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Abstract

We suggest a methodology for the construction of a set of interest rate volatility indices
for the Eurozone (EIRV1Xs) based on the implied volatility quotes of caps (floors), one
of the most liquid interest rate derivatives. These indices reflect the market’s aggregate
expectation of volatility of forward rates over both short- and long-term horizons (from
one to ten years ahead).

Volatility indices in equity markets are referred to as investors’ gauges of fear because
they usually spike in periods of market turmoil. In this paper, we extend the empirical
evidence by analyzing the effect of the recent financial crisis on short- and long-term
EIRVIXs. We find that the level of short-term EIRVIXs (70%) as of April 2012 is still
far from returning to the average pre-crisis value (17%) and that the crisis has also
affected investors’ long-term expectations of volatility. In addition, using two stock
return volatility indices for the Eurozone, we find that the crisis has had a deeper impact
on investors’ uncertainty about the evolution of interest rates than on stock market

returns.
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1. Introduction

We suggest a methodology for the construction of a set of interest rate volatility indices
for the Eurozone (EIRV1Xs), which reflect the market estimate of the volatility of three-
and six-month tenor forward rates over different fixed horizons — one, two, three, four,
five, seven and ten years. To this end, we use data on caps (floors), one of the most
liquid over-the-counter (OTC) interest rate derivative contracts (Li and Zhao, 2009).
Bank for International Settlements statistics, as of December 2011, indicate that interest
rate options (caps, floors, collars and corridors) were the second most-traded OTC
interest rate derivatives worldwide. Moreover, the notional amount of OTC interest rate
options exceeded that of exchange-traded options by nearly $20 trillion. Sorted by
currency, Euro interest rate options accounted for approximately 46% of the total

amount outstanding of OTC interest rate options traded in the world.*

The number of implied volatility indices has significantly increased over the last decade
in the equity markets (e.g., VIX, VDAX, VCAC and VSTOXX among others). These
indices capture the market’s expectation of volatility of stock indices returns over the
next 30 calendar days.? To the best of our knowledge, there are no volatility indices
calculated by exchanges or other institutions for the Eurozone fixed-income market.
Thus, this paper contributes to the literature on volatility indices by covering this gap.
Moreover, this is the first time that caps (floors) data are used for this specific purpose.

Among other applications, caps data have been used for the implementation of a fixed-

! http://www.bis.org/statistics/derstats.htm

2 In addition to VIX, the Chicago Board of Options Exchange (CBOE) also distributes a constant three-
month maturity volatility index based on S&P 500 options, VXV. In Europe, Deutsche Bérse, SIX Swiss
Exchange and STOXX Ltd calculate three main volatility indices with a fixed 30-day maturity for the
German (VDAX), Swiss (VSMI) and Eurozone (VSTOXX) equity markets, respectively, as well as eight
volatility sub-indices on the basis of eight expiry months ranging from one month to two years, which
allow to construct volatility indices with different fixed days to expiration through linear interpolation of
the two nearest sub-indices.



income volatility arbitrage strategy (Duarte et al. 2007) and to estimate risk premiums

in long-term interest rates (Almeida et al. 2011).

VIX is usually called the investors’ gauge of fear for the US stock market (Whaley,
2000, 2009). The name is appropriate because it reflects the consensus market view of
the expected volatility of the S&P 500, and it spikes during periods of market turmoil.
In particular, the recent financial crisis has the second-largest burst of volatility after the
market crash in October 1987, although it seems that stock volatility returned to more

normal levels fairly quickly after the burst of the crisis (Schwert, 2011).

Using daily data from January 2004 to April 2012, this paper aims to provide novel
empirical evidence about the effect of the crisis on the market’s short- and long-term
expectations of interest rate volatility in the Eurozone. Concerning short-term EIRVIXs,
we observe large spikes along upward and downward slopes since the summer of 2007.
As of April 2012, volatility levels of approximately 70% are still far from returning to
the average pre-crisis value (17%). Thus, the recent crisis has had a deep and lasting
effect on investors’ short-term expectations of volatility in the fixed-income market.
More interestingly, we also find that as the crisis deepened, it also eventually affected
expectations of volatility five and ten years ahead: the indices initiate an upward trend

in 2010.

In addition, we also analyze whether the financial turmoil has had a deeper impact on
interest rate or stock return volatility indices by using two VSTOXX volatility sub-
indices constructed from Dow Jones EURO STOXX 50 options expiring in one and two
years. We observe that VSTOXX indices exhibit a lower rise than one- and two-year
EIRVIXs along the crisis period and that the size of the spikes is also smaller. This
finding suggests that EIRVIXs have played a greater role as investors’ gauge of fear
during the recent financial crisis than VSTOXX indices. In addition, we prove that there
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Is a statistically significant correlation between changes in EIRVIXs and VSTOXX

indices.

The rest of the paper is organized as follows. The next section examines caps (floors)
valuation according to the Libor Market Model (LMM), which is consistent with the
market standard approach for pricing these contracts using the Black pricing formula. In
Section Three, we present the methodology for the calculation of EIRVIXs. Section
Four describes the database. In Section Five, we analyze the behavior and statistical
properties of EIRVI1Xs, and compare the effect of the financial turmoil during the recent
crisis on the market estimates of future volatility of interest rates and stock returns.

Finally, Section Six includes the conclusions of the study.
2. Caps and floors valuation. The LMM and the Black formula

Caps and floors are portfolios of options on interest rates, caplets and floorlets. Thus,
the design and valuation of caps (floors) can best be understood by first describing the

options that comprise them.

Caplets (floorlets) are European-style call (put) options where the underlying asset is a
forward rate agreement (FRA). An FRA is an agreement between two parties to
exchange an amount of money proportional to the difference between the fixed strike
rate K (set at t) and the floating interest rate (reset at time T;) which prevails over the

period [T;, T; +z], L(T;, Ti +7), (t < T, < T, + 7). The payoff of an FRA at T; +z is:
NP-[L(T,,T, +7) - K]z, 1)
where NP is the notional principal of the contract and 7 is the tenor interval.

Caplets (floorlets) are exercised only if L(T;,T; +7) is greater (smaller) than the strike K.

The payoff of a caplet at Ti+z is:



NP - Max{L(T,,T, +7) - K,0}- 7, (2)
and the payoff of a floorlet is:
NP - Max{K — L(T,,T, +7),0}-7. ©)

The LMM assumes that the forward interest rate f(t,T;,Ti+z) follows a lognormal
stochastic process (see Brigo and Mercurio, 2006 for an extensive review of LMM.).
Taking into account that the limiting value of the forward rate when t approaches Ti; is
equal to the floating interest rate L(T;,T; +z), and assuming there are no arbitrage
opportunities, the well-known Black (1976) pricing formulas for valuing caplets

(floorlets) are derived (see, e.g., Diaz et al., 2009):

Caplet(t, T,,7,K, 0/ ) = [F T, T, +2) - N(h,) =K -N(h,)]- P(t, T, +7) -7 (4)
Floorlet(t, T;, 7, K, 0/ ) = [K - N(=h,) = T (t,T,,T, +7)-N(=h)) |- P(t, T, +7)-=  (5)
where

In[f(t1Ti’Ti +T)/K]+1'(O-il,<Black)2 (T - 1)
h, = 2 , (6)

Gi}fBlack Y (T, -1)

In[f tT.T, "‘T)/K]_l'(o'il,(smck)z (T; —1)
h, = 2 . (7)
O-il,(BIack (T -1)

Caplet(t,T,,7,K,0/5.) and Floorlet(t,T;, 7, K, oG, ) are the prices at t of a caplet

and a floorlet, respectively, T; is the exercise date of the option (and the maturity date of
the underlying forward rate), 7 is the tenor of the underlying forward rate (and Ti+z is
the maturity date of the option), P(t,Ti+z) is the price at t of a unit-zero coupon bond
with maturity at Ti+z, N(:) is the cumulative normal distribution, and s %,,,., is the so-

called Black implied volatility of an option with exercise date T; and strike K.
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Black implied volatility can be understood, within the LMM, as an average of the

instantaneous volatility of the log of the forward rate f(t,T;, Ti+7) over the period [t,Ti]:

TIlcyz(u,Ti)du

(O-i‘fBlack )2 = ‘

R ©

where o(r.T,) is the instantaneous volatility at t of the lognormal process followed by

the forward rate f(t, T;, Ti+7).

Caps (floors) are portfolios of caplets (floorlets) with the same strike and tenor but with
consecutive maturities so that the maturity date of each caplet (floorlet) coincides with
the exercise date of the following one. In the Eurozone, caps (floors) with time to
expiration up to two years have a three-month tenor, whereas the tenor for caps (floors)
with maturities beyond two years is six months. Thus, a two-year cap (floor) consists of
a chain of seven caplets (floorlets) with exercise dates in three, six, nine, 12, 15, 18 and
21 months, whereas a three-year cap (floor) comprises five caplets (floorlets) with
exercise dates in six, 12, 18, 24 and 30 months. Please note that, unlike equity options,

caplets (floorlets) and caps (floors) have a constant life period.

The payoffs generated by a cap (floor) can be described as follows. On the exercise date
of the first caplet (floorlet), the floating rate is observed and compared to the strike. If
the floating rate is greater (smaller) than the strike, then on the second reset date the
seller of the cap (floor) pays the holder the difference between the floating rate (strike)
and the strike (floating rate) multiplied by the notional principal and the tenor. If the
floating rate is less (more) than the strike, there is no payoff from the cap (floor). Thus,

through the life of a cap (floor), payments are due at the end of each tenor interval,



although the amount is known at the reset date (at the beginning of the tenor interval)

when the floating interest rate is observed.®

Then, the price at time t of an n-year cap with strike K can be obtained as the sum of the

values of the caplets that comprise it. That is,

n-k-1
Cap(t,T,, . K) = D caplet(t,T;, 7, K, 0/Gq) (9)

i=1

where k equals 4 (2) when the tenor interval is three (six) months, and Ty, Ta,. . ., Thk1
are the reset dates of the cap that coincide with the exercise dates of the caplets that
compose the cap and T,k = Thk1tz, i.€., the date that the last cash flow will be due if
L(Tn, Tnkatt) > KA

However, quotations in the cap market are computed assuming that the volatility of all
the caplets that compose a particular cap is the same. In fact, an n-year cap with strike K
is quoted by the market through the so-called flat volatility, which is the constant value

o that equals the sum of the values of all the caplets that compose the cap according

to the Black formula to its market price, i.e., the value o, . such that

n-k-1
Cap(t, T, K) = > caplet(t,T,,7,K, 0 ) - (10)

i=1

Therefore, flat volatilities cannot be considered to be a pure measure of the future
evolution of volatility of a forward rate; rather, they are a mixture of the average future

volatilities of a set of forward rates with consecutive terms to maturity.® Thus, for

3 Caps (floors) are usually defined so that the initial floating rate, even if it is greater (smaller) than the
strike, does not lead to a payoff on the first reset date (Hull, 2009).

* An analogous formula can be set up for the price of a floor.

> Actually, the market quotes flat volatilities of caps/floors. At a particular strike and for a concrete term
to maturity, traders may contract the same instrument as a cap or a floor depending on their expectations.

® The difference between o e and o f aa 15 similar to the difference between zero-coupon rates and

the yields to maturity of coupon-bearing bonds.



instance, the flat volatility of a two-year cap is a mixture of the average future volatility
of three-month tenor forward rates with maturities in three, six, nine, 12, 15, 18 and 21

months.

Finally, note that according to the LMM and Equation (8), the implied volatility of
caplets should be the same for all caplets with the same term to maturity, independent of
the strike K. However, in practice, the implied volatility of caplets and caps (with
everything else equal) varies with the strike rate, giving rise to volatility surfaces (see
Jarrow et al., 2007).

3. Methodology

We develop a set of interest rate volatility indices that capture the market’s expected
volatility of a particular forward rate over different fixed horizons using the implied
volatility quotes of caps (floors).”® However, the use of data from this market poses the
problem of having to address a contract where the underlying rate is not a single
forward rate but a set of forward rates with consecutive maturities. Therefore, the
construction of EIRVIXs involves recovering the implied volatilities of the individual
caplets that compose caps using a stripping procedure (see, e.g., Hernandez, 2005). This
process consists of obtaining the price at time t of a caplet with a strike K and reset date

Ti, caplet(t,Ti,z,K, o,%,.. ), by subtracting the prices of two consecutive caps with the

same strike K:

" Stock return volatility indices are calculated using the market prices of (exchange-traded) options, rather
than their respective implied volatilities, based on the concept of the fair delivery value of future realized
variance suggested by Demeterfi et al. (1999). However, note that the quoted option price in the OTC
market is actually implied volatility itself (i.e., implied volatility does not need to be inferred from option
prices). Thus, to provide an implied volatility quote in the cap (floor) market means to give the option
price, similar to how the yield to maturity of a bond is an alternative way of providing the price of the
bond.

® Implied volatilities of specific forward rates could be directly obtained from caplet (floorlet) quotations,
however, these contracts are quite illiquid; thus, obtaining a complete enough range of caplets (floorlets)
with different maturities can be complicated. Thus, the construction of EIRVIXs from caps (floors) data
can give a much more accurate indication of the actual uncertainty regarding the future behavior of
interest rates for a wide range of maturities, without the intrusion of the noise caused by the lack of
liquidity.



Caplet(t, T,,7, K, o5 ) = Cap(t, T,,,, K) —Cap(t, T, K), (11)

where Cap(-) are defined as in Equation (10).

Once the price of the caplet is obtained, the Black pricing formula is used to derive the
corresponding implied volatility.® Note that when implementing the stripping
procedure, the Black’s model is used only to translate volatility quotes into option
prices and vice versa. Thus, we are not making use of any of the assumptions of the
Black’s model. It is merely used as a tool to provide a one-to-one mapping between
option prices and implied volatilities.

As stressed in the previous section, it must be noted that we obtain different implied
Black volatilities for the same caplet, depending upon the strike rate K. Thus, a decision
on the strikes of the caps used for the implementation of EIRVIXs needs to be made.
Poon and Granger (2003) suggest using at-the-money (ATM) options because they are
more liquid and less prone to measurement errors.

In the cap market, an n-year cap is said to be ATM if the strike of this instrument equals
the fixed rate of a swap that has the same payment days as the cap (see, e.g., Hull,
2009). However, we cannot use ATM caps in the stripping process because two
consecutive caps would have different strikes to the extent that swaps with different
maturities usually have different fixed rates.

Therefore, we must address the problem of determining the strike of an ATM caplet.
According to the Black formula, a caplet is said to be ATM when the value of the
underlying forward rate equals the strike rate. Thus, we propose using the available caps

with strikes closest to the outstanding forward rate f(t, T;, T; +7) defined as

f(t,Ti,Ti+r)=( PLT) —J !

PET 0 ) e "

% Note that the same implied volatility is obtained when the pricing formulas for floors (floorlets) are used
instead.



where P(t,T;) and P(t,T;+7) are the prices at t of unit zero-coupon bonds with maturities
at T; and T;+z, respectively.

In particular, we will use caps with strikes immediately above and below f(t,T; Ti+7),
and we will refer to them as K” and K&, respectively, with K® < f(t, T;, T;+7) < K*.

Then, using Equation (11), we obtain the prices of caplets with strikes K* (first out-of-

the-money caplet) and K® (first in-the-money caplet), and we derive their implied
volatilities using the Black formula. We denote these two implied volatilities by af;ack
and aﬁm, respectively.

Finally, we use linear interpolation to obtain EIRVIX:

o (KA—f@T.T, +7) o (FET, T +7)-K®
EIRVIX(t,Ti):ai’fB,ack-{ i jwfs.ack'( Kr K ! (13)

where EIRVIX(t,T;) is the annualized implied volatility of a theoretical ATM caplet
with a constant time to maturity, fromtto T;.

According to Carr and Lee (2003, 2009a), the volatility swap rate with expiry at time T
is well approximated by the ATM implied volatility maturing at the same time.*
Thus, EIRVIX(t,T;) approximates the conditional risk-neutral expectation of the realized
volatility of the underlying forward interest rate f(t,T;, Ti+z) over the period [t, Ti]. In
addition, because EIRVIX is based on the market quotes of very liquid options, it

represents a consensus market view of the expected volatility of the underlying forward

rate.

10 A volatility swap is a contract traded OTC that pays at maturity the difference between the realized
volatility of the underlying asset over the life of the contract and a fixed volatility rate (the volatility swap
rate). Since the contract has zero value at the time of entry, by no arbitrage, the volatility swap rate equals
the conditional risk-neutral expected value of the realized volatility over the life of the contract.

1 Moreover, Carr and Lee (2009b) show that the payoff on a volatility swap can be perfectly replicated
by dynamically trading European options and futures.
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Using the construction method just described, we create a daily set of interest rate
volatility indices for three- (six-) month tenor forward rates expiring in one and two
(three, four, five, seven and ten) years. According to Duarte et al. (2005), these are the

most liquid cap maturities.

According to Equation (8), each EIRVIX provides the average future volatility of a
forward interest rate up to its maturity. For instance, EIRVIX(t,1Y) measures the
market’s assessment at any time t of the uncertainty regarding the evolution of the
forward rate f(t,t+1Y,t+1Y+3M) over the next year; and EIRVIX(t,20Y) would indicate
the average volatility of the forward rate f(t,t+10Y,t+10Y+6M) over the next ten years.

Thus, unlike flat volatilities, EIRVIXs measure the volatility of specific forward rates.
For instance, o), would be some sort of average of the future volatilities of the

forward rates f(t,t+3M,t+6M), f(t,t+6M,t+9M) and f(t,t+9M,t+1Y) up to their respective
maturities.

4. Data

For the construction of EIRVIXs we use two sets of daily data from the Eurozone fixed-
income market. The first set consists of closing mid flat volatility quotes of caps (floors)
for a fixed set of maturities and strikes retrieved from Bloomberg. The data supplier for
these quotes is the large OTC interdealer broker ICAP. The second set consists of zero-
coupon curves provided by Reuters based on the most liquid rate instruments available,
a combination of deposits, liquid futures and interest rate swaps. The sample extends

from January 02, 2004 to April 30, 2012.

Flat volatilities correspond to caps (floors) with maturities of one to ten plus 12, 15 and
20 years and with the following range of strike rates: 0.01, 0.02, 0.0225, 0.025, 0.03,

0.04, 0.05, 0.06 and 0.07. These strikes cover the range of values of the forward rates

10



during the sample period to ensure that there will be always a strike above and below
the outstanding forward rates.? Note also that the two strikes closest to the forward rate
f(t,T;, T;+7) can differ by only 25, 50 or 100 basis points. Thus, the assumption that the
“volatility smile” is well approximated by a line that we use when the implied
volatilities of near-the-money options are linearly interpolated for the construction of
EIRVIX is considered reasonable due to the small range of strikes over which the

interpolation is made (Fleming et al., 1995).

Note also that the stripping procedure involves using the prices of caps with maturities
in one (two) years and three months, and three (four, five, seven and ten) years and six
months, whereas markets only provide caps with annual terms to maturity (i.e., with an
integer number of years to maturity). Therefore, interpolation and extrapolation
techniques must be used to obtain flat volatilities of caps with a maturity different from

those quoted.

Interpolation and extrapolation techniques are applied between caps with the same tenor
interval. Thus, when the required maturity cap is below three years, we apply linear
interpolation/extrapolation by using the one- and two-year maturities. For the rest of
maturities, we apply cubic spline interpolation (see Hernandez, 2005) based on the flat
volatilities of caps with maturities of three to ten years plus 12, 15 and 20 years. We use
linear interpolation/extrapolation only when the number of available flat volatilities is
less than six. Note that these interpolation/extrapolation techniques must produce
uniquely determined values of unobservable flat volatilities with any term to maturity

up to ten years and six months (the maturity date of the caplet with an exercise date in

12 The only exception occurs for the forward rate maturing in one year since values below one percent are
observed since mid-2010. Thus, in this particular situation, EIRVIX is just the implied volatility of the
caplet (floorlet) with a strike rate of 0.01.
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ten years). See the Appendix for a detailed description of the interpolation/extrapolation

procedure.

In regards to measuring the market’s expectations of volatility in the equity market, we
use two volatility indices distributed by STOXX Ltd, VSTOXX 12M and VSTOXX
24M. Actually, they belong to the set of sub-indices that are calculated in addition to the
main index, VSTOXX. In particular VSTOXX 12M and VSTOXX 24M are constructed
based on the prices of Dow Jones EURO STOXX 50 options expiring in 12 and 24
months, respectively. Thus, they capture the market’s expected volatility of the Dow
Jones EURO STOXX 50 returns over the next 12 and 24 months. Sub-indices based on

options with longer terms to expiration are not currently available.™
5. Empirical analysis

In this section we analyze the behavior and statistical properties of the set of EIRVIXs.
Then, we use two Eurozone equity market volatility indices to compare the effect of the
crisis on investors’ uncertainty one and two years ahead of the evolution of interest rates

and stock market returns
5.1. Properties of EIRVIXs

The daily evolution of EIRVIXs with times to maturity of one, two, five and ten years

from January 02, 2004 to April 30, 2012 is shown in Figure 1.

We observe a decreasing pattern in EIRVI1Xs with the closest forecast horizons from the
beginning of the sample up to approximately mid-July 2007. Then, the indices initiate
an upward trend which leaves market estimates of interest rate volatility over the next
one and two years at approximately 70% in May 2010. Thus, short-term EIRVIXs seem

to reflect the financial turmoil since the beginning of the crisis. By May 2010, the

13 Additional information on the indices can be found on http://www.stoxx.com/index.html
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upward trend turns a downward trend until approximately April 2011, when the level of
EIRVIXs is close to 30%. Then, EIRVIXs exhibit a new outstanding rise that drives
market expectations of interest rate volatility to a maximum of approximately 90% in
five months. Finally, large (up and down) spikes are observed along a downward slope
until April 2012, when EIRVIX’s level (approximately 70%) is still far from returning

to the average pre-crisis value.

Concerning investors’ expectations of volatility over the next five and ten years, they
exhibit a rise during the first half of 2010 and approximately double by the end of the

sample.

Thus, two main conclusions can be drawn from the graphics. On the one hand, the fact
that the indices (especially the short-term ones) spike and sharply increase during the
recent financial crisis supports the interpretation of EIRVIX as a gauge of fear for fixed-
income markets similar to the widely held view of VIX for equity markets (Whaley
2000, 2009). On the other hand, the fact that long-term EIRVIXs also respond to the
financial turmoil seems to suggest that investors foresee long periods of turbulence in
interest rate markets. Recall that EIRVIX provides the average level of future volatility
until the maturity of the underlying forward rate (see Equation (8)), and hence, only a
lasting shift in the market estimates of future volatility would make long-term EIRVIXs

raise.

The summary statistics of the set of interest rate volatility indices for the full sample as
well as before and after the beginning of the subprime crisis are included in Table 1

(Panels A, B and C, respectively). The first subsample spans the period from January
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02, 2004 to July 31, 2007 (885 observations), and the second spans the period from

August 01, 2007 to April 30, 2012 (1177 observations).**

The average value of all EIRVIXs increases during the crisis period. In addition, we
find that the mean of all maturity EIRVIXs is quite similar before the crisis, whereas it
progressively decays as the forecast horizon increases for the second subsample. Short-
term EIRVIXs also show greater variability (standard deviation) than long-term ones
before and during the crisis. The skewness and kurtosis measures suggest that the
indices are closer to a normal distribution in the split sample than when the whole
sample is considered. In any case, the Jarque-Bera test does not accept the null
hypothesis of a normal distribution for any of the indices in any of the two subperiods.
To investigate whether the series are stationary, the augmented Dickey-Fuller (ADF)
unit root test for its most general specification (i.e., with intercept and linear trend) is
performed on the logarithm of the volatility indices. The null hypothesis of a unit root is
not rejected in any case. *°

Summary statistics for the daily log-differences of EIRVIXs are also shown in Table 2.
On the one hand, the excess kurtosis found in the series is also reported by Dotsis et al.
(2007) for several equity market volatility indices in their first differences, where the
non-normality may be attributed to the presence of jumps in implied volatility. On the
other hand, the significant negative first-order autocorrelation supports the modeling of
implied volatility indices as mean-reverting processes. All the series are stationary after

differencing.

4 August 2007 is usually referred to as the onset date of the subprime crisis, and a change in the values of
the indices is also especially perceptible around this date.

5 Given the likely existence of a structural break in the series during the crisis period, the modified
version of the ADF test developed by Zivot and Andrews (1992) to allow for a structural break in the data
is conducted. The null hypothesis is that the series follows a unit root process; the alternative hypothesis
implies that the series is a trend-stationary process with a one-time break in the trend function occurring
at an unknown point in time. We obtain that the null hypothesis continues not being rejected in all the
cases, except for EIRVIX(t,4Y) at the 5% significance level. Moreover, we find that the structural break
dates identified by the test for short-term EIRVIXs belong to July 2007.
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To formally investigate whether there are statistically significant differences in the
distribution of the indices before and after the beginning of the crisis we apply two non-
parametric tests. Panel A in Table 3 shows the results of the Wilcoxon/Mann-Whitney
test for the equality of medians and the Brown-Forsythe test for the equality of
variances for the series in levels. The results show evidence of significant differences in
both the median and the variance between the first and second subsamples at the 1%
significance level for all the indices. For the series in first log-differences (Panel B in
Table 3), statistically significant differences in the medians between the first and second
subsamples are unproven for all forecast horizons; however, the null hypothesis of
equality of variances is rejected for EIRVIXs with time to expiration from one to five

years.

5.2. The role of interest rate and stock return volatility indices as investors’ gauges of

fear during the financial crisis

Next, we use EIRVIX(t,1Y) and EIRVIX(t,2Y) along with VSTOXX 12M and
VSTOXX 24M to track how investors’ uncertainty about the future behavior of interest
rates and stock returns one and two years ahead changes in response to financial

instability during the recent financial crisis.

Figure 2 plots the four mentioned indices across the sample. Similar to EIRVIXs, we
can also see an increase in the VSTOXX indices by the summer of 2007. However, the
size of the spikes observed in the VSTOXX series along the crisis period is notably
smaller than in the case of EIRVIXs. The standard deviation of VSTOXX 12M is 6%
(Table 4), whereas it is 17% for EIRVIX(t,1Y). The highest volatility level (49.73%) is
reached by VSTOXX 12M on November 21, 2008. Also note that for approximately
one year before and after the burst of the crisis, market estimates of future volatility are
higher in the equity market than in the fixed-income market. However, by March 2009,
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VSTOXX 12M and VSTOXX 24M decrease and from that moment until the end of the
sample the stock return volatility indices remain below EIRVIXs. Moreover, by April
2012, VSTOXX indices are approximately 30%, whereas the average pre-crisis level of

the indices is approximately 20%.

Thus, we find that the financial turmoil has had a deeper impact on investors’
uncertainty about the evolution of interest rates than on stock market returns. Put
differently, EIRVIXs have played a greater role as investors’ gauge of fear during the

recent financial crisis than VSTOXX indices.

It is interesting to note that both fixed-income and equity market volatility indices
depict a quite similar pattern over most of the sample — except from March 2009 to
April 2010, when VSTOXX indices start to fall while EIRVIXs keep an upward trend.
Similarities in the behavior of EIRVIXs and VSTOXX indices seem to be particularly
noticeable over two periods. On the one hand, both interest rate and stock return
volatility indices exhibit a remarkable rise in September 2008, when the failure of
Lehman Brothers - the fourth-largest US investment bank — took place. On the other
hand, the reduction observed in VSTOXX indices and EIRVIXs around May 2010 may
be attributed to the resolution of the European Central Bank to conduct interventions in
public and private debt securities markets of the Euro area to ensure depth and liquidity

in certain market segments.

Table 5 shows the cross-correlations between weekly log-changes in the four indices for
the entire sample (Panel A) as well as for the pre-crisis and crisis periods (Panels B and
C, respectively). We find that there is a statistically significant positive correlation
between changes in interest rate and stock return volatility indices over the whole
sample, although this is stronger during the crisis period - the highest correlation is
obtained for EIRVIX(t,1Y) and VSTOXX 12M (31%). This outcome extends the
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empirical evidence in Aijo (2008), where the authors find a significant
contemporaneous correlation between the volatility term structures of three European

stock return volatility indices: VSTOXX, VDAX-NEW and VSMI.
6. Summary and conclusions

We suggest for the first time a methodology for the construction of a set of interest rate
volatility indices for the Eurozone (EIRVIXs) based on the implied volatility quotes of
one of the most liquid fixed-income derivatives: caps (floors). These indices reflect the
market estimate of the volatility of three- and six-month tenor forward rates over

different fixed horizons — one, two, three, four, five, seven and ten years.

EIRVIXs are constructed through a two-step process. First, we apply a stripping
procedure consisting of recovering the implied volatilities of the individual caplets
(floorlets) that compose caps (floors), as these are the contracts that do have an
underlying specific forward rate. Second, implied volatilities of near-the-money caplets
(floorlets) are linearly interpolated. Thus, each EIRVIX(t,T;) reflects the implied
volatility of a theoretical ATM caplet (floorlet) with a constant time to maturity, from t
to T;. The ATM implied volatility with expiry at time T has a specific theoretical
interpretation: it approximates the volatility swap rate (i.e., the conditional risk-neutral

expectation of the future realized volatility of the underlying asset over the period [t,
TD.

Volatility indices in the equity markets are referred to as investors’ gauges of fear
because they usually spike in periods of financial turmoil. In this paper, we extend the
empirical evidence by analyzing the effect of the recent financial crisis on short- and
long-term EIRVIXs. We find that the crisis has had a deep and lasting effect on
investors’ short-term expectations of volatility in the fixed-income market — by April

2012, volatility levels are more than three-fold the average pre-crisis value. More
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interestingly, we also find that as the crisis deepened, it also eventually affected
expectations of volatility five- and ten-years ahead — the indices initiate an upward trend

in 2010.

The first finding seems to support the interpretation of EIRVIX as investors’ gauge of
fear for the fixed-income market, whereas the second one might be interpreted as a

signal that investors foresee long periods of turbulence in interest rate markets.

In addition, we compare the effect of the financial turmoil on investors’ expectations of
volatility of interest rates and stock returns over the next one and two years by using
two equity market volatility indices, VSTOXX 12M and VSTOXX 24M. We observe
that VSTOXX indices exhibit a lower rise than one- and two-year EIRVIXs during the
crisis period and that the size of the spikes is also smaller. Moreover, by April 2012,
VSTOXX indices are approximately 30%, whereas the average pre-crisis level of the
indices is approximately 20%. This finding suggests that EIRVIXs have played a
greater role as investors’ gauge of fear during the recent financial crisis than VSTOXX

indices.

Finally, we show that changes in EIRVIXs and VSTOXX indices are positively
correlated, especially during the crisis period. We observe that they both react to some
particular events such as the Lehman Brothers’ failure in September 2008 and the
resolution of the European Central Bank to conduct interventions in public and private

debt securities markets of the Euro area in May 2010.

Appendix
The stripping procedure involves using interpolation/extrapolation techniques to obtain
the flat volatilities of caps with a maturity different from those quoted (i.e., non-annual

maturity and missing annual maturity quotes) for a particular strike. One can expect to
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obtain a smoother fitting of the term structure of flat volatilities by using cubic spline
interpolation instead of linear interpolation. However, we need to address the fact that
the tenor of the underlying forward rates of the caplets that compose caps is not the
same for all maturity caps (i.e., all maturity caps do not have the same structure); hence,
we cannot apply cubic spline interpolation along the whole term structure.

In particular, one- and two-year caps have a shorter tenor (three months) than the rest of
the caps. In this case, we extrapolate the flat volatility of the two- (one-) year cap when
the required maturities are one year or two years and three months (two years). For the
one year and three months maturity, we linearly interpolate between the one- and two-

year maturities or extrapolate when there is one missing quote.

Then, cubic spline interpolation is applied over volatility quotes of caps with maturities
of three to ten years plus 12, 15 and 20 years (i.e., the maximum number of flat
volatility quotes available for a particular strike is 11). When the number of flat
volatility quotes is less than six, we propose simple linear interpolation/extrapolation.

When applying cubic spline interpolation, we distinguish two possibilities. If the
number of observations is greater than nine, we use two intermediate knots; otherwise,
we use a single knot. Knots are positioned in such a way that the observations are
uniformly distributed between knots. In particular, the position of the knots is set as

follows.

Let N denote the number of available flat volatilities for a particular strike and t;

and t; denote the positions of the knots. Then, we have the following:
IfN=11,t;=55and t,=9.5.

If N = 10, t; is positioned at the midpoint between the third and fourth

observations and t, at the midpoint between the seventh and eighth observations.
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If N =9 or N = 8, the unique knot is settled at the midpoint between the fourth

and fifth observations.

If N =7 or N =6, the knot is positioned at the midpoint between the third and

fourth observations.
When N is less than 6, we apply linear interpolation. For those caps with maturities out
of the range of available maturities, we proceed to extrapolate. Let us denote the flat

volatilities of the caps with the shortest and greatest terms to maturity by Gﬁm‘ﬂm and

o 1z Yespectively. Then, for caps maturing before the first available cap, we assume

that flat volatilities are equal to Gﬂ"jm\ﬂat. For caps with maturity greater than the last

available cap, we assume that flat volatilities are equal to &}, at

To give a hint of the completeness of the sample for maturity caps ranging from three to
ten years plus 12, 15 and 20 years, Table 6 shows the proportion of flat volatilities
available corresponding to a single day and a given strike during the whole sample. As

it is considered desirable in 97% of cases, the sample is complete (eleven observations).

20



References

Aijo J. 2008. Implied term structure linkages between VDAX, VSMI and VSTOXX

volatility indices. Global Finance Journal 18: 290-302.

Almeida C., Graveline J.J., Joslin S. 2011. Do interest rate options contain information

about excess returns? Journal of Econometrics 164: 35-44.

Black F. 1976. The pricing of commodity contracts. Journal of Financial Economics 3:

167-179.

Brigo D., Mercurio F. 2006. Interest Rate Models — Theory and Practice: With Smile,

Inflation and Credit. Springer-Verlag: Berlin.

Carr P., Lee R. 2003. At-the-Money Implied as a Robust Approximation of the

Volatility Swap Rate. Working paper, New York University.

Carr P., Lee R. 2009a. Volatility derivatives. Annual Review of Financial Economics 1:

1-21. DOI: 10.1146/annurev.financial.050808.114304.

Carr P., Lee R. 2009b. Robust replication of volatility derivatives. Working paper, New

York University.

Demeterfi K., Derman E., Kamal M. and Zou J. 1999. More than you ever wanted to

know about volatility swaps. Goldman Sachs Quantitative Strategies Research Notes.

Diaz A., Meneu V., Navarro E. 2009. International evidence on alternative models of

the term structure of volatilities. The Journal of Future markets 29: 653-683.

Dotsis G., Psychoyios D., Skiadopoulos G. 2007. An empirical comparison of
continuous-time models of implied volatility indices. Journal of Banking and Finance

31: 3584-3603.

21



Duarte J., Longstaff F.A., Yu F. 2005. Risk and Return in Fixed-income Arbitrage:
Nickels in front of a streamroller? UC Los Angeles: Anderson Graduate School of

Management (available at http://escholarship.org/uc/item/6zx6m71fp).

Duarte J., Longstaff F.A., Yu F. 2007. Risk and Return in Fixed-income Arbitrage:

Nickels in front of a streamroller? Review of Financial Studies 20: 769-811.

Fleming J., Ostdiek B., Whaley R.E. 1995. Predicting stock market volatility: A new

measure. The Journal of Futures Markets 15: 265-302.

Hernandez, L.G., 2005. Pricing of Game Options in a market with stochastic interest

rates. Thesis (available at http://etd.gatech.edu/theses/available/etd-03152005-044640/).

Hull J.C. 2009. Options, futures and other derivatives. Prentice Hall: Upper Saddle

River.

Jarrow R., Li H., Zhao F. 2007. Interest Rate Caps “Smile” Too! But Can the LIBOR

Market Models Capture the Smile? The Journal of Finance 62: 345-382.

Li H., Zhao F. 2009. Nonparametric Estimation of State-Price Densities Implicit in

Interest Rate Cap Prices. The Review of Financial Studies 22: 4336-4376.

Poon S-H., Granger C.W.J. 2003. Forecasting Volatility in Financial Markets: A

Review. Journal of Economic Literature 41: 478-539.

Schwert G.W. 2011. Stock volatility during the recent financial crisis. European

Financial Management 17: 789-805.

Whaley R.E. 2000. The Investor Fear Gauge. The Journal of Portfolio Management 26:

12-17.

Whaley R.E. 2009. Understanding the VIX. Journal of Portfolio Management 35: 98-

105.

22



Zivot, E., Andrews, D.W.K., 1992. Further evidence on the Great Crash, the Oil-Price
Shock, and the Unit-Root Hypothesis. Journal of Business and Economic Statistics 10:

251-270.

23



100%

90% }
80%

70%

60%

50%

A
'"

40%

30%

20%

10%

O% T T T T T T T T T T T T T T T T
I I I I A T N - - S-SR S SR SRR R ¥

F T P PP PP PPN A
SIS IR IR IR G CUACIR IR
AN N N A A AN A A A A A AN N A A\
Mt I M IR M

——IRVIX(t,1Y) ——IRVIX(t,2Y) ——IRVIX(t,5Y) —— IRVIX(t,10Y)

FIGURE 1. Daily levels of EIRVIX(t,1Y), EIRVIX(t,2Y), EIRVIX(t5Y) and
EIRVIX(t,10Y) over the period from January 02, 2004 to April 30, 2012
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FIGURE 2. Daily levels of EIRVIX(t,1Y), EIRVIX(t,2Y), VSTOXX 12M and
VSTOXX 24M over the period from January 02, 2004 to April 30, 2012
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TABLE 1. Summary statistics of EIRVIXs across the entire sample (Panel A) and for
two subsamples: from January 02, 2004 to July 31, 2007 (Panel B) and from August 01,
2007 to April 30, 2012 (Panel C)

EIRVIX EIRVIX  EIRVIX EIRVIX EIRVIX EIRVIX EIRVIX
(t,1Y) (t,2Y) (t,3Y) (t,4Y) (t,5Y) (t,7Y) (t,10Y)
Panel A: January 02, 2004 to April 30, 2012
Observations 2062 2062 2062 2062 2062 2062 2062
Mean 0.31 0.31 0.24 0.21 0.20 0.17 0.16
Median 0.23 0.24 0.21 0.19 0.17 0.15 0.15
Maximum 0.91 0.88 0.56 0.44 0.43 0.32 0.31
Minimum 0.07 0.09 0.11 0.11 0.11 0.10 0.08
Std. Deviation 0.18 0.16 0.10 0.07 0.06 0.04 0.04
Skewness 0.65 0.78 1.14 1.18 1.38 1.42 1.34
Kurtosis 2.30 2.72 3.41 3.56 4.18 4.30 4.36
Jarque-Bera 188.18 219.43 463.57 507.32 780.69 842.96 782.66
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
P 0.99” 0.99” 0.99” 0.99” 0.99” 0.98" 0.97"
ADF -2.31 -2.19 -2.01 -2.21 -1.81 -1.77 -2.51
Panel B: January 02, 2004 to July 31, 2007
Observations 885 885 885 885 885 885 885
Mean 0.17 0.18 0.18 0.17 0.17 0.16 0.15
Median 0.16 0.19 0.19 0.18 0.18 0.16 0.15
Maximum 0.30 0.31 0.25 0.21 0.23 0.21 0.20
Minimum 0.07 0.09 0.11 0.11 0.12 0.11 0.11
Std. Deviation 0.05 0.05 0.03 0.02 0.02 0.02 0.01
Skewness 0.12 0.03 -0.72 -0.72 -0.08 -0.31 0.21
Kurtosis 2.13 2.03 2.45 2.82 2.06 2.97 2.72
Jarque-Bera 29.84 34.62 89.48 77.99 28.02 14.64 9.62
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
Panel C: August 01, 2007 to April 30, 2012
Observations 1177 1177 1177 1177 1177 1177 1177
Mean 0.42 0.40 0.29 0.25 0.22 0.18 0.17
Median 0.45 0.41 0.28 0.24 0.20 0.16 0.15
Maximum 0.91 0.88 0.56 0.44 0.43 0.32 0.31
Minimum 0.09 0.11 0.12 0.12 0.11 0.10 0.08
Std. Deviation 0.17 0.16 0.11 0.08 0.07 0.05 0.05
Skewness -0.11 0.11 0.45 0.49 0.71 0.79 0.76
Kurtosis 2.29 2.37 2.18 2.19 2.42 2.46 2.60
Jarque-Bera 27.20 21.72 73.59 81.01 116.12 137.05 121.92
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Notes:

& p-values of the Jarque-Bera test are inside parenthesis.

b p1 denotes the first-order autocorrelation coefficient. The significance of autocorrelations is tested with

the Ljung-Box Q-statistic.

° The ADF test is performed on the logarithm of the indices. The null hypothesis is that the series contains

a unit root. The optimal lag length is determined according to the Schwarz information criterion.

? One and two asterisks denote statistical significance at the 5% and 1% significance level, respectively.
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TABLE 2. Summary statistics of first log-differences of EIRVIXs across the entire
sample (Panel A) and for two subsamples: from January 02, 2004 to July 31, 2007
(Panel B) and from August 01, 2007 to April 30, 2012 (Panel C)

EIRVIX EIRVIX EIRVIX EIRVIX EIRVIX EIRVIX EIRVIX
(t,1Y) (t,2Y) (t,3Y) (t,4Y) (t,5Y) (t,7Y) (t,10Y)
Panel A: January 02, 2004 to June 30, 2011
Observations 2061 2061 2061 2061 2061 2061 2061
Mean 0.0045  0.0004 0.0004 0.0003 0.0003 0.0003 0.0003
Median -0.0006  -0.0003 0.0001 0.0009 0.0002 0.0004 0.0003
Maximum 0.26 0.29 0.37 0.28 0.31 0.43 0.40
Minimum -0.26 -0.27 -0.37 -0.27 -0.36 -0.30 -0.44
Std. Deviation ~ 0.04 0.04 0.03 0.03 0.03 0.04 0.06
Skewness 0.27 0.40 0.10 -0.34 -0.26 0.47 -0.03
Kurtosis 6.91 10.64 16.14 15.35 14.90 14.11 8.80
Jarque-Bera 1339.76  5080.10  14831.81  13149.32 12199.07  10686.25  2890.58
(0.00) (0.00) (0.00) (0.00)  (0.00) (0.00) (0.00)
P -0.077 -0147 -0.30™ -0.27" -0.35" -0.42" -0.40™
ADF 48,777 -31.007  -33.837  -40.34" -24.72" 21127 -29.82"
Panel B: January 02, 2004 to July 31, 2007
Observations 884 884 884 884 884 884 884
Mean -0.0011  -0.0009  -0.0003 -0.0002 -0.0002 0.0000 0.0000
Median -0.0012  -0.0007  -0.0001 0.0004 -0.0004 0.0010 -0.0006
Maximum 0.18 0.27 0.10 0.14 0.11 0.15 0.24
Minimum -0.12 -0.22 -0.10 -0.14 -0.21 -0.14 -0.26
Std. Deviation ~ 0.03 0.02 0.02 0.02 0.03 0.03 0.05
Skewness 0.21 0.26 0.00 0.00 -0.45 -0.02 -0.03
Kurtosis 5.38 20.90 5.14 8.48 7.39 4.96 4.76
Jarque-Bera 217.17 11818.61  169.45 1108.62 741.64 142.40 114.40
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
Panel C: August 01, 2007 to April 30, 2012
Observations 1177 1177 1177 1177 1177 1177 1177
Mean 0.0016  0.0014 0.0010 0.0008 0.0008 0.0006 0.0005
Median 0.0000  0.0005 0.0005 0.0016 0.0007 -0.0003 0.0011
Maximum 0.26 0.29 0.37 0.28 0.31 0.43 0.40
Minimum -0.26 -0.27 -0.37 -0.27 -0.36 -0.30 -0.44
Std. Deviation ~ 0.04 0.04 0.04 0.03 0.04 0.04 0.07
Skewness 0.23 0.35 0.07 -0.40 -0.21 0.65 -0.03
Kurtosis 6.58 7.76 13.21 13.30 14.93 16.15 9.85
Jarque-Bera 640.88  1138.69  5122.49 5241.56 6991.61 8570.91 2302.72
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Notes:

& p-values of the Jarque-Bera test are inside parenthesis.

® 5, denotes the first-order autocorrelation coefficient. The significance of autocorrelations is tested with

the Ljung-Box Q-statistic.

¢ The ADF test is performed on the logarithm of the indices. The null hypothesis is that the series contains

a unit root. The optimal lag length is determined according to the Schwarz information criterion.

¢ One and two asterisks denote statistical significance at the 5% and 1% significance level, respectively.
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TABLE 3. Tests of equality of medians and variances between the first and second
subsamples for the indices in levels (Panel A) and in first log-differences (Panel B)

EIRVIX EIRVIX EIRVIX EIRVIX EIRVIX EIRVIX  EIRVIX
1Y) (t,2Y) (t,3Y) (t,4Y) (tL5Y) t,7Y) (1,10Y)

Panel A: Tests of equality of medians and variances for EIRVIXs in levels

Wilcoxon/Mann-
Whitney test
Brown-Forsythe

29.77" 28.31" 23.917 21.35" 17.78” 13.06™ 11.847

*

615.44" 558.417  859.66°  869.717  629.18"  433.87°  431.19"

test

Panel B: Tests of equality of medians and variances for EIRVIXs in first log-differences

Wilcoxon/Mann- - g 1.08 0.59 1.27 0.61 0.29 0.56
Whitney test

Brown-Forsythe 45 90" 12237 13619 8382”7 19527 163 0.00

test

Notes: The null hypothesis of the Wilcoxon/Mann-Whitney test is that the medians are equal. The null
hypothesis of the Brown-Forsythe test is that the variances are equal. One and two asterisks denote

rejection of the null hypothesis at the 5% and 1% significance level, respectively.
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TABLE 4. Summary statistics of VSTOXX 12M and VSTOXX 24M in levels and first
log-differences across the entire sample (Panel A) and for two subsamples: from
January 01, 2004 to July 31, 2007 (Panel B) and from August 01, 2007 to April 30,
2012 (Panel C)

Levels First log-differences

VSTOXX 12M VSTOXX 24M VSTOXX 12M VSTOXX 24M

Panel A: January 01, 2004 to April 30, 2012

Observations 2062 2062 2061 2061
Mean 0.25 0.25 0.0001 0.0001
Median 0.24 0.24 -0.0006 -0.0005
Maximum 0.49 0.44 0.35 0.47
Minimum 0.13 0.12 -0.44 -0.49
Std. Deviation 0.07 0.06 0.03 0.02
Skewness 0.77 0.62 -1.57 -0.49
Kurtosis 3.05 2.64 44,95 144.60
Jarque-Bera 204.47 143.82 152020.7 1722094.0
(0.00) (0.00) (0.00) (0.00)
P 0.99” 0.99” 0117 -0.25"
ADF -3.29 -2.78 -23.34" -16.24"
Panel B: January 01, 2004 to July 31, 2007
Observations 885 885 884 884
Mean 0.18 0.19 0.0000 0.0000
Median 0.17 0.19 -0.0005 -0.0005
Maximum 0.26 0.27 0.29 0.39
Minimum 0.13 0.12 -0.44 -0.40
Std. Deviation 0.02 0.02 0.03 0.02
Skewness 0.79 0.91 -2.27 -0.21
Kurtosis 2.96 3.44 59.84 137.88
Jarque-Bera 93.99 129.49 119794.5 670163.8
(0.00) (0.00) (0.00) (0.00)
Panel C: August 01, 2007 to April 30, 2012
Observations 1177 1177 1177 1177
Mean 0.30 0.29 0.0002 0.0002
Median 0.29 0.29 -0.0006 -0.0008
Maximum 0.49 0.44 0.35 0.47
Minimum 0.15 0.21 -0.37 -0.49
Std. Deviation 0.06 0.05 0.04 0.02
Skewness 0.85 0.71 -1.30 -0.72
Kurtosis 3.28 2.80 37.76 150.12
Jarque-Bera 146.38 102.24 59616.91 1061587.0
(0.00) (0.00) (0.00) (0.00)
Notes:

® p-values of the Jarque-Bera test are inside parenthesis.

® »; denotes the first-order autocorrelation coefficient. The significance of autocorrelations is tested with
the Ljung-Box Q-statistic.

¢ The ADF test is performed on the logarithm of the indices. The null hypothesis is that the series contains
a unit root. The optimal lag length is determined according to the Schwarz information criterion.

? One and two asterisks denote statistical significance at the 5% and 1% significance level, respectively.
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TABLE 5. Cross-correlations between weekly log-changes in EIRVIX(t,1Y),
EIRVIX(t,2Y), VSTOXX 12M and VSTOXX 24M across the entire sample (Panel A)
and for two subsamples: from January 02, 2004 to July 31, 2007 (Panel B) and from

August 01, 2007 to April 30, 2012 (Panel C)

Panel A: January 02, 2004 to April 30, 2012

EIRVIX(t,1Y) EIRVIX(t,2Y) VSTOXX 12M VSTOXX 24M
EIRVIX(t,1Y) 1 0.85~ 0.25" 0197
EIRVIX(t,2Y) 1 0.25" 0.15"
VSTOXX 12M 1 0.62"”
VSTOXX 24M 1
Panel B: January 02, 2004 to July 31, 2007

EIRVIX(t,1Y) EIRVIX(t,2Y) VSTOXX 12M VSTOXX 24M
EIRVIX(t,1Y) 1 0.83” 0.06" 0.06"
EIRVIX(t,2Y) 1 0.10™ 0.07"
VSTOXX 12M 1 0.68"
VSTOXX 24M 1
Panel C: August 01, 2007 to April 30, 2012

EIRVIX(t,1Y) EIRVIX(t,2Y) VSTOXX 12M VSTOXX 24M
EIRVIX(t,1Y) 1 0.86" 0.31" 0.23"
EIRVIX(t,2Y) 1 0.29” 0.18™
VSTOXX 12M 1 0.59”
VSTOXX 24M 1

Note: One and two asterisks denote statistical significance at the 5% and 1% significance level,

respectively.
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TABLE 6. Frequency of available flat volatility quotes for maturity caps ranging from
three to ten years plus 12, 15 and 20 years along the sample

Number of available Frequency
flat volatilities

N=11 0.9719
0.0178
0.0048
0.0030
0.0012
0.0006
0.0004
0
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