Gaussian t—Student

Gumbel Clayton

FIGURE C1 Examples of dependence structures for four copula families with standard normal margins.
Gaussian and Student's ¢ copulas exhibit symmetric tail dependence, while Gumbel and Clayton copulas display
asymmetric tail dependence, with heavier upper and lower tails, respectively.

APPENDIX D: ROBUSTNESS ANALYSIS

This appendix assesses the robustness of the choice of rolling window for the dynamic analysis
of Section 3.2. Figure D1 shows three panels: Panel a refers to relatively stable market con-
ditions, Panel b extremely bearish market conditions, and Panel c extremely bullish market
conditions. In each Panel, the green curve corresponds to our baseline setting with 500
trading days, the red one to the setting with 375 days, and the blue one to the setting with
250 days. The curves in Panels a and c are very close implying a high robustness of the results
for any size of the rolling window. Instead, Panel b reveals a slightly more pronounced
divergence between the curves, with the largest gap occurring between the blue and green
curves. Thus, a small window size might produce little reliable results for the dynamic analysis
under extremely bearish market conditions. The choice of 500 trading days as window size
should guarantee robust results for all three market conditions. Table D1 reports Pearson
correlations for the time series plotted in Figure D1. The correlations confirm that the curves
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FIGURE D1 Robustness of the choice of rolling window. In each Panel, the green curve corresponds to our
baseline setting with 500 trading days, the red one to the setting with 375 days, and the blue one to the setting
with 250 days.

TABLE D1 Pearson correlations for the time series plotted in Figure D1.

Stable conditions Bearish conditions Bullish conditions
500 days 375 days 250 days 500 days 375 days 250 days 500 days 375 days 250 days

500 days 1 0.938 0.941 1 0.757 0.464 1 0.905 0.833
375 days 1 0.938 1 0.698 1 0.851
250 days 1 1 1

are sufficiently close when the sizes are 500 and 375 days for each market conditions scenario.
Indeed, for these two window sizes, the smallest correlation is 0.757.
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