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Abstract

This paper examines the cross-dynamics of volatiBrm structures implied by

foreign exchange options. The data used in the rigapianalysis consist of daily

observations of implied volatilities for OTC opt®ron the euro, Japanese yen,
British pound, Swiss franc, and Canadian dollaptgd against the U.S. dollar.

The empirical findings demonstrate that two comnfaxtors can explain a vast

proportion of the variation in volatility term stiwres across currencies.
Furthermore, the results indicate that the eurthés dominant currency, as the
implied volatility term structure of the euro isufad to affect all the other volatility

term structures, while the term structure of theoeappears to be virtually

unaffected by the other currencies. Finally, ousules reveal a rather deviant
relation between the volatility term structurestbé euro and Swiss franc by
providing evidence of significant nonlinearities time relationship between these
two currencies.

JEL classification: F31; G13; G15

Keywords: implied volatility, volatility term structure, feign exchange options
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Non-technical summary

Option prices implicitly contain information aboutarket participants’ volatility
expectations. These volatility expectations impliag option prices typically differ
across times to maturity of option contracts, ahdrgby form a term structure of
volatilities. The purpose of this study is to exaenithe cross-dynamics of volatility
term structures implied by foreign exchange optidrigs analysis is motivated by the
existing literature, which demonstrates that vbtes are closely linked across
currencies. Furthermore, previous studies haverad$ed that volatility term structures
implied by foreign exchange options tend to beea#iimilar across currencies. Using a
comprehensive data set of over-the-counter optionghe euro, Japanese yen, British
pound, Swiss franc and Canadian dollar vis-a-ves thS. dollar, this paper examines
whether implied volatility term structures are atfd by common uncertainty factors,
and moreover, whether any causal dynamics arermiras®ng the term structure time-
series.

The results of this analysis demonstrate that thplied volatilities of major
currencies exhibit considerable term structure behaFor the euro, British pound and
Swiss franc, the implied volatilities of longer maty options exceed, on average, the
volatilities of shorter maturity options, while tivaplied volatilities of the Japanese yen
and Canadian dollar appear to decrease with tinmeattirity. However, it is also found
that implied volatility term structures vary hegvibver time. Although the volatility
term structures of the European currencies term topward sloping, sustained periods
of downward sloping term structures can also beesl.

Furthermore, the empirical findings of this papadicate that implied volatility
term structures exhibit somewhat similar patteverdime. The term structures of the
European currencies, in particular, are found taelbsely linked with each other. Our
findings also suggest that a vast proportion ofdugation in volatility term structures
across currencies can be explained by two comnuiarfa These two factors, however,
describe the dynamics of the European volatilityntstructures more adequately than
the dynamics of the Japanese yen and Canadiam tiopiaed volatilities.

The results of this paper also show that the Jijaterm structure of the euro
has a leading role in the system of term structutes found that the implied volatility

term structure of the euro considerably affectstlal other volatility term structures,
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while the term structure of the euro appears tovibally unaffected by the other

currencies. Finally, the empirical analysis presdnin this paper reveals a rather
deviant relationship between the volatility termmustures of the euro and Swiss franc.
Besides demonstrating a very tight linkage betwibenvolatility term structures of the

euro and the Swiss franc, our results also progiddence of significant nonlinearities

in the dynamic relationship between these two cwies. This relation may, for

instance, partially reflect the leading role of #w&o and the “safe haven” property of
the Swiss franc.

The empirical findings reported in this paper haimportant practical
implications for financial market practitionerschuas option traders and risk managers,
and also for monetary policy and bank supervisiath@rities. Knowledge of the
common factors and causal dynamics of implied uijaterm structures may be useful
for formulation and implementation of investmentarsk management strategies. The
leading role of the euro, for instance, may baagd for improving volatility forecasts
that are needed in various financial applicatidie results of this paper may also be of
interest to central banks, as the documented ledkag volatility term structures
indicate that exchange rate volatility expectatiare strongly affected by global

uncertainty factors which are beyond the contrdbo&l monetary policy.
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1. Introduction

Since the price of an option is decisively deteediny the market’'s assessment
of the volatility of the underlying asset over tt@maining life of the option, market
prices of options implicitly contain information @it market participants’ volatility
expectations. Consequently, given an option priomglel, these volatility expectations
implied by option prices can be extractetMost conventionally, the Black-Scholes
(1973) / Merton (1973) option pricing frameworkapplied to extract volatilities, and
hence implied volatility is typically defined asetlvalue of standard deviation of the
underlying asset price process that produces tiserebd market price of an option
when substituted into the Black-Scholes optionipgdormula. Although the Black-
Scholes model assumes constant volatility, thigsrapsion is obviously not made by the
market’ It is now well known that implied volatilities dér across times to maturity of
option contracts, and thereby form a term structirgolatilities (see e.g., Heynen et
al., 1994; Xu and Taylor, 1994; Campa and Chang5)19Given that implied volatility
may be regarded as the market expectation of futalaility, differences in implied
volatilities across times to maturity should reflelifferences in market participants’
perceptions of uncertainty over given future hamizo

Despite the vast empirical work on implied vol&ilisurprisingly little attention
has so far been devoted to the term structure pfiéch volatilities. The basic time-
series properties of implied volatility term struets have been examined e.g. in Stein
(1989), Diz and Finucane (1993), Haynen et al. 4)98nd Xu and Taylor (1994). Stein
(1989) reports evidence of consistent over-reachedavior in the volatility term
structures implied by S&P 100 index options. Did &inucane (1993), Haynen et al.
(1994), and Xu and Taylor (1994), however, documemntradictory findings and

! Provided that market participants are rationaplied volatility should incorporate all the availab
information that is relevant for forming expectasoabout the future volatility. Therefore, implied
volatility is widely considered to be the best dalalie estimate of market uncertainty.

2 However, the Black-Scholes model is valid evevolftility is allowed to be a deterministic funatiof

time (see e.g. Merton, 1973). In this case, thesteon variance parameter used in the Black-Scholes
formula is replaced by the expected average vagiamer the remaining life of the option.

%1t is also well known that the Black-Scholes ireplivolatilities differ across strike prices (seg..e.
Rubinstein, 1994; Mayhew, 1995). This variatiornvofatilities across strike prices is commonly reder

to as the volatility smile or volatility smirk.
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conclude that volatility expectations behave ratlyn Das and Sundaram (1999)
compare the implied volatility term structures prodd by two competing classes of
stochastic processes. They find that jump-diffusioodels produce implied volatility
term structures that are always upward slopinglenbiiochastic volatility models, in
turn, can produce a wider variety of patterns ohtsetructures.

Since volatility term structure is, in principlepaogous to the term structure of
interest rates, previous studies have noted thahay provide information about
expected future short-term volatilities. This exjptions hypothesis is explicitly tested
in Campa and Chang (1995). Using volatilities iragliby foreign exchange options,
Campa and Chang (1995) are unable to reject thecegons hypothesis, thereby
demonstrating that the volatility term structureuseful for predicting future short-term
volatilities. Consistently, Xu and Taylor (1994%alshow that volatility term structures
are useful for volatility forecasting purposes. Tthgamics of implied volatility term
structures have recently been examined in Mixo®220Using data on S&P 500 index
options, Mixon (2002) demonstrates that variatiowvalatility term structure over time
can be explained at least to some extent by comfaotors, such as observable
economic fundamentals.

The purpose of this study is to examine the crgsshics of volatility term
structures implied by foreign exchange options.sTanalysis is motivated by the
existing literature, which demonstrates that vbtegs are closely linked across
currencies (see e.g., Najand et al., 1992; FundPatigrson, 1999; Kearney and Patton,
2000; Speight and McMillan, 2001). Furthermore, ud Taylor (1994) have
previously noted that volatility term structurespined by foreign exchange options tend
to be rather similar across currencies. Using apcehensive data set of over-the-
counter options on the euro, Japanese yen, Byitiaind, Swiss franc and Canadian
dollar vis-a-vis the U.S. dollar, this paper exaesirwhether implied volatility term
structures are affected by common uncertainty factand moreover, whether any
causal dynamics are present among the term steuttine-series.

This paper contributes to the literature in seveeapects. Most importantly, to
our knowledge, this paper is the first attemptddrass the cross-dynamics of implied
volatility term structures. This analysis is comsill to provide new insights into the
behavior of option markets. Moreover, given that fbreign exchange market is by far

the largest financial market in the world, underdiag the dynamic behavior of market
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participants’ volatility expectations over diffetefuture horizons is a high priority
task? Knowledge of potential common factors and undegyicausal dynamics of
volatility term structures may, for instance, hawgortant practical implications for
option traders and risk managers, and also for moyngolicy and bank supervision
authorities. Linkages in volatility expectations@ss currencies obviously have a direct
impact on the formulation and implementation ofdstment and risk management
strategies. From the viewpoint of monetary poliayharities, it is important to consider
to what extent the expectations of future exchargges are affected by global
uncertainty factors which are beyond the contrdbo&l monetary policy. Furthermore,
as previous studies have shown that volatility tetractures provide useful information
for forecasting volatilities (Xu and Taylor, 1998ampa and Chang, 1995), knowledge
of potential causal relationships in volatility teistructures across currencies may also
offer useful insights for volatility forecasting gposes. Finally, by focusing on the
interrelations between volatility term structuresplied by foreign exchange options,
this paper provides new evidence regarding the obléhe euro in the international
monetary system.

The empirical findings reported in this paper destmate that the implied
volatilities of major currencies exhibit consideetierm structure behavior. For the
euro, British pound and Swiss franc, the impliedatitities of longer maturity options
exceed, on average, the volatilities of shorterumigt options, while the implied
volatilities of the Japanese yen and Canadian daligpear to decrease with time to
maturity. However, implied volatility term struces are found to vary heavily over
time. Although the volatility term structures ofetlEuropean currencies tend to be
upward sloping, sustained periods of downward sippierm structures are also

observed.

* Properties of implied volatilities in the foreigmchange markets have previously been examinedhe.g.
Bonser-Neal and Tanner (1996), Ederington and 1L88§), Kim and Kim (2003), and Sarwar (2003).

® The introduction of the euro is indisputably orfetiee most important events in the financial masket
over recent years. Before the introduction of thheog Mundell (1998) predicted that the dollar-euro
exchange rate was likely to become the most impbrece in the world. Accordingly, recent studies
(see e.g., Detken and Hartmann, 2000; Frisch, 2688@) that the euro became the second most widely

used currency in the international financial masketmediately after its introduction.
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To address the dynamic relations between impliddtNity term structures, this
paper utilizes a comprehensive set of differenheatetric techniques. This set of tests
seems to provide very consistent results, and halscerobust conclusions. First, our
findings evidently demonstrate that the volatiligrm structures of major currencies
exhibit somewhat similar patterns over time. Thantestructures of the European
currencies, in particular, are found to be clodeliged with each other. Furthermore,
the results suggest that a large proportion ofvdr@ation in volatility term structures
across currencies can be explained by two comnuiarfa These two factors, however,
appear to describe the dynamics of the EuropeaatiNiyl term structures more
adequately than the dynamics of the Japanese ydnCamadian dollar implied
volatilities.

Our empirical findings also demonstrate that th&atdy term structure of the
euro has a leading role in the system of term &tras. It is found that the implied
volatility term structure of the euro consideralafifects all the other volatility term
structures, while the term structure of the eurnpeayps to be virtually unaffected by the
other currencies. Hence, our results signify theartance of the euro in the global
financial markets. Finally, the empirical analysresented in this paper reveals a rather
deviant relationship between the volatility termmustures of the euro and Swiss franc.
Besides demonstrating a very tight linkage betwéenvolatility term structures of the
euro and the Swiss franc, our results also progiddence of significant nonlinearities
in the dynamic relationship between these two cwies. This relation may, for
instance, partially reflect the leading role of #w&o and the “safe haven” property of
the Swiss franc.

The remainder of this paper is organized as follolge implied volatility data
used in the empirical analysis are described ini@e@. Section 3 provides descriptive
statistics and a preliminary analysis of the edtdamplied volatility term structure
time-series. The empirical findings on the crossaiyics of volatility term structures
implied by foreign exchange options are reportedSection 4. Finally, Section 5

provides concluding remarks.
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2. OTC currency option data

The data used in the empirical analysis consistailfy observations of implied
volatilities for options on the euro, Japanese \eritish pound, Swiss franc, and
Canadian dollar, quoted against the U.S. dollare Bample period extends from
October 1, 2001 to September 30, 2004, for a tdta#t3 trading days. According to the
Bank for International Settlements (2004a), thase turrencies vis-a-vis the U.S.
dollar have a combined average daily turnover graxmately 1.33 trillion U.S.
dollars, and thereby these currency pairs accoont@bout 70 % of the total daily
turnover in the global foreign exchange marKetsirthermore, as options on these five
currencies have the largest outstanding notionakyaheir importance is also reflected
in the derivatives markets.

Currency options are traded both on derivativeshamges and in over-the-
counter (OTC) market. In comparison to exchangeeuacurrency options, the OTC
option market is far more liquid. According to ansey conducted by the Bank for
International Settlements (2004b), the notional amaf outstanding exchange-traded
currency options is less than 1 % of the notiomabant of OTC currency options.
Moreover, the OTC currency option market has beewigg considerably over recent
years and the notional amount of outstanding OT€eogy options has expanded by
141 % between 2001 and 2004.

The implied volatilities used in this paper areidesd from currency options
traded on the OTC market. In the OTC market, cayaptions are quoted in terms of
implied volatilities that are by convention conwsttinto option prices using the
Garman-Kohlhagen (1983) version of the Black-Schadption pricing model. The
OTC currency options are European-style, and atéedeby the delivery of the spot
currency at the expiration date. Our data set contianplied volatility quotes for one-
week, one-month, three-month, six-month, one-yaad, two-year options. The implied
volatility quotes used in the analysis are for tmarket's most actively traded

instrument, so-called at-the-money forward optiofisese are options for which the

® In terms of daily turnover against the U.S. doltae euro and Japanese yen are by far the mastlgict
traded currencies. The euro accounts for 35.4 %tlmdapanese yen for 24.8 % of the daily turnover
against the U.S. dollar while the British pound,is®ifranc, and Canadian dollar account for 8.5 %, 5

%, and 4.6 %, respectively.
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strike price equals, or is very close to, the fovexchange rate with the same maturity
as the optiorl.The data set comprises virtually simultaneous wiittimplied volatility
guotes for the six different contract maturitiesypded by ten major market participants
in the OTC currency options market. The two highasd the two lowest implied
volatility quotes for each contract maturity areclexled and the average of the
remaining quotes is calculated for the six differematurities on each trading day.
Similar type of data on OTC currency options hasnbgreviously used e.g. in Campa
and Chang (1995, 1998) and Bollen and Rasier (2003)

Besides having superior liquidity in comparison érchange-traded currency
options, OTC options also have several other adgast due to which the use of OTC
data may enable more reliable inference. First, @pGons have a constant time to
maturity, whereas the maturity of exchange-tradaitbas varies from day to day. As a
consequence, spurious inference due to the tinmeattowity effects of option prices may
be avoided by using OTC data. Moreover, the attloeey forward options used in the
analysis are, by definition, always exactly at-theney. In contrast, due to the fixed
strike prices of exchange-traded options, thesempiare usually never exactly at-the-
money. The use of OTC data should therefore retheeariation in implied volatility
time-series due to variation in moneyness of ogtiower time. It is also well known
that the Black-Scholes pricing biases can be miaohiby using at-the-money options.
While the Black-Scholes model systematically misgsi in-the-money and out-of-the-
money options, extensive evidence suggests thatridges at-the-money options
correctly® For instance, Corrado and Miller (1996) show floatshort maturity at-the-
money options the implied volatilities derived frothe Black-Scholes model are
virtually identical to the volatilities based oroshastic volatility models. Finally, as
recently documented by Christoffersen and MazzZ@@®5), OTC currency option data

appears to be of superior quality for volatilitydoasting purposes.

"It is becoming a standard practice in the OTCemnay options market to quote implied volatilitieghw
respect to deltas rather than strike prices. Atgovblatilities for the at-the-money forward opsomsed
in this study are in fact quoted with respect ttiad& he delta for these options is, by definitiequal to
0.5.

8 Furthermore, because the Black-Scholes modelii$ &@en if volatility is allowed to be a deternstic

function of time (see e.g. Merton, 1973), the Wiaof at-the-money implied volatilites across ¢isrnto
maturity is consistent with the Black-Scholes / Maroption pricing framework.
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3. Descriptive statisticsand preliminary analysis

The term structure of implied volatilities is estited for each currency on each
trading day by fitting a linear model of at-the-negnforward implied volatility as a
function of time to maturity based on least squarésrion. Table 1 reports descriptive
statistics of the estimated implied volatility terstructure time-series. Several
interesting features can be noted from this taPéhaps the most prominent feature in
Panel A is the difference between the volatilityrtestructures of the European and non-
European currencies. For the euro, British pound &wiss franc, the implied
volatilities of longer maturity options exceed, axerage, the volatilities of shorter
maturity options, while the implied volatilities tie Japanese yen and Canadian dollar
appear to decrease with time to maturity.

The estimated term structures reported in Panelré\ i@ units of volatility
percentage points per year. Hence, the mean viylagkm structure estimate of 0.287
for the euro, for instance, indicates that impliematility of the euro increases, on
average, by 0.287 volatility percentage pointsgoborizon of one year, or equivalently,
about 0.024 percentage points per month. A sirtypdst for means and the Wilcoxon
signed ranks test for medians demonstrate thatugiveard sloping volatility term
structures of the European currencies and the dandhwaloping term structures of the
Japanese yen and Canadian dollar are statistisghificant. However, the range of
observations for all currencies is relatively largeggesting that implied volatility term
structures are varying considerably over time. dnt,f the estimated volatility term
structures for all currencies ranged from upwauapisig to downward sloping during
the sample period.

The standard deviations reported in Panel A sugtiest the volatility term
structure of the Canadian dollar is less varialle #he term structure of the Japanese
yen more variable than the term structures of theojean currencies. AR-test for
equality of variances confirms that these diffeemare statistically significant. It may
also be noted from Table 1 that the skewness coafiis of the volatility term structure

time-series vary considerably from currency to ency. For instance, the skewness of
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the Canadian dollar term structure is —1.133, wleitbe skewness of the Swiss franc
term structure is 0.471.

Table 1. Descriptive statistics and correlation structures.

Panel A of the table reports descriptive statisticsmplied volatility term structure time-series.
Panel B reports contemporaneous correlations batwekatility term structures of different
currencies. Correlations of levels and first dieces of volatility term structure time-series are
reported in the lower and upper triangle of PanakBpectively. Panel C reports autocorrelation
functions of volatility term structure time-serigs to five lags.

Panel A: Descriptive statistics

EUR JPY GBP CHF CAD
Mean 0.287 -0.122 0.304 0.148 -0.214
Median 0.243 -0.086 0.309 0.076 -0.146
Minimum -1.051 -1.693 -1.119 -1.030 -1.576
Maximum 1.562 1.011 1.252 1.584 0.433
Standard Deviation 0.503 0.573 0.510 0.472 0.381
Skewness 0.132 -0.248 -0.341 0.471 -1.133
Kurtosis 2.369 2.412 2.584 2.970 4,136
No. of Observations 723 723 723 723 723
Panel B: Correlations

EUR JPY GBP CHF CAD
EUR 0.409 0.704 0.888 0.357
JPY 0.607 0.375 0.347 0.241
GBP 0.885 0.592 0.643 0.319
CHF 0.964 0.607 0.822 0.324
CAD 0.598 0.367 0.610 0.558
Panel C: Autocorrelations

EUR JPY GBP CHF CAD
D1 0.950 0.929 0.964 0.928 0.933
D2 0.908 0.862 0.931 0.876 0.877
p3 0.866 0.804 0.905 0.823 0.838
D4 0.835 0.758 0.886 0.782 0.802
ps 0.813 0.723 0.869 0.753 0.777

° If volatility term structure is considered as tliierence between short-term and long-term volit,
negative skewness should indicate that the short-¥elatility exhibits jumps from time to time, wieas
the long-term volatility is more stable. Howevance we have defined the term structure as theestp
six different implied volatility quotations, thisiterpretation is not necessarily valid. Hence, rtbtable
negative skewness coefficient of the Canadian dtdlan structure may be considered as an artifact o
our definition of the term structure, rather thagreaeral property of the data.
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Contemporaneous correlations between the impliéatility term structure time-
series are reported in Panel B of Table 1. The tottiangle of Panel B reports
correlations in levels while the upper triangle agp correlations in first differences.
All correlations in Panel B are positive and stataly highly significant, thereby
indicating that the volatility term structures acéosely linked across currencies.
However, it may also be noted from Panel B thatublatility term structures of the
European currencies are extremely highly correlatdgbreas the term structures of the
Japanese yen and Canadian dollar are somewhatdesdated with the European
currencies and also with respect to each other.

Autocorrelation functions of implied volatility ter structure time-series up to
five lags are reported in Panel C of Table 1. Tigmicance of autocorrelations is
tested with the Ljung-Box Q-statistic. All time-g&y exhibit rather similar
autocorrelation structures with statistically sfgrant positive autocorrelation
coefficients for one through five lags. This evitlgrdemonstrates that the implied
volatility term structure time-series are not whit@se. The first order autocorrelations
range from 0.93 to 0.96, suggesting that volattitym structures are mean reverting. A
conventional measure of persistence of shocksréatie In 05/1n p,, implies a mean
half-life of shocks to the volatility term struceprocesses of about 10 to 17 trading

days.

Table 2. Unit root tests.

The table reports Augmented Dickey-Fuller (ADF) apkillips-Perron (PP) unit root tests
without a time trend for the implied volatility tarstructure time-series. The lag length for the
unit root tests is decided based on the Schwaarndtion criterion. The critical value for the
tests at the 1 % significance level is —3.44.

ADF p-value PP p-value
EUR -4.288 0.001 -3.697 0.004
JPY -5.135 0.000 -4.789 0.000
GBP -3.670 0.005 -3.178 0.022
CHF -4.577 0.000 -4.593 0.000

CAD -4.958 0.000 -4.479 0.000
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In order to determine whether the implied volatiliéerm structure time-series are
stationary, the augmented Dickey-Fuller and Pluilgerron unit root tests are
conducted. The lag length used in the tests isdddcibased on the Schwartz
information criterion. The results of the unit raests are reported in Table 2. As can be
seen from the table, the null of a unit root isretly rejected for all five implied
volatility term structure time-series

Developments of the estimated implied volatilityntestructures of the euro,
Japanese yen, British pound, Swiss franc, and Gamatbllar over the period from
October 2001 to September 2004 are plotted in Egydire. Several notable patterns
emerge from these graphs. First, it is apparerttithplied volatility term structures
vary heavily over time. Although the descriptivatstics in Table 1 show that the
volatility term structures of European currenciesd to be upward sloping, sustained
periods of downward sloping term structures may aks observed from the graphs.

Moreover, Figures ke indicate that implied volatility term structuresay
change substantially, and turn from upward slogmglownward sloping, in a short
period of time. For instance, in June 2001 theeslopthe British pound term structure
wandered around unity until it suddenly dropped@®G0 during the last trading days of
June, and stayed mostly negative for the next 1¥tinso These sudden shifts in the
volatility term structure are also evident in theaghs of other currencies. As the
descriptive statistics in Table 1 also suggest, ¢bétility term structure of the
Canadian dollar seems considerably more stablg¢hrenterm structure of Japanese yen
more variable than the term structures of Europearencies.

Finally, it can be noted from Figures-Tathat implied volatility term structures
exhibit somewhat similar patterns over time, thgrehggesting that some common
factors may determine the time-varying behaviorvofatility term structures across
currencies. For instance, the volatility term stwoes of all currencies were mostly
upward sloping from October 2001 until June 2002] #hen, as already described
above for the British pound, suddenly became dowdvedoping at the end of June.
From July 2002 onwards, a moderate upward drifthen slopes of all volatility term
structures may be observed from the graphs. Similer December 2003 all implied
volatility term structures were upward sloping asfifted to downward sloping very
rapidly in January 2004. Finally, in the latter tpafrthe sample period from spring 2004

onwards, the slopes of volatility term structuregra to exhibit a common upward

Working Paper Series No. 530



trend. Overall, Figures ta together with the highly significant correlatiaeported in
Table 1 suggest that implied volatility term stuwrets are closely linked across

currencies.

Figure 1. Implied volatility term structures.
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Figure 1. Continued.
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4. Empirical findings
4.1. Common factors of implied volatility term structures

Given that implied volatility term structures, andividual term structure

measured as the slope of the term structig,, appear to be closely linked across
currencies, it of interest to examine whether seroemmon factors ¢, p=1,2,...,k}

of first-differenced volatility term structure tirseries AX;} can be identified. In
order to determine the existence and the numbecoaimon factors affecting the
movements in the term structures of implied vates, it is first assumed that the
variance of changes in the term structure of amgrgcurrency can be decomposed into
common variance and unique variance. Common vaisshared by movements of
all volatility term structures included in the sst, whereas unique variance is specific
to a particular currency and also includes an ewomponent. Within a linear

framework, these assumptions lead to the followmaglel withk common factors:

Kk
AXJJ = zaj,pwp,t +£i,t ! (1)

p=1

whereX: denotes the implied volatility term structure tbejth currency,W, denotes
the value of a common factpr and the terma; W, represents the contribution of the

factor, ¢;, denotes the residual error, ahds the first difference operator.

The estimation results of the factor model giverHoyation (1) are reported in
Panel A of Table 3. The chi-square test statigtit9s11.5 withp-value<0.001 suggests
that the null hypothesis of no common factors carstundly rejected. Hence, the test
suggests that there is at least one common fagfdaiaing the dynamics of implied
volatility term structures across currencies. Tha-sguare statistic for the null
hypothesis of the sufficiency of one common faesa28.2 withp-value<0.001, thereby
indicating that more than one common factor mayréguired. By contrast, the
hypothesis of no additional factors is not rejectesican be seen from Panel A of Table
3, Akaike’s (AIC) and Schwarz’'s (SIC) informationteria lead to the same conclusion
as the chi-square test results. However, due tordlsively small number of term
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structure time-series and based on the analysesgehvalues, a one-factor model may
also be considered appropriate. Therefore, both ame two factor solutions for
Equation (1) are presented in the following.

Panel A of Table 3 reports the one factor (FA1) &and factor (FAL, FA2)
solutions of common factor analysis. The squarettiphel correlation of a given first-
differenced volatility term structure time-serieghnall the other term structure series in
the system is used as a prior communality for eagahency. The squared multiple
correlations range from 0.149 for the volatilityrtestructure of the Canadian dollar to
0.828 for euro, thereby indicating that the cotiefaof the volatility term structure of
the Canadian dollar with all the other volatilitgrn structures is substantially lower
than the correlation of the euro. The squared tadrom for the term structure of the
Swiss franc is fairly close to that of the euro,il@tbeing somewhat lower for the
volatility term structure of the British pound. Thaultiple squared correlation for the
Japanese yen is 0.193, and thus the yen appeamrrespond more closely to the
Canadian dollar than to the European currenciebrigf, these findings imply that the
volatility term structures of the European currescare rather closely linked.

The estimation results for the one factor solutow that the factor loadings
for the European currencies are all higher than M@reover, they appear to be
considerably higher than the loadings for the namegean currencies (0.418 for the
yen and 0.317 for the Canadian dollar). The statided regression coefficients show
that the identified common factor makes by far Ewgest nonredundant individual
contribution to the implied volatility term structu of the euro, with a standardized
regression coefficient estimate of 0.820. The fagboovides the second largest
contribution to the volatility term structure ofethSwiss franc, with a regression
coefficient estimate equal to 0.139. Consequemty,interpret the identified common
factor as a European factor. The squared multipteetation of the implied volatility
term structures with the European factor is 0.9% ientified factor accounts for 52 %

of the total variance present among all time-series
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Table 3. Common factors and principal components.

The table reports Akaike’s (AIC) and Schwarz’s (Siiormation criteria angf® test statistic for
the following null hypotheses: (i) no common fast@), (ii) one factor is sufficient (1), and (iii)
two factors are sufficient (2). Panel A reports oaon factor analysis of one (FA1) and two factor
(FA1, FA2) solutions. Panel B reports principal @ament analysis of one (PC1) and two
component (PC1, PC2) solutions. FAnd P& denote loadings for thkth factor and principal
component, respectively. The standardized regressefficients for predicting the factors and
the principal components from the first-differendedm structure time-series are denoted with
SRC. The Prior column in Panel A reports the pcmmmunalities of factor analysis, which are
defined as the squared multiple correlation of\emifirst-differenced volatility term structure
time-series with the other first-differenced tertrusture series in the system. The loadings for
two common factors and principal components aredasn VARIMAX rotation. The reported
correlation is the squared multiple correlatiothaf variables with each factor. Explained variance
is the variance explained by each factor ignoiegetffects of all other factors.

Panel A. Common factors

Factors AIC SIC X’ p-value

0 1941.5 0.000

1 18.27 -4.77 28.2 0.000

2 -1.32 -5.92 0.7 0.409
1-Factor solution 2-Factor solution

Currency Prior FAl SRC FAl SRC FA2 SRC

EUR 0.828 0.983 0.820 0.858 0.618 0.454 0.282

CHF 0.793 0.904 0.139 0.856 0.444 0.344  -0.295

GBP 0.513 0.719 0.042 0.548 -0.093 0.518 0.322

JPY 0.193 0.418 0.014 0.203  -0.152 0.519 0.339

CAD 0.149 0.371 0.012 0.224  -0.078 0.380 0.187

Correlation 0.97 0.81 0.44

Explained variance 0.52 0.37 0.20

Panel B. Principal components

1-Component solution 2-Component solution

Currency PC1 SRC PC1 SRC PC2 SRC
EUR 0.966 0.772 0.704 0.906 0.223 -0.175
CHF 0.880 0.087 0.366 0.073 -0.239 -0.023
GBP 0.749 0.117 -0.104 0.069 0.332 0.032
JPY 0.446 0.043 -0.150 0.018 0.320 0.025
CAD 0.402 0.046 -0.086  -0.170 0.207 0.941
Correlation 0.95 0.81 0.43

Explained variance 0.53 0.37 0.20
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The factor loadings for the two factor solution drased on an orthogonal
VARIMAX rotation of the factor axes, in which thewared loadings of a factor on all
the variables in a factor matrix are maximiz&th a simple rotated solution, each factor
has a small number of large loadings and a largeben of small loadings, thereby
simplifying the interpretation. The factor loadingfsthe first factor are higher than 0.5
for the volatility term structures of European eunties and are somewhat lower for the
term structures of non-European currencies. Thedatalized regression coefficients for
the volatility term structures of the euro and Swisanc are 0.618 and 0.444,
respectively, thereby suggesting that the firstdiaof this two factor specification
closely corresponds to the identified factor in tme factor specification. Hence, we
may again interpret the factor as the Europearfadhe squared multiple correlation
of this factor with the volatility term structurés 0.81. In the two factor solution, the
first factor accounts for 37 % of the total varianc

The factor loadings of the second factor are glhér than 0.3. These loadings are
largest in the case of the yen, pound and euragb@i519, 0.518, and 0.454,
respectively. The standardized regression coeffisiéor the volatility term structures
of the yen, pound and euro are 0.339, 0.322, aB820respectively. Hence, we may
interpret this second factor to be related to trgdvolume. The squared multiple
correlation of the volume factor with the volagililerm structures is 0.44, and the factor
constitutes about 20 % of the total variance. Tloglethe two common factors account
for 57 % of the total variance in the system. Hogrewt may also be noted that these
two factors appear to describe the dynamics ofElpean volatility term structures
more adequately than the dynamics of the term tstre of the Japanese yen and
Canadian dollar volatilities.

As the next step, in order to extract the maximumipn of the variance present

in the system with composite variableE {, p=1,2,...,k}, we replace the assumption

that the variance can be decomposed into common usnigue variance by the
assumption that the changes in the volatility testnucture time-series are captured
solely by total variance. Within our linear framawpo this leads to the following

principal component representation:

10 Among the alternative rotation methods the VARIMAd¢ation is the most commonly used.
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K
AXJJ = zaj,pr,t (2)
p=1

whereX; is the implied volatility term structure for thth currency,F, denotes the

value of thepth principal component, antlis the first difference operator.

Panel B of Table 3 presents the results of the aameponent (PC1) and two
component (PC1, PC2) solutions for the principahponent model given by Equation
(2). Since the determination of an appropriate remdf principal components is an
empirical issue, the Kaiser criterion and the sdest are applied to ascertain the
number of principal components. The Kaiser criteramd the analysis of eigenvalues
suggest that a one principal component solutiorthss most appropriate choice.
However, for comparison purposes, a two componelitisn is also reported in the
following.

The one principal component solution shows thattraponent loadings for the
volatility term structures of the European currescare all higher than 0.7, while being
substantially lower in the case of the Japanese amh Canadian dollar. Hence,
similarly to the common factor analysis, we intetgghe identified principal component
as a European factor. The estimated standardizgdsson coefficient for the euro is
substantially above all the other coefficient esti@s. The squared multiple correlation
of the volatility term structures with the idengifi principal component is 0.95. As can
be seen from Panel B, the principal component épB3 % of the variance.

Analogously to the common factor analysis, the@pal components of the two
component solution are based on VARIMAX rotatiorheTloadings of the first
principal component are higher than 0.3 for theatriity term structures of the euro and
Swiss franc. Furthermore, the standardized regressoefficient indicates a strong
positive relation between the composite variabld #re euro. The squared multiple
correlation of the first principal component witketvolatility term structures is 0.81 and
this principal component constitutes 37 % of thaarece. The loadings of the second
principal component are higher than 0.3 for theatility term structures of the British
pound and Japanese yen. The standardized regressfficients indicate a negative
relation of the second component with the volgtitéerm structure of the euro and a
strongly positive relation with the volatility terrstructure of the Canadian dollar.

Consequently, we interpret this principal compon@nbe related to trading volume.
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The principal component explains 20 % of the to&iance and the squared multiple
correlation of this component with the volatiligrin structures is 0.43.

In brief, both the common factor and principal cament analyses indicate that
a large proportion of the variation in implied vility term structures across currencies
can be explained by two common factors. We intérgphe identified factors as a
European factor and a trading volume related fa€@bthese two factors, the European
factor appears to dominate, as it accounts for nioae half of the variation among
implied volatility term structure time-series. Ihaild be noted, however, that the
identified two factors describe the dynamics of Ehegopean volatility term structures
more adequately than the dynamics of the term tstre of the Japanese yen and

Canadian dollar volatilities.
4.2. Innovation accounting and variance decompositions within a VAR framework

Given that implied volatility term structure timerges are stationary, vector
autoregressive (VAR) modeling is applied to examtine cross-dynamics of implied
volatility term structures. Hence, it is assumedttthe dynamics of volatility term
structures of the euro, Japanese yen, British poBmdss franc, Canadian dollar are
described by the following VAR] model:

p
Xy :a+zq)ixt—i e, (3)

i=1

where X, = (Xguri» Xy Xoepir Xenrr Xeanyt) IS @ covariance stationaryd vector

of volatility term structuresX,, a is a 1 vector of intercepts,d;, i= 1, 2,...,p} is a

5x5 matrix of autoregressive coefficiengsis a 51 vector of random disturbances with
zero mean and positive definite covariance matand p denotes the lag order of the
system.

The determination of the appropriate number of laged in the VAR is an
empirical issue. Hence, we apply Akaike’s, Schwarémd Hannan-Quinn information
criteria and Lutkepohl’'s modified likelihood ratiest for the lag order selection. The

results of the lag length criteria and the likebdaatio test are reported in Table 4. As
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can be seen from the table, the likelihood ratst #nd Akaike’s criterion suggest
settingp=3, while Schwartz’s and Hannan-Quinn informatisitecia suggesp=1 and

p=2, respectively. Since the Breusch-Godfrey LM teslicates significant serial
correlation in the residuals of a VAR(2) model, wegment the system with one
additional lag. Model diagnostics suggest that tisigecification is adequate.

Consequently, the number of lags used in the aisal/set equal to 3.

Table 4. Lag order selection for the VABY model.

The table reports Akaike’'s (AIC), Schwarz’s (SI@nd Hannan-Quinn (HQ) information
criteria and Litkepohl's modified likelihood ratfbR) test for the lag order selection.

Lag AIC SIC HQ LR
0 1.68¢ 1.72( 1.70(
1 -6.74¢ -6.55: -6.671 6011.980
2 -6.84¢ -6.49: -6.70¢ 118.380
3 -6.847 -6.33¢ -6.64¢ 50.827
4 -6.827 -6.15¢ -6.567 34.673
5 -6.80¢ -5.97¢ -6.487 35.947
6 -6.767 -5.77¢ -6.38¢ 19.018
7 -6.77( -5.617 -6.32¢ 49.819
8 -6.73: -5.41¢ -6.22" 21.379
9 -6.69¢ -5.22: -6.12¢ 22.618
10 -6.66¢ -5.03¢ -6.037 28.458

Panel A of Table 5 presents summary statistich®MAR(3) estimation results.
The F-statistic shows that the estimated model of intbielatility term structures is
statistically highly significant with alp-values being less than 0.001. Moreover, the
significance of the model is also shown in rathightiR’s. The adjuste& is lowest for
the Japanese yen (0.866) and highest for the Bpisind (0.931). Since the residuals
of the VAR should exhibit no serial correlationtliiere are enough lags in the model,
the residual serial correlations are analyzed tdficn the adequacy of the lag order.
Based on the Ljung-Box statistics reported in Tahldhe null hypotheses of white

noise cannot be rejected, thereby suggestinglibatdlected lag order is adequate.
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Table 5. Summary statistics of the VAR(3) model.

The table reports the summary statistics of theviehg VAR(3) specification:
Xp Z0+ DX, + DX, + P X ;5 &,

X X X

implied volatility term structuresX, , a is a 51 vector of intercepts, ard; is a 55 matrix of

autoregressive coefficients; is a 51 vector of random disturbances with zero mean and
positive definite covariance matrig(12) is the Ljung-Box statistic for 12 lags.

where X, = (Xgyris Xy Xespir Xonerr Xcapt) 1S @ covariance stationary<b vector of

Panel A: Estimation results

Dependent Variable Adj. R F-Stat. p-value Q(12) p-value
EUR 0.904 443.519 0.000 9.285 0.678
JPY 0.866 303.541 0.000 9.910 0.624
GBP 0.931 634.575 0.000 11.655 0.474
CHF 0.869 310.002 0.000 7.173 0.846
CAD 0.876 331.789 0.000 18.298 0.107

Panel B: Residual correlations

EUR JPY GBP CHF CAD
EUR 1.000
JPY 0.417 1.000
GBP 0.720 0.378 1.000
CHF 0.910 0.372 0.666 1.000
CAD 0.367 0.249 0.336 0.342 1.000

Panel B of Table 5 reports the residual correlatiohthe estimated system of
volatility term structure equations. As can be sdemm Panel B, all residual
correlations are positive. Furthermore, all thessidual correlations are statistically
highly significant. In general, the estimates ddideal correlations are highest between
the term structures of the European currenciesramge from 0.249 between the term
structures of the yen and Canadian dollar to Ol®diveen the term structures of the
euro and Swiss franc. Hence, consistent with thdidgs reported in the previous
section, these statistics provide evidence thatetlexists a strong contemporaneous
positive relation among the implied volatility terstructures of the major currencies.
This relationship appears to be strongest betwkenvolatility term structures of the

euro and Swiss franc.

Working Paper Series No. 530



Impulse response analysis is used to examine thekghansmission mechanism
between the variables in the estimated VAR(3) syst€o avoid problems with the
ordering of the variables in the system, the gdizexd impulses proposed by Pesaran
and Shin (1998) are applied. Hence, the analydim$&ed on generalized one standard
deviation shocks on the implied volatility termusttures.

Figure 2 presents the impulse response functionsmgfied volatility term
structures (indicated by the solid lines) and thend Carlo simulated 95 percent
confidence intervals (indicated by the dashed )if@sthe volatility term structures of
the euro, Japanese yen, British pound, Swiss faadcCanadian dollar. The responses
of the volatility term structures of the yen, Bsliipound and Canadian dollar to a shock
in the volatility term structure of the euro indiedhat after the contemporaneous effect,
the term structures still increase on the next aeyile after that they start to decay
except for the volatility term structure of the @dran dollar, which appears to decay
after the second day. A similar pattern may be teskefor the impulse response of the
volatility term structure of the Canadian dollarashock in the volatility term structure
of the British pound. Interestingly, the impulsespense functions indicate that the
Swiss franc has the greatest influence on the amrong the currencies investigated.
Given the analysis of common factors in the previ@ection, this finding further
signifies that there exists a very strong linkagesMeen the volatility term structures of
the Swiss franc and the euro.

In sum, the analysis of the impulse response fanstshows that a shock in the
implied volatility term structure of the euro sigoantly affects the volatility term
structures of all the other major currencies. Ackhm the term structure of the euro
affects the volatility term structures of the Jagmanyen, British pound, Swiss franc and
Canadian dollar contemporaneously, while the wiholigact seems to be incorporated
into the volatility term structures of the yen aBdtish pound within two days and into
the term structure of the Canadian dollar withireéhdays. All the impulse responses
decay after the third day, and thereby confirm thatsystem is stationary.
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Figure 2. Impulse response functions.

The graphs present the impact of a generalizedstamelard deviation innovation in the implied
volatility term structure of a given currency ogeiff and on the other implied volatility term
structures in the system. Two standard error cenfid intervals are presented around each

impulse response function.
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In order to further interpret the estimated VAR(@@pdel, we use variance

decomposition analysis to ascertain the proportibrfiorecast variance in any given

volatility term structure caused by innovationghe other volatility term structures in

the system. The variance decompositions are peentFigure 3. The dashed lines

around each variance decomposition represent tipe@®nt confidence intervals based
on Monte Carlo simulation.
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Figure 3. Variance decompositions.

The graphs present the percentage of forecasineariaf the implied volatility term structure of

a given currency caused by innovations in itselfl am the other implied volatility term
structures in the system. Two standard error cenfid intervals are presented around each
variance decomposition.
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Figure 3 shows that virtually all of the forecastignce of the implied volatility
term structure of the euro is caused by its owmwations, thereby indicating that the
volatility term structures of the other major curcees do not have any significant
impact on the volatility term structure of the euBy contrast, the implied volatility
term structure of the euro seems to have a subatamipact on the volatility term
structures of all other major currencies.

The term structure of the euro explains approxitgdt® % of the two days ahead

and about 24 % of the ten days ahtadcast error varianagf the yenand about 57 %
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and 62 % of the two and ten days ahead forecastseaf variance of the pound,
respectively.The term structure of the euro explains preponaeraf the two days
ahead (88 %) and ten days ahead (93 %) forecast wriance of the Swiss franc.
Together with the preceding analysis, this findilegnonstrates that there exists a rather
deviant relationship between the implied volatitéym structures of the euro and Swiss
franc. For the volatility term structure of the @dran dollar, the corresponding figures
are 16 % and 25 %, respectively.brief, the variance decompositions indicate that
term structures of implied volatilities of the Japae yen, British pound, Swiss franc,
and Canadian dollar are significantly affected oy implied volatility term structure of
the euro. With respect to the European currendles,results indicate that a vast
proportion of the forecast error variances of thigigh pound and Swiss franc may be

explained by the volatility term structure of the@
4.3. Linear and nonlinear causality

Given the preceding analysis, it is of interestet@mine whether any causal
dynamics are present among the implied volatikgnt structure time-series. For this
purpose, we use linear and nonlinear Granger afusw@sts. For the general

formalization of causality in the case of two siatiry volatility term structure time-

series ¥ and {Y}, we consider the conditional distribution funa:tid:(Xt|It_l).

Define two information setls; consisting of the lagged vectorsXwith lag lengthd.x
andY with lag lengthsLy. The first information sety.1={ Xeix ©} includes a lag
vector ofX and the second information skfy1={ Xeix ™ Yery '} includes lag vectors
of X andY. Using the following notation fom-length lead vectors of, X, ' ={X, ...
Xe+ma}, and Lx -length lag vector oK andLy -length lag vector of, Xeix - ={ Xeix, .-
X1} and Yiyy Ly ={ YLy, ... Yr1}, respectively, the time-seriesyd does not strictly

Granger causeX} for given lagsLx andLy and for any arbitraryif:

F(X[lo12) = F(X{[l1)- (4)
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In practice, the estimation of distributional functs is impeded due to the
limited number of observations. Consequently, asppsed by Granger (1969), the
mean squared error (MSE) of the optimal linear joted of X; is considered in the
following. The definition (4) of the absence of Gger causality can hence be

formulated as:
MSE(X'(“ ota) = MSE(XtH 1t-1) - (5)

As proposed by Baeck and Brock (1992) and Hiemestich Jones (1994), the
implication of strict Granger noncausality for twarictly stationary and weakly
dependent time-seriexXd and {Y;} can be defined as follows. Consider the probghili
P() of two mlength lead vectors oK being in thee&distance from each other
conditional to thes-distance closeness of lag-vectors ¥fand lag-vectors of. Using
the previous notation, time-serie¥{ does not strictly Granger causg}{ for given

values ofm, Lx, Ly and&if:

PQ\x:n—x; —Yst{yuq):

<£‘ HxLX _XLX

t-Lx s—Lx

<e|v,

Pﬂ\x;n—x; <£), (6)

<£‘ HxLX _XLX

t-Lx s—Lx

where the maximum norrial = max‘ai‘ is used as a measure of the spatial distance
between the vectors. The absence of causality nteahor two arbitrary time points

and s, the probability of lead vectors of being in thegdistance from each other,
conditional to thes-neighbourhood of the lags vectorXfdoes not depend on whether
the lag vectors oY are in thes-distance from each other.

Replacing the conditional probabilities by the w@atiof joint probabilities

<¢&} for {HX{“ - X7

<g&,

s-Lx

P(AB)= P(An B)/P(B) and substituting X" - X 1%

Lx Lx
H xt—Lx Xs— Lx

< ¢}, the Granger noncausality conditions given by &tpn (6) can be

rewritten as:
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P(X - XI5 < e, - Yo <) _ X - xoi]<e) @
P(H XtL—XLx - XSL—XLX < E’ Ytl—_yLy _Ysl:)ll_y <& P(”XtI:XLX - XSL—XLX < E)
This strict Granger noncausality can then be egeckgas:
Pl(m+ Lx,Ly,&) _ P3(m+ Lx,¢€) (8)

P2(Lx, Ly, &) P4(LX, &)

Linear Granger causality can be tested by the atandint Wald test within the
VAR framework. Consider a bivariate representatérthe VAR{) model given by

®'(p) @(p)
®X(p) ®*(p)

that time-seriesY;} does not strictly Granger caus&is rejected if the coefficients in

X
Equation (3) , where, :(Yt

t

j and @, (p) :( J The null hypothesis

®'*(p) are jointly significantly different from zero. oth ®*(p) and ®*(p) are

non-zero, bidirectional causality is present. Téasibility of the Granger causality test

depends on the stationarity features of the timesén the systertt:

In order to examine whether nonlinear causalitypiesent in the system of
implied volatility term structures, we apply a mivelil version of the Baeck and Brock
(1992) nonparametric test for nonlinear Grangersaky proposed by Hiemstra and
Jones (1994). Appendix 1 provides a more detailedcmption of this test. The
nonlinear causality test presumes that the timeseare not linearly dependent.
Therefore, to ensure that linear causality is fietninated from the system, the
nonlinear causality test is performed on the redglof the VAR(3) model summarized
in Table 5.

Y Toda and Philips (1993) demonstrate that theibligton of the Wald statistics becomes non-standard

in the case of integrated time-series.
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Table6. Linear causality tests.

The table reports linear Granger causality tesiltesThe lag length for the causality tests is
decided based on the selection criteria reportdabie 4.

F-stat. p-value F-stat. p-value
EUR—-JPY 2.176 0.090 JPY—EUR 0.611 0.608
EUR—GBP 2.455 0.062 GBP—EUR 0.973 0.405
EUR—CHF 7.730 0.000 CHF—EUR 1.032 0.378
EUR—CAD 3.861 0.009 CAD—EUR 0.440 0.725
JPY—-GBP 1.556 0.199 GBP—JPY 2.606 0.051
JPY—CHF 1.055 0.367 CHF—-JPY 1.876 0.132
JPY—CAD 1.906 0.127 CAD—JPY 0.241 0.867
GBP—CHF 2.204 0.086 CHF—GBP 1.523 0.207
GBP—CAD 2.904 0.034 CAD—GBP 0.424 0.736
CHF—CAD 2.775 0.041 CAD—CHF 0.851 0.466

Table 6 reports the results for the linear Grarggersality tests. As can be seen
from the table, the volatility term structure ofetleuro highly significantly Granger
causes the term structures of both Swiss fran@lue < 0.001) and Canadian dollpf (
value = 0.009). Furthermore, the volatility termusture of the euro is also found to
Granger cause term structures of the British pdprealue = 0.062) and Japanese yen
(p-value = 0.089), although these relations appedretsomewhat less significant. On
the other hand, it may also be noted from Tablea6 the volatility term structure of the
euro is not Granger caused by any other volatdityn structure.

Moreover, the linear Granger causality results shbat the volatility term
structure of the British pound statistically sigeaintly Granger causes the term
structures of the Canadian dollgr\alue = 0.034), Japanese ygav@lue = 0.051) and
Swiss franc f§-value = 0.086). In addition, the results reportedTable 6 indicate
volatility term structure transmission from the Ssvifranc to the Canadian dollgr (
value = 0.041). In general, the results of thedmé&ranger causality tests clearly
demonstrate that the implied volatility term stuwret of the euro dominates the

volatility term structures of the other major curcees.
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Table 7. Nonlinear causality tests.

The table reports nonlinear Granger causality testlts. The tests are performed on the
standardised residuals of the VAR(3) model of ieglvolatility term structures. The tests are
performed using the following specifications: lemgdf lead vectorm=1; common scale
parameter (spatial distance for lead and lag verterl; length of lag vectors faX andY:

Lx=Ly=1...5.
Lag Z-stat. p-value Z-stat. p-value
EUR—JPY 1 0.344 0.366 JPY—EUR -1.209 0.887
2 -0.870 0.808 -1.119 0.868
3 -1.136 0.872 -0.514 0.696
4 -0.794 0.786 -0.570 0.716
5 0.777 0.219 -0.472 0.682
EUR—GBP 1 0.654 0.256 GBP—EUR -0.973 0.835
2 -0.602 0.727 -0.654 0.743
3 -1.133 0.871 -1.218 0.888
4 0.271 0.393 -0.413 0.660
5 0.370 0.356 -0.121 0.548
EUR—-CHF 1 2.360 0.009 CHF—EUR 1.995 0.023
2 1.413 0.080 1.814 0.035
3 0.915 0.180 0.576 0.282
4 0.692 0.245 0.413 0.340
5 0.186 0.426 0.079 0.469
EUR—-CAD 1 -0.715 0.763 CAD—EUR -0.766 0.778
2 0.794 0.213 -0.703 0.759
3 0.659 0.255 -0.264 0.604
4 1.165 0.122 -0.290 0.614
5 0.864 0.194 0.210 0.417
JPY—GBP 1 -0.043 0.517 GBP—-JPY -0.399 0.655
2 0.466 0.321 -0.456 0.676
3 1.184 0.118 -0.542 0.706
4 0.707 0.240 -0.007 0.503
5 0.641 0.261 0.272 0.393
JPY—CHF 1 -0.494 0.689 CHF—JPY 0.453 0.325
2 -1.280 0.900 -0.094 0.538
3 -0.321 0.626 -0.528 0.701
4 0.155 0.439 -0.345 0.635
5 0.288 0.387 0.107 0.457
JPY—CAD 1 0.235 0.407 CAD—JPY 0.340 0.367
2 0.495 0.310 0.174 0.431
3 -0.412 0.660 -0.216 0.585
4 -0.562 0.713 -0.378 0.647
5 -0.768 0.779 -0.365 0.643
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Table 7. Continued.

Lag Z-stat. p-value Z-stat. p-value
GBP—CHF 1 0.409 0.341 CHF—-GBP 1.177 0.120
2 -0.318 0.625 0.301 0.382
3 -1.590 0.944 -0.795 0.787
4 -0.882 0.811 0.150 0.440
5 -0.636 0.738 -0.282 0.611
GBP—~CAD 1 0.565 0.286 CAD—GBP -0.110 0.544
2 1.770 0.040 0.520 0.301
3 1.004 0.158 0.064 0.474
4 2.346 0.009 0.420 0.337
5 2.086 0.020 0.574 0.283
CHF—CAD 1 -0.479 0.684 CAD—CHF -0.100 0.540
2 1.480 0.070 0.476 0.317
3 1.126 0.130 -0.111 0.544
4 1.308 0.090 -0.433 0.668
5 1.378 0.080 -0.076 0.530

The results for the nonlinear Granger causalitistase reported in Table 7. The

test is performed for the following set of parametdength of lead vectom=1,;

common scale parameter, i.e., the spatial distborcead and lag vectorss=1; length

of lag vectors for both time-seriésandY: Lx = Ly =1...5. The test is also performed

for different spatial distances ranging from 0.5.t6. However, the results are virtually

similar, and are thus not reported in the following

As can be seen from Table 7, statistically sigaific bidirectional nonlinear

causalities exist between the volatility term stuoes of the euro and Swiss franc. The

test statistics is significant at the 0.01 leval floe causality from the volatility term

structure of the euro to the Swiss franc, and atQ®5 level for the feedback for the

unit length of lead and lag vectors. Furthermadneyé also exists weaker bidirectional

causality for the length of lead and lag vectorgaédqo 2. Together with our preceding

analysis of common factors, impulse responses arthnce decompositions, this

finding further signifies that a rather deviantatednship exists between the implied

volatility term structures of the euro and Swissfr.

Furthermore, Table 7 also shows that significamtlinear causalities are present

in the system from both the British pound and Swissic to the volatility term

structure of the Canadian dollar. However, as carsden from the table, there is an
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absence of causal dependencies for the unit leddaanvectors, although significant

nonlinear causality exists for longer lead andvegtors.

Figure 4. Summary of linear and nonlinear causality tests.

The figure summarizes the linear and nonlinearalaygest results reported in Tables 6 and 7,
respectively. The solid and dashed lines represtatistically significant linear and nonlinear
causality from term structub€to term structuréd, respectively.
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The linear and nonlinear Granger causality tesilt®seported in Tables 6 and 7
are summarized in Figure 4. The leading role ofehm is evident from the figure, as
there are significant linear causalities from thmplied volatility term structure of the
euro to all the other volatility term structuredyil® the euro is not affected by any other
currency. Also the British pound seems to haveraportant role in terms of linear
causality. Given the trading volumes of the curremincluded in the analysis, perhaps
the most surprising finding is that the volatiligrm structure of the Japanese yen does
not affect any other term structures, while itigngficantly affected both by the British
pound and the euro. Moreover, significant lineansedities from the volatility term
structures of the three European currencies taetme structure of the Canadian dollar
may be observed. Finally, it can be noted thatetheme also significant nonlinear
causalities between the volatility term structuoéthe major currencies. Perhaps the
most prominent feature is the bidirectional nordineausality between the euro and
Swiss franc. One potential explanation for thididet relationship may be the role of
the Swiss franc as a safe haven currency.

5. Conclusions

This paper aims to provide new insights into thbaw&r of option markets by
focusing on the cross-dynamics of volatility terrtrustures implied by foreign
exchange options. Using a comprehensive data seventhe-counter options on the
euro, Japanese yen, British pound, Swiss francCamadian dollar, quoted against the
U.S. dollar, this paper examines whether impliethtidity term structures are affected
by common uncertainty factors, and moreover, whedhg causal dynamics are present
among the term structure time-series.

The results of this analysis demonstrate that thplied volatilities of major
currencies exhibit considerable term structure behaFor the euro, British pound and
Swiss franc, the implied volatilities of longer maty options exceed, on average, the
volatilities of shorter maturity options, while timaplied volatilities of the Japanese yen
and Canadian dollar appear to decrease with tinmeatioirity. However, it is also found
that implied volatility term structures vary hegvibver time. Although the volatility
term structures of the European currencies termk topward sloping, sustained periods

of downward sloping term structures can also beiesl.
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Furthermore, the empirical findings of this papasdicate that implied volatility
term structures exhibit somewhat similar pattervar dime. The term structures of the
European currencies, in particular, are found talbseely linked with each other. Our
findings also suggest that a vast proportion ofiduation in volatility term structures
across currencies can be explained by two comnuiarfa These two factors, however,
describe the dynamics of the European volatiliyntstructures more adequately than
the dynamics of the Japanese yen and Canadiam oloped volatilities.

The results of this paper also show that the Jijaterm structure of the euro
has a leading role in the system of term structdtes found that the implied volatility
term structure of the euro considerably affectstladl other volatility term structures,
while the term structure of the euro appears tovibeally unaffected by the other
currencies. Finally, the empirical analysis presénin this paper reveals a rather
deviant relationship between the volatility termustures of the euro and Swiss franc.
Besides demonstrating a very tight linkage betwibenvolatility term structures of the
euro and the Swiss franc, our results also progidéence of significant nonlinearities
in the dynamic relationship between these two cwies. This relation may, for
instance, partially reflect the leading role of #w&o and the “safe haven” property of
the Swiss franc.

The empirical findings reported in this paper hawaportant practical
implications for financial market practitionerschuas option traders and risk managers,
and also for monetary policy and bank supervisiatharities. Knowledge of the
common factors and causal dynamics of implied uijaterm structures may be useful
for formulation and implementation of investmentdarsk management strategies. The
leading role of the euro, for instance, may bdaetd for improving volatility forecasts
that are needed in various financial applicatidie results of this paper may also be of
interest to central banks, as the documented ledkag volatility term structures
indicate that exchange rate volatility expectatiare strongly affected by global
uncertainty factors which are beyond the contrdbo&l monetary policy.
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Appendix 1. Nonparametric test for nonlinear causality

Using the definition of strict Granger noncausaityen by Equation (6), joint
probabilities in Equation (8) can be calculated the basis of correlation-integral
estimators. Denker and Keller (1983) demonstrase tlorrelation-integral estimators
are consistent for strictly stationary and weakgpenhdent processes if the mixing
conditions of Denker and Keller are satisfied.

Let I(Z1, Z, & be a kernel that equals 1 when two conformableove@; and
Z, are within &neighbourhood and O otherwise. Joint probabilittss then be

represented as follows:

Pl(m+ Lx, Ly, €) =

L L
t-Lx 7 7V s-Lx ’S)D(Yt yLy’ syLy’g)

t<s

P2(Lx, Ly, &) = o _DZZuxt o XSO OV, Y, 6)
t<s (A1)
P3(m+ Lx, &) = ( l)zzl(xtmeLX’XsTﬁx’ £)
) t<s
P4(Lx, &) = Coo Xe b0 €)

t<s

where t,s=max(Lx, Ly)+1...,T-m+1 and n=T +1-m-maxLx,Ly). Under the
assumption thatX;} and {Y;} satisfy these specifications for given valueswfLx, Ly
and ¢, the absence of nonlinear Granger causality cariebed using the normal

distribution statistics:

n(C](m+ Lx, Ly,€) C3(m+ Lx€)

C2(Lx, Ly, ) CA(Lx.¢) J [ N, &*(m, Lx, Ly, 9 ). (A.2)

Hiemstra and Jones (1994) propose a modified versiahe nonlinear causality test
that holds for more general assumptions than thginat Baek and Brock (1992)
version. The most important difference betweentdst versions is the estimator of

o (m, Lx, Ly,&) in Equation (A.2). The estimator far is presented in the appendix of
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Hiemstra and Jones (1994). As shown by HiemstraJands (1993), the finite-sample
size and power properties of this test are appatgifior a wide variety of linear and

nonlinear relations.
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