Spot and Forward Volatility in Foreign Exchange*

Pasquale Della Corte® Lucio Sarno”¢ llias Tsiakas®
a: Warwick Business School
b: Cass Business School
c: Centre for Economic Policy Research (CEPR)

First version: April 2009 — Second revised version: February 2010

Abstract

This paper investigates the empirical relation between spot and forward implied volatility in
foreign exchange. We formulate and test the forward volatility unbiasedness hypothesis, which
may be viewed as the volatility analogue to the extensively researched hypothesis of unbiasedness
in forward exchange rates. Using new data sets of spot implied volatility quoted on over-the-
counter currency options, we compute the forward implied volatility that corresponds to the
delivery price of a forward contract on future spot implied volatility. This contract is known
as a forward volatility agreement. We find strong evidence that forward implied volatility is
a systematically biased predictor that overestimates future spot implied volatility. This bias
in forward volatility generates high economic value to an investor exploiting predictability in the
returns to volatility speculation and indicates the presence of predictable volatility term premiums
in foreign exchange.

Keywords: Implied Volatility; Foreign Exchange; Forward Volatility Agreement; Unbiasedness;
Volatility Speculation.

JEL Classification: F31; F37; G10; G11.

*Acknowledgements: The authors are indebted for useful conversations or constructive comments to Federico
Bandi, John Bilson, Michael Brennan, Peter Carr, Giovanni Cespa, Ines Chaieb, Peter Christoffersen, Gregory Con-
nor, Philippe Jorion, Andrew Karolyi, Kan Li, Stewart Myers, Anthony Neuberger, Richard Payne, Giorgio Questa,
Matthew Spiegel, Hassan Tehranian, Adrien Verdelhan, Liuren Wu and Shaojun Zhang as well as to participants at the
2009 European Finance Association Conference in Bergen, 2009 Northern Finance Association Conference in Niagara-
on-the-Lake, 2009 Econometric Society European Meeting in Barcelona, 2009 Global Asset Management Conference
at McGill University, 2009 China International Conference in Finance in Guangzhou, 2009 INQUIRE UK Autumn
Workshop, 2009 Global Finance Academy Conference at University College Dublin, 2009 QASS Conference on Fi-
nancial Econometrics at Queen Mary University of London; and seminars at the University of Wisconsin-Madison,
HEC Paris, University of Amsterdam, Vienna Graduate School of Finance, Universitat Pompeu Fabra, University of
Guelph, University of Manchester, University of Leicester, University of Brescia and the Deutsche Bundesbank. We
especially thank Bilal Hafeez of Deutsche Bank for providing some of the data and for numerous discussions on spot
and forward implied volatility markets. The usual disclaimer applies. Corresponding author: Ilias Tsiakas, Warwick
Business School, University of Warwick, Coventry CV4 7AL, UK. E-mail: ilias.tsiakas@Qwbs.ac.uk. Other authors’
contact details: Pasquale Della Corte, pasquale.dellacorte@wbs.ac.uk; Lucio Sarno, lucio.sarno@city.ac.uk.



Spot and Forward Volatility in Foreign Exchange

First version: April 2009 — Second revised version: February 2010

Abstract

This paper investigates the empirical relation between spot and forward implied volatility in
foreign exchange. We formulate and test the forward volatility unbiasedness hypothesis, which
may be viewed as the volatility analogue to the extensively researched hypothesis of unbiasedness
in forward exchange rates. Using new data sets of spot implied volatility quoted on over-the-
counter currency options, we compute the forward implied volatility that corresponds to the
delivery price of a forward contract on future spot implied volatility. This contract is known
as a forward volatility agreement. We find strong evidence that forward implied volatility is
a systematically biased predictor that overestimates future spot implied volatility. This bias
in forward volatility generates high economic value to an investor exploiting predictability in the
returns to volatility speculation and indicates the presence of predictable volatility term premiums
in foreign exchange.

Keywords: Implied Volatility; Foreign Exchange; Forward Volatility Agreement; Unbiasedness;
Volatility Speculation.

JEL Classification: F31; F37; G10; G11.



1 Introduction

The forward bias in foreign exchange (FX) arises from the well-documented empirical rejection of the
Uncovered Interest Parity (UIP) condition, which suggests that the forward exchange rate is a biased
predictor of the future spot exchange rate (e.g., Bilson, 1981; Fama, 1984; Engel, 1996). In practice,
this means that high interest rate currencies tend to appreciate rather than depreciate. The forward
bias implies that the returns to currency speculation are predictable, which generates high economic
value to an investor designing a strategy exploiting the UIP violation, commonly referred to as the
“carry trade” (Burnside, Eichenbaum, Kleshchelski and Rebelo, 2008; and Della Corte, Sarno and
Tsiakas, 2009). Indeed, the carry trade is one of the most popular strategies in international asset
allocation (e.g., Galati and Melvin, 2004; and Brunnermeier, Nagel and Pedersen, 2009).

A recent development in FX trading is the ability of investors to engage not only in spot-forward
currency speculation but also in spot-forward volatility speculation. This has become possible by
trading a contract called the forward volatility agreement (FVA). The FVA is a forward contract on
future spot implied volatility, which for each dollar investment delivers the difference between future
spot implied volatility and forward implied volatility. Therefore, given today’s information, the FVA
determines the expected implied volatility for an interval starting at a future date. Investing in FVAs
allows investors to hedge volatility risk and speculate on the level of future volatility.

This is the first paper to investigate the empirical relation between spot and forward implied
volatility in foreign exchange by formulating and testing the forward volatility unbiasedness hypoth-
esis (FVUH). The FVUH postulates that forward implied volatility conditional on today’s informa-
tion is an unbiased predictor of future spot implied volatility. Our analysis employs new data sets of
daily implied volatilities for nine US dollar exchange rates quoted on over-the-counter (OTC) cur-
rency options spanning up to 14 years of data.! Using data for the implied volatility of options with
different strikes, we compute the “model-free” implied volatility as in Britten-Jones and Neuberger
(2000) and Jiang and Tian (2005). The term structure of model-free spot implied volatility then
allows for direct calculation of the forward implied volatility that represents the delivery price of an
FVA. In order to test the empirical validity of the FVUH, we estimate the volatility analogue to the
Fama (1984) predictive regression.

The results provide strong evidence that forward implied volatility is a systematically biased
predictor that overestimates future spot implied volatility. This is a new finding that is similar to
two well-known tendencies: (i) of forward premiums to overestimate the future rate of depreciation
(appreciation) of high (low) interest rate currencies; and (ii) of spot implied volatility to overestimate

future realized volatility (e.g., Jorion, 1995; Poon and Granger, 2003). Furthermore, the rejection

!See, for example, Jorion (1995) for a study of the information content and predictive ability of implied FX volatility
derived from options traded on the Chicago Mercantile Exchange.



of forward volatility unbiasedness indicates the presence of conditionally positive, time-varying and
predictable volatility term premiums in FX.

We assess the economic significance of the forward volatility bias in the context of dynamic asset
allocation by designing a volatility speculation strategy. This is a dynamic strategy that exploits
predictability in the returns to volatility speculation and, in essence, it implements the carry trade not
for currencies but for implied volatilities. The motivation for the “carry trade in volatility” strategy
is straightforward: if there is a forward volatility bias, then buying (selling) FVAs when forward
implied volatility is lower (higher) than current spot implied volatility will consistently generate
excess returns over time. The framework for implementing the carry trade in volatility strategy is
standard mean-variance analysis, which is in line with previous studies on volatility timing by West,
Edison and Cho (1993), Fleming, Kirby and Ostdiek (2001), Marquering and Verbeek (2004) and
Han (2006), among others. Our findings reveal that the in-sample and out-of-sample economic value
of the forward volatility bias is high and robust to reasonable transaction costs. Furthermore, the
returns to volatility speculation (carry trade in volatility) are largely uncorrelated with the returns
to currency speculation (carry trade in currency), which suggests that the source of the forward
volatility bias may be unrelated to that of the forward bias. In short, we find robust statistical and
economic evidence establishing the forward volatility bias.

As the main objective of this paper is to provide the first empirical investigation of the relation
between spot and forward implied FX volatility, a number of questions fall beyond the scope of the
analysis. First, we are not testing whether implied volatility is an unbiased predictor of future realized
volatility (e.g., Jorion, 1995). As a result, we do not examine the volatility risk premium documented
by the literature on the implied-realized volatility relation (e.g., Coval and Shumway, 2001; Bakshi
and Kapadia, 2003; Low and Zhang, 2005; and Carr and Wu, 2009). Instead, we focus on the spot-
forward implied volatility relation and the volatility term premium that characterizes this distinct

2 Second, we do not aim at offering a theoretical explanation for the forward volatility

relation.
bias. In general, there is no consensus on the main economic determinants of volatility. Moreover,
in the absence of a stylized asset pricing model explaining the premiums in the term structure of
implied volatility, there is no reason to believe ex-ante that there should be a time-varying premium
in forward volatility. Explanations of the volatility risk premium may not be directly relevant to

the volatility term premium. A factor that may explain the difference between an option-implied

measure of volatility and realized volatility will not necessarily also explain the difference between

2The distinction between the volatility risk premium and the volatility term premium is well understood by practi-
tioners. For example, Deutsche Bank has established two separate indices: (i) the Impact FX Volatility Index, which
trades volatility swaps exploiting the volatility risk premium, and (ii) the FX Volatility Harvest Index, which trades
FVAs exploiting the volatility term premium.



spot and forward volatility, which are both option-implied.®> Finally, we do not make a conclusive
statement on the efficiency of the currency options market. Forward prices may not be equal to
expected future spot prices because of transaction costs, information costs and risk aversion (e.g.,
Engel, 1996). In short, therefore, the main purpose of this paper is confined to establishing the first
statistical and economic evidence on the forward volatility bias in the FX market.

An emerging literature indicates that volatility and the volatility risk premium are correlated
with the equity premium. In particular, Ang, Hodrick, Xing and Zhang (2006) find that aggregate
volatility risk, proxied by changes in the VIX index, is priced in the cross-section of stock returns
as stocks with high exposure to innovations in aggregate market volatility earn low average future
returns. Duarte and Jones (2007) focus on the volatility risk premium in the cross-section of stock
options and find that it varies positively with the VIX. Correlation risk is also priced in the sense
that assets which pay off well when market-wide correlations are higher than expected earn negative
excess returns (e.g., Driessen, Maenhout and Vilkov, 2009; Krishnan, Petkova and Ritchken, 2009).
Turning to the FX market, recent research shows that global FX volatility is highly correlated with
the VIX, and the VIX is correlated with the returns to the carry trade (e.g., Brunnermeier, Nagel
and Pedersen, 2009). In this context, volatility and the volatility term premium in the FX market
might be connected to the equity premium through the VIX.

The remainder of the paper is organized as follows. In the next section we briefly review the
literature on the forward unbiasedness hypothesis in FX. Section 3 proposes the FVUH, and the
empirical results are reported in Section 4. In Section 5 we present the framework for assessing the
economic value of departures from forward volatility unbiasedness for an investor with a carry trade
in volatility strategy. The findings on the economic value of the forward volatility bias are discussed
in Section 6, followed by robustness checks and further analysis in Section 7. Finally, Section 8

concludes.

2 The Forward Unbiasedness Hypothesis

The forward unbiasedness hypothesis (FUH) in the FX market, also known as the speculative effi-
ciency hypothesis (Bilson, 1981), simply states that the forward exchange rate should be an unbiased

predictor of the future spot exchange rate:
EySppr = Y, (1)

where S;;p is the nominal exchange rate defined as the domestic price of foreign currency at time

t + k, E; is the expectations operator as of time ¢, and F} is the k-period forward exchange rate

#For example, one such factor may be compensation for crash risk (Bates, 2008). Crash aversion is compatible with
the tendency of option prices to overpredict volatility and jump risk but does not account for the premiums in the term
structure of implied volatility.



agreed at time ¢ for an exchange of currencies at ¢ + k.

The FUH can be equivalently represented as:
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where —g— s the expected spot exchange rate return, 5 s the forward premium, and

EySix—FF . . . L
%’:t is the expected return to currency speculation, which captures the return from issuing

a forward contract at time ¢ and converting the proceeds into dollars at the spot rate prevailing
at t + k, or vice versa (e.g., Hodrick and Srivastava, 1984; Backus, Gregory and Telmer, 1993).
Equation (2) is the Uncovered Interest Parity (UIP) condition, which assumes risk neutrality and
rational expectations and provides the economic foundation of the FUH. Under UIP, the forward
premium is an unbiased predictor of the future rate of depreciation or, equivalently, the expected
return to currency speculation in Equation (3) is equal to zero.*

Empirical testing of the FUH involves estimation of the following regression, which is commonly
referred to as the “Fama regression” (Fama, 1984):

W—a—kb(Ftliq_t&) gk (@)
If the FUH holds, we should find that a = 0, b = 1, and the disturbance term {uw;} is serially
uncorrelated.’

Since the contribution of Bilson (1981) and Fama (1984), numerous empirical studies consistently
reject the UIP condition (e.g., Hodrick, 1987; Engel, 1996; Sarno, 2005). As a result, it is a stylized
fact that estimates of b tend to be closer to minus unity than plus unity. This is commonly referred

)

to as the “forward bias puzzle,” which implies that high-interest currencies tend to appreciate rather
than depreciate and forms the basis of the widely-used carry trade strategies in active currency
management. In general, attempts to explain the forward bias using a variety of models have met
with mixed success. Therefore, the forward bias continues to be heavily scrutinized in international

finance research.’

4In fact, the UIP condition is defined as Etst;ﬁ’“fst = Z{;ZE, where ¢ and if are the k-period domestic and
t
foreign nominal interest rates respectively. In the absence of riskless arbitrage, Covered Interest Parity (CIP) implies:
FF-S: _ ig—if

. It is straightforward to use these two equations to derive the version of the UIP condition defined in

En T+
Equation (2).

’Note that the majority of the FX literature estimates the Fama regression in logs. The regression in logs is used
widely because it avoids the Siegel paradox (Siegel, 1972) and the distribution of returns may be closer to normal.

See, for example, Backus, Gregory and Telmer (1993); Bekaert (1996); Bansal (1997); Bekaert, Hodrick and
Marshall (1997); Backus, Foresi and Telmer (2001); Bekaert and Hodrick (2001); Lustig and Verdelhan (2007); Brun-
nermeier, Nagel and Pedersen (2009); Farhi, Fraiberger, Gabaix, Ranciere and Verdelhan (2009); and Verdelhan (2009).



3 The Forward Volatility Unbiasedness Hypothesis

In this section, we turn our attention to the FX implied volatility (IV) market. In what follows, we
set up a framework for testing forward volatility unbiasedness that is analogous to the framework

used for testing forward unbiasedness in the traditional FX market.

3.1 Forward Volatility Agreements

The forward IV of exchange rate returns represents the delivery price of a forward volatility agreement

(FVA). The FVA is a forward contract on future spot IV with a payoff at maturity equal to:
(SVers = FVF) 1, (5)

where SV, is the annualized spot IV observed at time ¢ + k and measured over the interval from
t+k to t +2k; FV}¥ is the annualized forward IV determined at time ¢ for the same interval starting
at time t+ k; and M denotes the notional dollar amount that converts the volatility difference into a
dollar payoff. For example, setting k& = 1 month implies that SV, is the observed spot IV at time
t+1 month for the interval of ¢ + 1 month to ¢ +2 months; and FV;! is the forward IV determined at
time ¢ for the interval of ¢t + 1 month to ¢ + 2 months. The FVA allows investors to hedge volatility
risk and speculate on the level of future spot IV by determining the expected value of IV over an

interval starting at a future date.”

3.2 Forward Implied Volatility

We begin our discussion of how we compute forward implied volatility by first determining the
forward implied variance using a simple identity. By definition, variance is additive across time,
and so is expected variance. In particular, the integrated variance between the current date ¢ and a

future date t + 2k for a risk-neutral exchange rate process S; can be decomposed as follows:

O L L
¢ St ¢ St t+k St )

Taking the expectation at time ¢t and simplifying gives:
/t+2k <ClSt ) 2
t+k \ St
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Britten-Jones and Neuberger (2000) demonstrate that the risk-neutral expectation of the inte-

2F, = B, +E . (7)

grated variance between two arbitrary dates is given by the “model-free” implied variance determined

"It is straightforward to combine an FVA with a standard volatility swap in order to trade on the forward realized
volatility for an interval starting in the future. This paper focuses on forward implied volatility.



from the set of option prices expiring on these two dates. Hence we can replace the expected inte-
grated variance by the model-free implied variance, which we define later. Equation (7) leads to the

following relation for implied variances:

25V o = SViik+ B [SVA L ion) (8)

— SVZ o+ (Fvﬁ)2 , (9)

where S Vft 4 and SVft 4o are the annualized implied variances for the intervals ¢ to ¢ + k and ¢ to
t + 2k, respectively, and E, [SV&_M +2k] = (FW’“)2 is the forward implied variance determined at
time ¢ for the interval starting at time ¢+ k and ending at ¢t + 2k. Then, the forward implied variance

is simply a linear combination of the spot implied variances:
k)2 2 2
(FV;: ) = 25Vt,t+2k - SVt,tJrk- (10)

This approach is widely used in the literature (see, among others, Poterba and Summers, 1986;
and Carr and Wu, 2009) and by investment banks in setting forward IV. For example, Equations
(6)—(10) indicate that the 2-month spot implied variance is a simple average of the 1-month spot
implied variance and the 1-month forward implied variance. The linear relation between implied
variance and time across the term structure is also equivalent to the expectations hypothesis of the
term structure of implied variance (Campa and Chang, 1995).

Our analysis focuses on implied volatility rather than implied variance. Equation (10) implies:

FVE <\ [28V2 oy = SV2 4 (11)

This inequality is due to the convexity bias arising from Jensen’s inequality since expected (implied)

volatility is less than the square root of expected (implied) variance. For simplicity, we set:

(12)

k
FV® = \/QSV;,?H% - Svt?t+k’

and hence our empirical analysis is subject to the convexity bias. However, we deal with this approxi-
mation in two ways. First, we measure the convexity bias using a second-order Taylor expansion as in
Brockhaus and Long (2000) and find that for our data it is empirically small.® More importantly, we
also provide empirical results showing that the spot-forward implied variance relation is qualitatively
identical to the spot-forward implied volatility relation. Hence the convexity bias has no discernible
effect on our results and the approximation in Equation (12) works well in our framework, which
explains why it is widely used by practitioners (e.g., Knauf, 2003). We discuss these results in more

detail later.

ar: 2
8Brockhaus and Long (2000) show that FV;* = E; [, /SVt%Hc,H% =4/ E: [SVtik’tHk] — M
8/ Bt [Svt+k,t+2k]




Equations (6)—(12) are the only cases where we have implied variances or implied volatilities
defined over intervals of different length, and therefore we need to use two subscripts to clearly
identify the start and end of the interval. From this point on, we revert back to using a single
subscript, where for example SViyj is the annualized IV observed at time ¢ + k£ and measured over

a set interval with length k.

3.3 The Forward Volatility Unbiasedness Hypothesis

As any forward contract, the FVA’s net market value at entry must be equal to zero. Therefore, its

exercise price F' V;k represents the risk-neutral expected value of SV, (e.g., Carr and Wu, 2009):
ESVii = FVF. (13)

This equation defines the Forward Volatility Unbiasedness Hypothesis (FVUH), which postulates
that forward IV conditional on today’s information set should be an unbiased predictor of future
spot IV over the relevant horizon. The FVUH is based on risk neutrality and rational expectations,
and can be thought of as the second-moment analogue of the FUH, which is based on the same set
of assumptions.

The FVUH can be equivalently represented as:

ESViek —SVi _ FVF -5V, (14)
SV B Svi 7
ESViiy — FVF
t
_ k_
where we define %ﬂ as the expected “implied volatility change,” F\/%i‘/tsvt as the “forward
_ k
volatility premium,” and %7&” as the expected “excess volatility return” from issuing an FVA

contract at time ¢ with maturity at time ¢ + k.

The expected IV change has been studied by a large literature (Stein, 1989; Harvey and Whaley,
1991, 1992; Kim and Kim, 2003) and has a clear economic interpretation. Specifically, given that
volatility is positively related to the price of an option, predictability in IV changes allows us to
devise a profitable option trading strategy (regardless of whether this predictability is due to the
forward volatility premium or not); for instance, if volatility is predicted to increase the option is
purchased and vice versa (Harvey and Whaley, 1992).

The expected excess volatility return in Equation (15) can be interpreted as the expected return
to volatility speculation. An FVA contract delivers a payoff at time ¢ + k, but FV/ is determined at
time t. Consider an investor who at time ¢ buys a k-period FVA and saves in her bank account an
amount FV*/ (1 + i), where i, is the k-period domestic nominal interest rate. At time ¢+ & the FVA

matures and the investor withdraws the amount F'V;* from her bank account and pays this amount



to the FVA in order to receive SV;y;. This means that at time ¢ + k the investor will earn a total

volatility return of Svtgki‘/;s%, and an excess volatility return or, equivalently, a return to volatility

vk
speculation of SV”S’“%.Q Under the FVUH, the excess volatility return should be equal to zero.
Equivalently, a rejection of the FVUH reflects the presence of a premium in the term structure of

FX implied volatility.'?

3.4 Model-Free Implied Variance

This section discusses the relation between volatility swaps and FVAs with particular reference to
model-free implied variance. Specifically, the FVA is similar in structure to a volatility swap. While
the FVA studied in this paper is a forward contract on future spot implied volatility, typically a
volatility swap is a forward contract on future realized volatility. Variance and volatility swaps are
valued by a replicating portfolio and hence this is also the case for FVAs. We first focus our discussion
on variance swaps as they can be replicated more precisely than volatility swaps. The valuation of
variance swaps will determine the fair delivery (exercise) price that makes the no-arbitrage initial
value of the swap equal to zero. It can be shown that a variance swap can be replicated by the
sum of (i) a dynamically adjusted constant dollar exposure to the underlying, and (ii) a combination
of a static position in a portfolio of options and a forward that together replicate the payoff of a
“log contract” (e.g., Demeterfi, Derman, Kamal and Zou, 1999; Windcliff, Forsyth and Vetzal, 2006;
Broadie and Jain, 2008).!' The replicating portfolio strategy captures variance exactly provided
that the portfolio of options contains all strikes in the appropriate weights to match the log payoff,
and that the price of the underlying evolves continuously with constant or stochastic volatility but
without jumps.

A key concept in understanding the pricing of variance swaps is model-free implied variance.
Using no-arbitrage conditions under the assumption of a diffusion for the underlying price, Britten-
Jones and Neuberger (2000) derive a model-free implied variance, which is fully specified by the set
of option prices expiring on the future date. Jiang and Tian (2005) further demonstrate that the
model-free implied variance is valid even when the underlying price exhibits jumps and also show

that the approximation error is small in calculating the model-free implied variance for a limited

SVyy,—FVFE/(1+iy)
FVE/(1+i)

SVyy,—FVF/(1+iy) .

9 . ) . e _
The total return from investing in an FVA is FVE (g iy =

, whereas the excess return is

_pyk _
%. Since under the FVUH, SV; = FV;*/ (1 + i), the total return is equal to SVHskivtSVt and the excess return
t vt
vk
is equal to SVips—FVy

S5V; .
Y0Gimilarly, Carr and Wu (2009) define the volatility risk premium as the difference between realized and implied

volatility. Bollerslev, Tauchen and Zhou (2009) find that the volatility risk premium can explain a large part of the
time variation in stock returns. A likely explanation of this finding is that the volatility risk premium is a proxy for
time-varying risk aversion. For example, Bakshi and Madan (2006) show that the volatility risk premium may be
expressed as a non-linear function of a representative agent’s coefficient of relative risk aversion.

"'The log contract is an option whose payoff is proportional to the log of the underlying at expiration (Neuberger,
1994).



range of strikes. More importantly, Jiang and Tian (2007) prove that the exercise price of a variance
swap (i.e., the fair value of future variance developed by Demeterfi, Derman, Kamal and Zou, 1999) is
exactly equal to the model-free implied variance formulated by Britten-Jones and Neuberger (2000).
Therefore, computing and using model-free implied variance in our empirical analysis is equivalent
to using the strike of a variance swap implied by the replicating portfolio.

The implied volatility of currency options is a U-shaped function of moneyness, leading to the
well-known volatility smile. The smile tends to increase the value of the fair variance above the at-
the-money-forward (ATMF) implied variance level and the size of the increase will be proportional
to factors such as time to maturity and the slope of the skew (e.g., Demeterfi, Derman, Kamal and
Zou, 1999; Carr and Wu, 2007; and Bakshi, Carr and Wu, 2008). Using the model-free implied
variance accounts directly for the volatility smile since its computation uses information on both
ATMF IVs and IVs for alternative strikes. In fact, Carr and Lee (2009b) show that ATMF implied
variance approximates well the variance swap rate as long as a risk-neutral measure exists (hence no
frictions and no arbitrage), the underlying asset price is positive and continuous over time (hence
no bankruptcy and no price jumps), and increments in instantaneous variance are independent of
returns (hence no leverage effect). Finally, it is important to note that FVAs can also be written on
ATMF spot and forward IV, in which case the smile is irrelevant (Knauf, 2003).

The implied variances we use in our empirical analysis are computed as the model-free implied
variances of listed currency options. As we will see in the data section below, the availability of
IV data is limited to five points, which is standard in the FX IV market (Carr and Wu, 2007):
ATMF, 10-delta call, 10-delta put, 25-delta call and 25-delta put. We compute the model-free
implied variance by fitting a cubic spline around these five points. This interpolation method is
standard in the literature (e.g., Bates, 1991; Campa, Chang and Reider, 1998; and Jiang and Tian,
2005). Curve-fitting using cubic splines has the advantage that the IV curve is smooth between
the maximum and minimum available strikes, beyond which we extrapolate implied variance by
assuming it is constant as in Jiang and Tian (2005) and Carr and Wu (2009). This extrapolation
method introduces an approximation error, which is shown by Jiang and Tian (2005) to be small in
most empirical settings.

Even though variance emerges naturally from hedged options, it is volatility that participants
prefer to quote. Indeed, our empirical analysis focuses on forward volatility agreements not for-

ward variance agreements. Volatility swaps are more difficult to replicate than variance swaps, as

12Tn recent years, IV indices are widely used among researchers and practitioners. It is important to note that stock
IV indices are typically based on model-free IV, whereas FX IV indices are based on ATMF IV. For example, since
September 2003 the VIX index is based on the 1-month model-free IV of the S&P 500. In contrast, the VXY is based
on the 3-month IV of ATMF options of the G-7 currencies, and the VXY-EM index is also based on the 3-month IV
of ATMF options of emerging market currencies. Finally, the Deutsche Bank FX Volatility Harvest Index is based on
6-month ATMF FVAs.



replication requires a dynamic strategy involving variance swaps. The main complication in valuing
volatility swaps is the convexity bias we have discussed above, which arises from the fact that the
strike of a volatility swap is not equal to the square root of the strike of a variance swap due to
Jensen’s inequality. The convexity bias leads to misreplication when a volatility swap is replicated
using a buy-and-hold strategy of variance swaps. Simply, the payoff of variance swaps is quadratic
with respect to volatility, whereas the payoff of volatility swaps is linear. It can be shown that the
replication mismatch is also affected by changes in volatility and the volatility of future volatility
(e.g., Demeterfi, Derman, Kamal and Zou, 1999). Since our empirical analysis focuses on forward
volatility agreements rather than forward variance agreements, it is subject to the convexity bias,

which our empirical analysis will explicitly address in more detail later.

3.5 Predictive Regression for Exchange Rate Volatility

In order to test the empirical validity of the FVUH, we estimate the volatility analogue to the Fama
regression:

SV — SV, FVFk — 8V,

SV, SV,
Under the FVUH, = 0, 8 = 1 and the error term {e; } is serially uncorrelated. It is straightforward
to show that no bias in forward volatility implies no predictability in the excess volatility return.
There is a critical difference in the way we measure exchange rates in regression (4) versus
volatilities in regression (16). The former are observed at a given point in time but the latter are
defined over an interval. Our notation is simple and allows for direct correspondence between the
currency market and the volatility market. Note that the predictive regression (16) uses volatility
changes as opposed to levels (i.e., the LHS is SV%V:S% rather than SV, ) due to the high persistence
in the level of FX volatility (e.g., Berger, Chaboud, Hjalmarsson and Howorka, 2009). This is an
important consideration since performing ordinary least squares (OLS) estimation on very persistent
variables (such as volatility levels) can cause spurious results, whereas OLS estimation on volatility
changes avoids this concern. The same issue arises in the traditional FX market, which explains why
the standard Fama regression is estimated using exchange rate returns, not exchange rate levels.'3
This framework leads to two distinct empirical models for testing the FVUH. The first model
simply imposes forward volatility unbiasedness by setting @ = 0,3 = 1 in regression (16). This
will be the benchmark model in our analysis and we refer to it as the FVUH model. The second
model estimates {a, 8} in regression (16) and uses the parameter estimates to predict the IV changes

(from which we can also determine the excess volatility returns). We refer to the second model as

3We also estimate the volatility analogue to the log version of the Fama regression. Using logs makes the distribution
of IV changes closer to normal. We find, however, that the predictive regression results for log IV changes are very
similar to those for discrete IV changes. Hence the rest of our analysis focuses on the discrete version of the Fama
regression (Equation 16).
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the Forward Volatility Regression (FVR). We assess the significance of deviations from the FVUH
simply by comparing the performance of the FVUH model with the FVR model under a variety of

metrics, as described later.

4 Empirical Results on Forward Volatility Unbiasedness

4.1 Spot and Forward FX Implied Volatility Data

Our analysis employs a new data set of daily spot IVs for the 1-month and 2-month maturities
quoted on over-the-counter (OTC) currency options for five strikes: ATMF, 10-delta call, 10-delta
put, 25-delta call and 25-delta put. The data are collected from a panel of market participants and
were made available to us by JP Morgan. These are high quality data involving quotes for contracts
of at least $10 million with a prime counterparty. Since the OTC currency options market is a very
large and liquid market, OTC IVs are considered to be of higher quality than those derived from
options traded in a particular exchange (e.g., Jorion, 1995).14

The IV data sample focuses on nine exchange rates relative to the US dollar: the Australian dollar
(AUD), the Canadian dollar (CAD), the Swiss franc (CHF), the Euro (EUR), the British pound
(GBP), the Japanese yen (JPY), the Norwegian kroner (NOK), the New Zealand dollar (NZD) and
the Swedish kronor (SEK). The data sample begins in January 1996 and ends in September 2009
(3571 observations), except for EUR that begins in January 1999 (2804 observations). The analysis
excludes all trading days that occur on a national US holiday. For each day of the sample, we
calculate the model-free 1-month spot and forward IV as described in Section 3. For a general
discussion of the stylized features of currency option IVs, see Jorion (1995) and Carr and Wu (2007).

Table 1 provides a brief description of the daily spot and forward IV data in annualized percent
terms. The mean of the spot and forward IV level is similar across currencies revolving around 10%
per annum with a standard deviation of about 3% per annum. IV levels exhibit positive skewness,
high kurtosis and are highly serially correlated, even at very long lags. The augmented Dickey-Fuller
(ADF) statistic in most cases rejects the null of non-stationarity, although for some IV series this is
not the case, confirming the strong persistence in IV.

Table 2 reports descriptive statistics for the implied volatility change ((SViyr — SV;) /SV;), the
forward volatility premium ((FV{* — SV;) /SV;), and the excess volatility return ((SViyy — FVi¥) /SV;).
The table shows that the mean annualized volatility changes revolve mostly between —20% and +20%
for a high standard deviation in the range of 20%-50%. In most cases, the time series exhibit low

skewness (positive or negative) and moderate kurtosis. Moreover, the ADF statistic now strongly

“More generally, the FX market is the largest financial market in the world with an average daily volume of
transactions exceeding $3.2 trillion. The average daily turnover of the FX options market is over $200 billion (see Bank
for International Settlements, 2007).
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rejects the null hypothesis of non-stationarity with high confidence. This provides a clear justification
for running the predictive regression (16) on volatility changes rather than on volatility levels since
there is stronger statistical evidence rejecting the non-stationarity of the former than the latter. In
short, FVUH tests in changes are likely to be better behaved than in levels.

Finally, a first indication of the performance of forward IV as a predictor of future spot IV is
illustrated in Figure 1. The figure plots the daily time series of the 1m spot and the lagged forward
IV level for all currencies and makes it visually apparent that the spot and forward IV levels do not

always move closely with each other.

4.2 Predictive Regression Results

We test the empirical validity of the FVUH by estimating the forward volatility regression (FVR).
Table 3 presents the results for both model-free IV changes and at-the-money-forward (ATMF) IV
changes. The OLS parameter estimates are for IV changes that are measured over 1-month but
are observed and estimated daily. This overlapping structure causes the regression errors to have a
moving average component. We correct for this effect by computing Newey and West (1987) standard
errors. We also provide regression results for non-overlapping observations later in this section. The
table presents results for the full sample of January 1996 to September 2009 and a subsample ranging
from October 2003 to September 2009. The start of the full sample coincides with the period when
trading of volatility derivatives surged.'®> The choice of the subsample period is set to correspond to
another data set available from Bloomberg, which we use later for robustness, and hence allows for
direct comparison of the two sets of results.

Recall that for the FVUH to hold (and hence for forward IV to be an unbiased expectation of
future spot IV) three conditions must be met in the FVR: the intercept must be zero (a = 0), the
slope must be unity (8 = 1), and the disturbance term must be serially uncorrelated. We test the
FVUH conditions on each parameter separately with appropriately defined t-statistics. The serial
correlation in the error term is tested with a Box-Ljung statistic. To facilitate interpretation we
also report p-values in all cases. Note that in assessing statistical significance, we only report the
t-statistics and the p-values for the hypothesis of 5 = 1 if § is found to be statistically different
from zero. In other words, we do not formally test for the specific relation between spot and forward
volatility implied by the FVUH if we cannot say with statistical confidence that there is a relation to

begin with. In this setup, first we determine whether forward IV contains any useful information for

Y5The first variance swap was reportedly traded in 1993 by UBS (see Carr and Lee, 2009a). Trading in volatility
derivatives took off in the aftermath of the LTCM meltdown in late 1998, when implied stock index volatility levels
rose to unprecedented levels (e.g., Gatheral, 2006). Note that the Deutsche Bank FX Volatility Harvest index investing
in FVAs is available since the end of 1996. Carr and Wu (2009) also start their empirical analysis of volatility swaps
in 1996.
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predicting future spot IV and then test whether the former is an unbiased estimator of the latter (see,
for example, Christensen and Prabhala, 1998). The lack of confidence in determining a systematic
relation between spot and forward volatility (i.e., § = 0 is not rejected) is interpreted as a rejection
of the FVUH.

We first focus on the slope estimate of the FVR. For the full-sample model-free IV changes, we
find that the OLS estimates of § are all positive but much lower than unity, ranging from 0.141 for
AUD to 0.668 for SEK. The results for the ATMF IV changes are very similar to those for model-free
IV changes. This is an important new result for the following reason. Model-free IV captures the IV
smile across moneyness and hence tends to be higher than ATMF 1V as confirmed by the descriptive
statistics in Table 1. Table 3, however, demonstrates that the relation between spot and forward IV
is practically the same whether we use model-free or ATMF IV. Therefore, the volatility smile does
not seem to affect the empirical validity of the FVUH. Overall, the FVUH is rejected for eight of
nine currencies, the only exception being the SEK.

Turning to the intercept of the FVR, we find that the value of « consistently revolves around zero
(being predominantly positive), and in most cases it is not significantly different from zero. Further-
more, the Box-Ljung statistic indicates that the regression residuals are highly serially correlated.
Finally, the R? coefficient of the FVR ranges from 1% to 5%.

In conclusion, the predictive regression results clearly demonstrate that forward IV is a biased
predictor of future spot IV regardless of whether we use model-free or ATMF IV changes. Conse-
quently, the results lead to a firm statistical rejection of the FVUH. In other words, the statistical
evidence indicates that in addition to the well established forward bias in the traditional FX market,

there is also a forward volatility bias in the IVs quoted on currency options.

4.3 Robustness of the Predictive Regression Results

4.3.1 Alternative Data Sets

We assess whether the predictive regression results are robust to the choice of data sample by using
two further data sets. The first data set is obtained from Bloomberg and has the following features:
(i) it involves six of the nine currencies (i.e., CHF, NOK and SEK are not available); (ii) provides
I-month and 3-month maturities; (iii) allows for both model-free and ATMF IV; and (iv) covers
only the subsample period of October 2003 to September 2009. The second data set is obtained
from Deutsche Bank and has the following features: (i) it involves eight of the nine currencies (i.e.,
excludes NOK); (ii) provides 1-month and 3-month maturities; (iii) only allows for ATMF IV since
no other strikes are available; and (iv) covers both the full sample and the subsample period. In
short, using the Bloomberg and Deutsche Bank data allows us to test whether using a different data

source, different sample size and different maturity affect our main finding that the FVUH is rejected
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by the data.

The results for the Bloomberg data are in Table 4 and for the Deutsche Bank data in Table 5.
In comparing the results of Tables 3, 4 and 5 we find that the parameter estimates {«, 8} are very
similar across the three data sets when focussing on the same sample period. For the subsample,
in particular, all three data sets tend to produce [ estimates that are not significantly different
from zero. In conclusion, the Bloomberg and Deutsche Bank results establish that the FVUH is

empirically rejected regardless of which data set we use.

4.3.2 Alternative Estimation Methods

The empirical results are based on OLS estimation of the predictive regression parameters, which
is commonly used in similar studies of the forward bias in the traditional FX market. However,
OLS estimation may be subject to small sample bias and deliver biased estimates if the disturbances
contain outliers. Furthermore, when the predictive variable is observed with error, the OLS estimate
of the slope coefficient is biased towards zero and its standard error is biased upwards (e.g., Chris-
tensen and Prabhala, 1998). These are potentially important issues in determining the reliability of
the OLS estimates in our context.

For robustness purposes, we report estimates of § using three alternative estimation methods.
First, we account for small sample bias by computing a bias-corrected (BC) estimator, which is
based on the moving blocks bootstrap (e.g., Gongalves and White, 2005).1® Second, we perform
least squares estimation using a 99% winsorized sample (WINS), which replaces the 1% largest
outliers by the closest value in the sample. The WINS estimator is by design robust to outliers and
does not assume a symmetric distribution (e.g., Hasings, Mosteller, Tukey and Winsor, 1947). Third,
following Carr and Wu (2009), we also carry out errors-in-variables (EIV) estimation assuming that
forward IV is observed with error and the true value follows an AR(1) process. EIV estimation
is based on maximum likelihood and the Kalman filter. Finally, as a further robustness check on
inference, for all three estimators we compute the standard errors and p-values using the moving
blocks bootstrap of Gongalves and White (2005).

The BC, WINS and EIV estimates of 3 for both model-free and ATMF IV changes are displayed
in Table 6. The results show that all three new [ estimates (BC, WINS and EIV) are very similar
to the OLS results, while the WINS estimates tend to be slightly higher. None of the three new
estimators makes a noticeable difference in terms of assessing the statistical significance of rejecting
the FVUH. Overall, the FVUH is still rejected for eight of nine currencies, the only exception being

the SEK. Therefore, for simplicity and consistency with the FX literature, the rest of our analysis

'5The bias-corrected estimator 8po is computed as: Bpo = Bors — Bias = 2Bo1s — Barpp, Where By pp is the
mean of the 8, ¢ across 10,000 bootstrap samples.
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uses the OLS parameter estimates.

4.3.3 Non-Overlapping Observations

Our analysis has so far focussed on predictive regressions estimated on daily data. Using daily data
maximizes the number of available observations but generates serial correlation in the error term
due to the overlapping nature of IV changes. With the exception of Table 6, which uses alternative
estimation methods and bootstrapped standard errors, for the most part we do the following: (i)
estimate the predictive regressions by OLS, which is unbiased in the presence of overlapping obser-
vations; and (ii) compute standard Newey-West (1987) standard errors that account for the serial
correlation in IV changes.

It is important to note that the effect of overlapping observations on inference remains an open
issue in the literature. On the one hand, Richardson and Smith (1991) show analytically the gain from
using overlapping observations in simple regressions due to the reduction in the standard error of the
estimator. On the other hand, Christensen and Prabhala (1998) show that overlapping observations
for implied or realized volatility can possibly lead to unreliable and inconsistent OLS estimates. We
assess the importance of these issues in our framework by reporting results for predictive regressions
using non-overlapping monthly IV changes. Table 7 has the results.

Specifically, we compare the full-sample predictive regression results in Table 3 based on daily
overlapping observations for 1-month IV changes to the results in Table 7 based on non-overlapping
monthly observations for the same data. We find that the § coefficients are very similar for overlap-
ping and non-overlapping observations. Notably, the p-values for the null of 5 = 1 increase for CHF
(0.105) and EUR (0.090), while the FVUH continues to be supported for the SEK. Overall, however,
there is still strong evidence rejecting the FVUH since six of nine currencies reject it with 95% con-
fidence plus one more with 90% confidence. This suggests that the statistical evidence against the
FVUH is mitigated, but cannot be fully explained, by the overlapping nature of the main data set

we USQ.17

4.3.4 Implied Variance Results

Most of our analysis focuses on implied volatilities rather than implied variances. Forward implied
volatilities are computed as the square root of forward implied variances and hence are subject to
the convexity bias due to Jensen’s inequality. We can eliminate this bias by testing for unbiasedness

in the spot-forward implied variance relation using the same predictive regression framework.

17 Additionally, the subsample results for non-overlapping monthly data indicate that there is no link between spot
and forward IV, leading to a rejection of the FVUH for each exchange rate. However, the number of observations for
the subsample estimation (84) is perhaps too small to draw any strong conclusions.
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The results in Table 8 demonstrate that forward implied variances are also biased predictors of
future spot implied variances in similar magnitudes to implied volatilities. For the full sample, the
[ estimate for model-free implied variances ranges from 0.031 for AUD to 0.640 for SEK. Forward
variance unbiasedness is again rejected in eight of nine cases, with SEK still being the single exception.
The ATMF implied variance results are very similar rejecting forward variance unbiasedness for all
nine currencies. These results indicate that the convexity bias is unlikely to affect the bias in the

spot-forward volatility relation.

4.3.5 The Cross-Section of Dealers

The IV quotes typically come from a poll of dealers. Averaging IV quotes across dealers is a source of
measurement error, which is potentially severe in the presence of large outliers. We directly account
for the effect of the distribution of volatilities across dealers on testing the FVUH by using a separate
data set on IV quotes from six individual dealers: the Bank of America, Bank of Tokyo-Mitsubishi
UFJ, Composite NY, GFI Group, TFS-ICAP and Tullet Prebon. We also use the Bloomberg generic
quote (BGN), which uses a proprietary algorithm for averaging across dealers that accounts for out-
liers and the number of transactions carried out by each dealer. The data are taken from Bloomberg
and are for six US dollar exchange rates over the shorter sample of December 2005 to September
2009.!% As before, we compute the model-free IV and compare it to the ATMF IV.

We test whether the distribution of dealer quotes induces a bias in forward volatility by estimating
the predictive regression for each individual dealer and for the average Bloomberg (BGN) quote. The
results in Table 9 indicate that the OLS estimates of 3 across dealers are very close to each other as
well as to the BGN quote in size, sign and statistical significance. This is true both for model-free
IV and ATMEF. In light of this evidence, we argue that the forward volatility bias is unlikely to be

explained by possible measurement error due to averaging of quotes across dealers.

5 Economic Value of Volatility Speculation: The Framework

This section describes the framework we use in order to evaluate the performance of an asset allocation

strategy that exploits predictability in the returns to FX volatility speculation.

5.1 The Carry Trade in Volatility Strategy

Consider a US investor who builds a portfolio by allocating her wealth between the domestic riskless
asset and nine FVA contracts. The FVAs are written on nine US dollar nominal exchange rates:

AUD, CAD, CHF, EUR, GBP, JPY, NOK, NZD and SEK. Note that the risky assets (i.e., the FVAs)

are a zero-cost investment, and hence the investor’s net balances stay in the bank and accumulate

8Note that the Bloomberg data used in Table 4 are in fact BGN quotes.
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interest at the domestic riskless rate. This implies that the return from investing in each of the risky
assets is equal to the domestic riskless rate plus the excess volatility return giving a total return
of 4; + (S‘/tJrk — FVtk) /SV; (which is also equal to (SViyr — SV;) /SV;). The return from domestic
riskless investing is proxied by the daily 1-month US Eurodeposit rate.

The main objective of our analysis is to determine whether there is economic value in predict-
ing the returns to volatility speculation due to a possible systematic bias in the way the market
sets forward IV. We consider two strategies for the conditional mean of the returns to volatility
speculation based on the FVUH model and the FVR model. Throughout the analysis we do not
model the dynamics of the conditional covariance matrix of the returns to volatility speculation. In
this setting, the optimal weights will vary across the two models only to the extent that there are
deviations from the FVUH. In particular, the FVR model exploits predictability in the returns to
volatility speculation in the sense that we can use the predictive regression to provide the forecast
(EtS Vigr — F Vtk) /SV;. In contrast, the FVUH benchmark model is equivalent to riskless investing
since fixing a = 0, 8 = 1 implies that the conditional expectation of excess volatility returns is equal
to zero: (Ey SV, — FVF) /SV, = 0.

The investor rebalances her portfolio on a daily basis by taking a position on FX volatility over
a horizon of one month ahead. Hence the rebalancing frequency is not the same as the horizon over
which FVA returns are measured. This is sensible for an investor who exploits the daily arrival of
FVA quotes defined over alternative maturities. Fach day the investor takes two steps. First, she
uses the two models (FVUH and FVR) to forecast the returns to volatility speculation. Second,
conditional on the forecasts, she dynamically rebalances her portfolio by computing the new optimal
weights for the mean-variance strategy described below. This setup is designed to inform us whether a
possible bias in forward volatility affects the performance of an allocation strategy in an economically
meaningful way.

We refer to the dynamic strategy implied by the FVR model as the carry trade in volatility
(CTV) strategy. The CTV strategy can be thought of as the volatility analogue to the traditional
carry trade in currency (CTC) strategy studied, among others, by Burnside et al. (2008) and Della
Corte, Sarno and Tsiakas (2009). The only risk an investor following the CTV strategy is exposed
to is FX volatility risk.

5.2 Mean-Variance Dynamic Asset Allocation

Mean-variance analysis is a natural framework for assessing the economic value of strategies that
exploit predictability in the mean and variance. We design a maximum expected return strategy,
which leads to a portfolio allocation on the efficient frontier. Consider an investor who on a daily

basis constructs a dynamically rebalanced portfolio that maximizes the conditional expected return
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subject to achieving a target conditional volatility. Computing the dynamic weights of this portfolio
requires k-step ahead forecasts of the conditional mean and the conditional covariance matrix. Let

Tt+k denote the N x 1 vector of risky asset returns; pu, 4 = Et [r1+%] is the conditional expectation
/
of reyp; and Vi = Ey [(er - qu‘t) (Tt+k - ,qu‘t) ] is the conditional covariance matrix of

reak. At each period ¢, the investor solves the following problem:

max {Mp,t+k|t = w{tﬂwku + (1 - ng) Tf}
2
s.t. (O‘ ) = wéVHk“wt, (17)

p

where w; is the N x 1 vector of portfolio weights on the risky assets, ¢ is an N x 1 vector of ones,
p ikl 18 the conditional expected return of the portfolio, o}, is the target conditional volatility of
the portfolio returns, and ry is the return on the riskless asset. The solution to this optimization

problem delivers the risky asset weights:
oy
we = 7\/&‘/;+}c|t (Mt+k|t - ”“f) , (18)

!/
where C; = (,qu‘t — er> thr}elt (,ut+k|t — er>. The weight on the riskless asset is 1 — wjt. Then,

the period t + k gross return on the investor’s portfolio is:
Ryppe =1+ 1papn = L+ (1 —wht) vy + wirepp. (19)

Note that we assume that Vi = V, where V is the unconditional covariance matrix of IV

changes.

5.3 Performance Measure

We evaluate the performance of the CTV strategy relative to the FVUH benchmark using the

Goetzmann, Ingersoll, Spiegel and Welch (2007) manipulation-proof performance measure defined

1 T—k * . 1—v
D+
Iy , 20
T~ (Rp,t+k> ] (20)

as:

1
O=—1In
(1-7)

where R;,t 4k 1s the gross portfolio return implied by the FVR model, Rj ;. is implied by the

benchmark FVUH model, and v may be thought of as the investor’s degree of relative risk aversion
(RRA).

As a manipulation-proof performance measure, © is attractive because it is robust to the distrib-
ution of portfolio returns and does not require the assumption of a utility function to rank portfolios.
In contrast, the widely-used certainty equivalent return (e.g., Kandel and Stambaugh, 1996; Pastor
and Stambaugh, 2000) and the performance fee (e.g., Fleming, Kirby and Ostdiek, 2001) assume a

particular utility function. © can be interpreted as the annualized certainty equivalent of the excess
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portfolio returns and hence can be viewed as the maximum performance fee an investor will pay to
switch from the FVUH to the FVR strategy. In other words, this criterion measures the risk-adjusted
excess return an investor enjoys for conditioning on the forward volatility bias rather than assuming

unbiasedness. We report © in annualized basis points (bps).

6 Economic Value of Volatility Speculation: The Results

We assess the economic value of the forward volatility bias by analyzing the performance of dynam-
ically rebalanced portfolios based on two CTV strategies relative to the FVUH benchmark: (i) the
CTVyr, which is the Carry Trade in Volatility Strategy based on the 1-month model-free implied
volatility, and (ii) the CTVarasr, which is based on the 1-month ATMF implied volatility. The
economic evaluation is conducted both in sample and out of sample using the data set obtained from
JP Morgan. The in-sample period ranges from January 1996 to September 2009, except for EUR
that starts in January 1999. The out-of-sample period starts at the beginning of the sample and
proceeds forward by sequentially updating the parameter estimates of the FVR day-by-day using a
3-year rolling window.!”

Our economic evaluation focuses on the manipulation-proof performance measure, ©, which is
reported in annualized bps for a target annualized portfolio volatility o}, = 10% and v = 6. The
choice of o, and 7 is reasonable and consistent with numerous empirical studies (e.g., Fleming, Kirby
and Ostdiek, 2001; Marquering and Verbeek, 2004; Della Corte, Sarno and Thornton, 2008). We
have experimented with different o7, and v values and found that qualitatively they have little effect
on the asset allocation results discussed below.

In assessing the profitability of the dynamic CTV strategies, the effect of transaction costs is an
essential consideration. For instance, if the bid-ask spread in trading FVAs is sufficiently high, the
CTV strategies may be too costly to implement. We assess the effect of transaction costs on the
economic value of volatility speculation by directly accounting for the quoted FVA bid-ask spread.
In particular, we use 160 bps as the quoted FVA bid-ask spread throughout the sample. This
corresponds to the highest average spread for a currency over this period. In general, the average
bid-ask spread ranges from about 45 to 160 bps.2°

It is well-documented that the effective spread is generally lower than the quoted spread, since
trading will take place at the best price quoted at any point in time, suggesting that the worse quotes

will not attract trades (e.g., Mayhew, 2002; De Fontnouvelle, Fishe and Harris, 2003; Battalio, Hatch

YNote that we use a rolling estimate of the unconditional covariance matrix V' as we move through the out-of-
sample period, conditioning only on information available at the time that forecasts are formed. This implies that the
out-of-sample period starts in January 1999.

20The bid-ask spread will likely vary over time. However, as we only have data on the midquote of IVs we base our
analysis on the average bid-ask spread values provided to us by Deutsche Bank.
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and Jennings, 2004). Following Goyal and Saretto (2009), we consider effective transaction costs in
the range of 50% to 100% of the quoted spread. We then follow Marquering and Verbeek (2004)
by deducting the transaction cost from the excess volatility returns ex post. This ignores the fact
that dynamic portfolios are no longer optimal in the presence of transaction costs but maintains
simplicity and tractability in our analysis.

Table 10 reports the in-sample and out-of-sample portfolio performance for both model-free and
ATMF IV changes. The results show that there is very high economic value associated with the
forward volatility bias. We focus on the case when the effective spread is 75% of the quoted spread,
which is a rather realistic case. For model-free IV changes, switching from the static FVUH to the
CTV portfolios provides the following performance: (i) in-sample © = 1103 annual bps for model-
free IV and © = 1238 bps for ATMF IV, and (ii) out-of-sample © = 1166 bps for model-free IV and
© = 1246 bps for ATMF IV. These results are also reflected in the Sharpe ratio (SR), which for the
CTV strategy is as follows: (i) in-sample SR = 1.25 for model-free IV and SR = 1.36 for ATMF
IV, and (ii) out-of-sample SR = 1.30 for model-free IV and SR = 1.36 for ATMF IV. The economic
value of volatility speculation remains high even when the effective spread is equal to the full quoted
spread. Finally, the results for model-free and ATMF IV are similar, with the latter having slightly
higher economic value since ATMF IV generally exhibits a slightly stronger forward volatility bias
than model-free IV. This is further empirical confirmation that the volatility smile has no noticeable
effect on the forward volatility bias.

The portfolio weights on the risky assets (FVAs) required to generate this performance are quite
reasonable. Figure 2 illustrates that the average weights for the C'T'Vi,F strategy revolve from around
—0.30 to +0.20 in sample and from —0.50 to +0.30 out of sample. The figure also displays the 95%
interval of the variation in the weights, which in most cases ranges between —1 and +1. In short,
therefore, the CTV strategies vastly outperform the FVUH while taking reasonable positions in the
FVAs.

7 Robustness and Further Analysis
7.1 Carry Trade in Volatility vs. Carry Trade in Currency

This section discusses the robustness of the economic value results. To begin with, one question
that arises naturally from our results is whether the high economic value of the forward volatility
bias (CTV strategies) in the FX options market is related to the economic value of the forward bias
(CTC strategy) in the traditional FX market. In other words, it is interesting to determine whether
the returns to volatility speculation are correlated with the returns to currency speculation. If the

correlation between these two strategies is high, then the forward bias in the FX market and the FX
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options market may be potentially driven by the same underlying cause.

We address this issue by designing a dynamic strategy for currency speculation that closely
corresponds to the strategy for volatility speculation described in Section 5.1. Specifically, we consider
a US investor who builds a portfolio by allocating her wealth between the domestic riskless asset and
nine forward exchange rates. The nine forward rates are for the same exchange rates and the same
sample period as the volatility speculation strategy investing in the nine FVAs. We then use the
original Fama regression (Equation 4) and the same mean-variance framework to assess the economic
value of predictability in exchange rate returns. In essence, we provide an economic evaluation of
the CTC strategy for the same exchange rate sample. Note that for the CTC strategy we use the
quoted bid-ask spread of 10 bps. We believe that this is reasonable (or perhaps slightly conservative)
since professional investors face an average bid-ask spread of about 1-3 bps.

The simplest way of assessing the relation of the CTV strategies with the CTC strategy is to
examine the correlation between their portfolio returns (net of the riskless rate). We compute this
correlation and we find that in sample it is —0.02 between CTVy;r and CTC and —0.04 between
CTVryr and CTC. The out-of-sample correlations are 0.01 and 0.02 respectively.?! This suggests
that the returns to the CTV and CTC strategies seem to be largely uncorrelated.

The time variation in the correlations between the CTV and CTC strategies is displayed in Figure
3. These correlations are computed using a three-year out-of-sample rolling estimation window. Even
though the correlations are on average close to zero, there are two patterns worth mentioning. First,
the correlations vary noticeably over time. In the early 2000s they are significantly positive, in
the mid-2000s they are close to zero and statistically insignificant, and in the late 2000s they are
significantly negative. Second, the correlation between C'T'Vy;r and CTC slightly diverges from that
between CTVarpyr and CTC for the last few years of the sample. This is consistent with the results
of Carr and Lee (2009b) who suggest that the difference between model-free and ATMF IV becomes
more pronounced in periods when there are price jumps, as indeed is the case in the last few years
of our sample period.

A more involved way of addressing this issue is to compare the separate portfolio performance of
each of the CTV and CTC strategies with that of a combined strategy. The combined portfolio is
constructed by investing in the same US bond as before and 18 risky assets: the nine FVAs plus the
nine forward exchange rates. Table 10 presents the results, which are indicative of the low correlation
between the CTV and the CTC strategies. We focus on the out-of-sample results for a 75% effective
spread. In examining each strategy separately, we observe that the two CTV strategies have superior

performance to the CTC strategy. As we have seen, C'I'Vysr gives a Sharpe ratio of 1.30 versus 1.15

2IThese values are for the case when the effective spread is 75% of the quoted spread but remain largely unchanged
when the effective spread changes.
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for the CTC despite the much higher transaction costs assumed for the CTVysr. The performance
measure is 1166 bps and 999 bps respectively.?? More importantly, however, the combined strategy
performs better than the CT'Vy,r strategy alone. As we move from the CTVyr to the combined
strategy, the Sharpe ratio rises from 1.30 to 1.94 and the performance measure increases from 1166
bps to 2211 bps. The substantial increase in economic value when combining CT'Vy;rp with CTC is
evidence that there is distinct incremental economic value in the CTC over and above the economic
value already incorporated in the CTVy;r. We conclude that the forward volatility bias is largely
distinct from the forward bias.

Finally, we turn to Figure 4, which illustrates the annualized out-of-sample Sharpe ratios for the
CTV and CTC strategies. The figure shows that the SRs tend to be uncorrelated for long periods of
time. The CTV strategies tend to perform better at the beginning and end of the sample, whereas
the CTC is better in the middle period. Moreover, it is interesting to note that for the last two
years of the sample the SR of the CTV strategies is rising but that of the CTC is falling. This
indicates that the CTV strategies have done well during the recent credit crunch when the CTC has
not. In other words, this is further evidence that the returns to volatility speculation tend to be
uncorrelated with the returns to currency speculation even during the recent unwinding of the carry

trade in currency.

7.2 Is Implied Volatility a Random Walk?

Given that the [ estimate is much closer to zero (i.e., spot IV is a random walk) than unity (i.e.,
forward volatility unbiasedness), it would be interesting to determine whether in future work the
random walk (RW) model for IV would be a sensible benchmark for assessing the economic value
of predictability in the returns to volatility speculation.?® The RW model is consistent with a
simpler version of the CTV strategy, where the investor goes long on FVAs when spot IV is higher
than forward IV and vice versa rather than using the estimates of the predictive regression to form
forecasts of future spot IV.?4

The portfolio performance of the RW without drift model which sets @ = § = 0 in the FVR
(Equation 16) is presented in Table 12. The table shows that the in-sample and out-of-sample

economic value of the RW model is virtually identical to the CTV strategies. For example, consider

22Tt is worth noting that simple carry trades exploiting the forward bias in the traditional FX market have been
very profitable over the years (e.g., Galati and Melvin, 2004; and Brunnermeier, Nagel and Pedersen, 2009). Our
findings demonstrate that volatility speculation strategies can in fact be even more profitable than currency speculation
strategies.

?3Indeed, the majority of studies in the traditional FX market tend to use the random walk of Meese and Rogoff
(1983) as the benchmark model, not forward unbiasedness.

24 According to the RW for spot IV, the best predictor of SViyx is SVi. Consider an investor who goes long on
an FVA when SV; > FV/ and short on an FVA when FV;* > SV;. The conditional return of this strategy is
(SVt_‘_k — FV}’“) /SVz X sign (SVt - FVtk). If spot IV follows a RW, this will be a profitable strategy.
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the out-of-sample results when the effective spread is equal to 75% of the quoted spread and using the
model-free IV. Then the RW generates SR = 1.30 and © = 1165 bps, whereas the CTVy;r generates
SR = 1.30 and ® = 1166 bps. Hence the economic value of the CTV strategies is practically
indistinguishable from that of the RW suggesting that the RW is a useful benchmark to adopt in

future studies of forecasting FX implied volatility.

8 Conclusion

The introduction of the forward volatility agreement (FVA) has allowed investors to speculate on the
future volatility of exchange rate returns. An FVA contract determines the forward implied volatility
defined over an interval starting at a future date. Forward implied volatility is by design meant to be
an unbiased predictor of future spot implied volatility for all relevant maturities. However, if there
is a bias in the way the market sets forward implied volatility from quotes of spot implied volatility
across the term structure, then the returns to volatility speculation will be predictable and a carry
trade in volatility strategy can be profitable. Still, there is no study to date in the foreign exchange
literature on the empirical issues surrounding FVAs. These include the empirical properties of FVAs
(e.g., their risk-return tradeoff), the extent to which forward implied volatility is a biased predictor
of future spot implied volatility, and the economic value of predictability in the returns to volatility
speculation.

This paper fills this gap in the literature by formulating and testing the forward volatility unbi-
asedness hypothesis. Our empirical results provide several insights. First, we find clear statistical
evidence that forward implied volatility is a systematically biased predictor that overestimates future
spot implied volatility. This is similar to the tendency of the forward premium to overestimate the
future rate of depreciation of high interest currencies, and the tendency of spot implied volatility to
overestimate future realized volatility. Second, the rejection of the forward volatility unbiasedness
indicates the presence of conditionally positive, time-varying and predictable volatility term premi-
ums (excess volatility returns) in foreign exchange. Third, there is high in-sample and out-of-sample
economic value in predicting the returns to volatility speculation in the context of dynamic asset
allocation. The economic gains are robust to reasonable transaction costs and largely uncorrelated
with the gains from currency speculation strategies.

To put these findings in context, consider that the empirical rejection of uncovered interest parity
leading to the forward bias puzzle has over the years generated an enormous literature in foreign
exchange. At the same time, the carry trade has been a highly profitable currency speculation
strategy. As this is the first study to establish the volatility analogue to the forward bias puzzle and

demonstrate the high economic value of volatility speculation strategies, there are certainly many
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directions in which our analysis can be extended. These may involve using alternative data sets,
improvements in the econometric techniques and the empirical setting, refinements in the framework
for the economic evaluation of realistic trading strategies and, finally, the development of theoretical
models aiming at explaining these findings and rationalizing the volatility term premium. Having

established the main result motivating such extensions, we leave these for future research.
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Table 1. Descriptive Statistics on Daily FX Implied Volatility

The table reports descriptive statistics for the daily Model-Free and At-the-Money-Forward spot and forward implied volatility (IV) on nine US dollar exchange rates
for 1-month and 2-month maturities. The means and standard deviations are reported in annualized percent units. p; is the autocorrelation coefficient for a lag of I trading
days. ADF is the augmented Dickey-Fuller statistic for the null hypothesis of non-stationarity. The superscripts a, b, and ¢ indicate statistical significance at the 10%, 5%,

and 1% level, respectively. The sample ranges from January 1996 to September 2009 for all currencies, except for EUR that starts in January 1999.

AUD

CAD

CHF

EUR

GBP

JPY

NOK

NZD

SEK

1m Spot IV
2m Spot IV
1m Forward IV

1m Spot IV
2m Spot IV
1m Forward IV

1m Spot IV
2m Spot IV
1m Forward IV

1m Spot IV
2m Spot IV
1m Forward IV

1m Spot IV
2m Spot IV
1m Forward IV

1m Spot IV
2m Spot IV
1m Forward IV

1m Spot IV
2m Spot IV
1m Forward IV

1m Spot IV
2m Spot IV
1m Forward IV

1m Spot IV
2m Spot IV
1m Forward IV

Model-Free Implied Volatility

At-the-Money-Forward Implied Volatility

Mean  Std  Skew Kurt p; P21 Pe3  Pi1oe  Pasa  ADF Mean  Std  Skew Kurt p; P21 Pe3  Piog  Pasa ADF
11.93  4.95 291 1569 099 0.87 0.63 038 0.23 -4.08° 11.49 4.73 2.83 15.09 099 0.87 063 039 0.22 -4.05°
11.79  4.59 2.69 13.59 099 0.90 0.68 043 0.24 -3.73° 11.31  4.32 2.60 1298 099 0.89 0.68 044 0.22 -3.71°¢
11.63  4.23 242 11.32 099 0.92 073 049 026 -3.31° 11.12  3.91 229 1058 0.99 0.92 073 049 023 -3.28°

8.23 3.78 2.33 1042 099 093 072 057 059 -2.97° 7.94 3.67 2.25 996 099 093 073 058 0.60 -2.85%
8.15 3.61 2.22 9.55 099 094 07 0.61 0.63 -2.69¢ 7.84 3.49 2.14 9.09 099 094 077 0.63 0.63 -2.56
8.07 3.45 2.12 881 099 095 080 066 0.66 -2.34 7.73  3.33 2.04 837 099 095 081 0.68 0.67 -2.20
10.98  2.47 1.58 892 098 0.79 060 036 0.09 -3.50° 10.63  2.34 1.44 830 098 0.78 059 0.37 0.07 -3.58°
11.06 2.34 1.42 852 099 0.83 0.64 041 0.09 -3.23° 10.70  2.20 1.26 791 099 0.82 063 041 007 -3.30°
1112 2.23 1.23 7.97 099 086 0.68 045 0.09 -2.89° 10.76  2.09 1.04 7.38 099 085 0.67 045 007 -2.95°
10.76  3.38 1.93 896 0.99 089 0.65 0.38 0.12 -2.88° 1041  3.21 1.81 846 0.99 0.88 0.65 0.39 0.10 -2.86°
10.83  3.22 1.78 826 099 091 069 042 0.12 -2.73°% 10.45 3.04 1.65 7.74 099 090 069 043 0.10 -2.71°
10.89  3.08 1.62 7.57 099 092 0.72 047 0.13 -2.61° 10.49 2.89 1.47 7.03 099 092 072 047 0.11 -2.59°
9.19 3.31 321 16.05 099 0.88 0.64 0.34 0.13 -3.40° 8.84 3.13 3.06 1519 0.99 0.87 0.64 0.34 0.10 -3.37°
9.28 3.13 3.13 1511 0.99 0.90 0.67 0.37 0.13 -3.10° 8.91 2.92 2.99 1432 099 0.89 0.67 0.37 0.09 -3.09°
9.36 297 3.04 1420 099 092 070 040 0.14 -2.92° 8.97 2.73 290 1343 099 091 0.69 040 009 -2.91°
11.67 3.80 1.82 8.44 098 0.80 063 047 032 -3.75° 11.20 3.63 1.82 860 0.98 0.80 063 048 031 -3.79¢
11.62  3.54 1.54 6.52 099 0.84 0.68 0.53 036 -3.32° 11.15  3.35 1.55 6.62 098 0.83 0.68 0.53 035 -3.37°
11.56  3.30 1.24 471 099 088 0.74 0.58 0.40 -2.84° 11.09 3.10 1.24 469 099 088 0.74 059 040 -2.87°
11.61  3.75 251 11.33 099 0.88 0.66 043 021 -3.15° 11.25 3.61 2.38 1064 0.99 0.88 0.66 044 020 -3.14°
11.62  3.51 2.45 1091 0.99 0.90 0.69 047 022 -3.12° 11.25 3.34 234 1029 0.99 0.90 0.69 048 020 -3.11°
11.63  3.28 2.37 10.38 099 092 073 052 022 -2.89° 11.25  3.09 2.26 9.82 099 091 072 052 020 -2.88
12.83  4.65 1.89 9.12 099 087 070 047 0.29 -3.54° 12.38  4.43 1.82 871 099 0.87 069 047 0.27 -3.58°
12.71 437 1.73 806 0.99 090 075 053 033 -3.12° 12.22  4.11 1.64 761 099 090 074 053 030 -3.17°
12.57  4.13 1.55 707 099 093 080 0.60 0.38 -2.54 12.04 3.82 1.42 6.53 099 092 080 059 035 -2.70°
11.62 3.84 251 10.78 0.99 0.89 0.68 048 022 -2.99° 11.26  3.70 240 10.18 0.99 0.88 0.68 049 021 -2.99°
11.63  3.58 248 1062 099 0.90 0.71 050 022 -2.95° 11.25  3.41 2.38 10.06 0.99 0.90 0.71 0.51 021 -2.94°
11.62  3.32 243 1035 099 0.92 0.74 053 0.22 -2.76° 11.23  3.14 2.33 983 099 091 074 054 020 -2.75°
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Table 2. Descriptive Statistics on Daily FX Implied Volatility Changes

The table displays descriptive statistics for the daily Model-Free and At-the-Money-Forward spot and forward implied volatility (IV) changes on nine US dollar exchange
rates for 1-month maturity. The Implied Volatility Change (IVC) is defined as (Svt+1 — SVt)/SVt, where SV; is the 1-month spot IV over the period ¢ to t+1. The

Forward Volatility Premium (FVP) is defined as (FV% — SV4)/SV, where FV% is the 1-month forward IV determined at time ¢ for the period t+1 to t+2. The Excess

Volatility Return (EVR) is defined as (Svt—l—l — FV%)/SVt. The means and standard deviations are reported in annualized percent units. p; is the autocorrelation
coefficient for a lag of [ trading days. ADF is the augmented Dickey-Fuller statistic for the null hypothesis of non-stationarity. The superscripts a, b, and ¢ indicate statistical
significance at the 10%, 5%, and 1% level, respectively. The sample ranges from January 1996 to September 2009 for all currencies, except for EUR that starts in January
1999.

Model-Free Implied Volatility At-the-Money-Forward Implied Volatility

Mean Std Skew  Kurt p1 Pa1 P63 Piog  Posa  ADF Mean Std Skew  Kurt P1 P21 P63 Piog  Pasa  ADF

AUD wvc 17.26  55.23 2.74 1924 094 0.08 -0.06 -0.11 0.08 -7.36¢ 17.32  55.17 2.62 1819 094 0.07 -0.06 -0.11 0.08 -7.38¢
FVP -16.26 21.58 -0.32 3.79 096 0.66 0.33 0.17  0.33 -5.19¢ -20.97 2229 -0.34 4.04 0.96 0.67 035 0.18 0.32 -5.13¢

EVR 3352 58.18 3.01 2079 096 032 0.05 -0.05 0.09 -6.31¢ 38.29 58.28 2.95 20.17 0.96 0.33 0.06 -0.04 0.09 -6.27¢

CAD vc 17.58  48.47 1.89 10.86 094 0.09 -0.10 -0.14 0.04 -7.38¢ 18.25 48.76 1.71 9.63 094 0.08 -0.10 -0.14 0.04 -7.39¢
FVP -11.53 16.79 -0.95 5.38 094 0.57 0.16 0.01 0.03 -5.34¢ -20.05 17.26  -0.90 5.45 0.95 0.57 0.19 0.03 0.01 -5.24¢

EVR 29.11  49.65 223 1227 096 031 -0.03 -0.13 0.06 -6.58° 38.30 50.16 2.06 10.96 0.96 0.30 -0.02 -0.12 0.05 -6.50¢

CHF vc 9.87 46.59 1.26 6.39 092 -0.20 0.06 -0.07 0.02 -9.30¢ 10.48 47.82 1.26 6.48 0.92 -0.21 0.05 -0.07 0.02 -9.43¢
FVP 21.31 16.34  -0.26 3.92 093 049 0.23 0.08 0.12 -5.74¢ 19.95 1739  -0.16 3.87 094 052 029 013 0.15 -5.54¢

EVR -11.44 45.89 1.48 7.08 094 0.06 0.11 -0.02 0.01 -7.48¢ -9.47 4724 1.45 702 094 005 0.12 -0.01 0.02 -7.52¢

EUR vc 10.16  45.42 1.49 7.87 0.93 0.00 -0.02 -0.07 0.02 -7.02¢ 10.68  45.90 1.38 7.00 093 -0.02 -0.02 -0.06 0.01 -7.10¢
FVP 22.26 1595  -0.06 4.84 094 0.51 0.14 -0.01 0.23 -5.02¢ 18.10 16.71  -0.12 498 094 053 019 0.05 0.23 -4.96¢

EVR -12.10 45.83 1.89 10.81 0.95 0.23 0.06 -0.03 0.01 -5.89¢ -7.42  46.50 1.76 9.65 0.95 0.23 0.06 0.00 0.01 -5.85¢

GBP vc 16.23  54.61 2.06 11.13 095 -0.02 -0.02 -0.09 0.05 -8.19° 17.01 55.84 1.96 10.22 094 -0.03 -0.02 -0.09 0.04 -8.21¢
FVP 33.68 18.84 0.51 5.22  0.95 0.52  0.12 0.06 0.01 -6.63° 32.36 20.97 0.82 6.25 0.96 0.58 022 014 0.06 -6.35°

EVR -17.46 55.09 219 1289 096 0.18 0.02 -0.11 0.07 -7.35¢ -15.34  56.83 1.97 11.36 0.96 0.19 0.03 -0.09 0.08 -7.26¢

JPY vc 19.25  63.30 1.86 11.30 0.91 -0.17 -0.01 0.02 -0.01 -8.85¢ 19.85 63.94 1.78 10.75 091 -0.17 -0.01 0.03 -0.01 -8.96¢
FVP 0.37 21.73  -0.46 4.07  0.95 0.59 0.33 0.29 0.23 -5.87¢ 1.87 23.13 -0.19 4.17  0.95 0.61 0.37  0.32 0.21 -5.62¢

EVR 18.89  62.89 2.35 13.74 0.93 0.06 0.07 0.05 0.02 -7.21¢ 17.98 63.70 220 12.83 0.93 0.06 0.09 0.06 0.02 -7.23¢

NOK IVC 16.09 52.74 292 2041 094 -0.03 -0.05 -0.08 0.04 -8.45° 16.34  53.75 295 21.05 094 -0.04 -0.05 -0.07 0.04 -851°
FVP 14.25 18.39  -0.01 5.46  0.95 0.54  0.22 0.00 0.13 -6.19¢ 12.88  20.04 0.22 5.17  0.96 0.60 0.30 0.06 0.13 -5.78¢

EVR 1.84 52.42 3.09 21.30 0.95 0.18 -0.02 -0.07 0.04 -7.27¢ 3.46  54.06 2.97 20.88 0.95 0.19 0.00 -0.05 0.04 -7.21¢

NZD e 19.17  52.82 1.82 10.87 094 -0.06 -0.03 -0.09 0.01 -8.16¢ 19.29  53.51 1.71  10.00 0.94 -0.07 -0.03 -0.09 0.01 -8.24¢
FVP -1359 2233 -0.08 3.65 096 0.63 0.28 0.10 0.23 -5.15¢ -19.41 23.74 0.03 3.82 097 065 031 0.12 0.22 -5.03¢

EVR 32.76  54.20 2.05 1167 096 022 0.09 -0.04 0.02 -6.46° 38.69 55.19 1.95 10.81 0.96 0.23 0.11 -0.03 0.03 -6.38¢

SEK vc 16.25 51.41 2.18 1379 094 -0.03 0.01 -0.08 0.04 -8.54¢ 16.59  52.35 2.14 1360 093 -0.04 0.01 -0.08 0.04 -8.66¢
FVP 12.79 17.62  -0.36 434 094 049 0.18 0.01 0.11 -6.37¢ 11.06 19.34  -0.12 4.21  0.95 0.55 0.26  0.08 0.12 -5.86¢

EVR 3.46  50.39 2.56 16.10 0.95 0.17 0.03 -0.06 0.05 -7.60¢ 5.52  51.93 2.39 15.09 0.95 0.17 0.04 -0.04 0.05 -7.52¢

26



Table 3. Predictive Regression Results

The table presents the ordinary least squares (OLS) estimates of the predictive regression (16) using Model-Free and At-the-Money-Forward 1-month implied volatility
changes on nine US dollar exchange rates. tP is the t-statistic for the null hypothesis 3 = 1, and is only reported when 3 is statistically different from zero. BL is
the Box-Ljung statistic for the null hypothesis of no autocorrelation in the regression residuals between 21 and 252 trading days. R? is the coefficient of determination.
Newey-West (1987) standard errors are reported in parentheses and p-values in brackets, which are computed using a lag equal to the number of overlapping periods plus 1.
The superscripts a, b, and ¢ indicate statistical significance at the 10%, 5%, and 1% level, respectively. The full sample period comprises daily observations from January
1996 to September 2009, except for EUR that starts in January 1999. The subsample ranges from October 2003 to September 2009. The data are obtained from JP Morgan.

Model-Free Implied Volatility At-the-Money-Forward Implied Volatility
a B 8 BL R? o B 8 BL  R?

Full Sample

AUD 0.016 0.141 - 639  0.01 0.017¢ 0.146 - 651  0.01
(0.009) (0.227) [<0.01] (0.009) (0.229) [<0.01]

CAD 0.017° 0.294 - 583  0.01 0.020° 0.268 - 598  0.01
(0.009) (0.234) [<0.01] (0.008) (0.232) [<0.01]

CHF —0.003 0.622¢ — 2.12 606  0.05 —0.001 0.591¢ — 2.39 607  0.05
(0.009) (0.179) [0.034]  [<0.01] (0.009) (0.171) [0.017]  [<0.01]

EUR 0.001 0.426 - 1031 0.02 0.003 0.401 - 1065  0.02
(0.012) (0.289) [<0.01] (0.011) (0.277) [<0.01]

GBP 0.002 0.426% — 2.31 745  0.02 0.004 0.373 - 756 0.02
(0.013) (0.248) [0.021]  [<0.01] (0.012) (0.229) [<0.01]

JPY 0.016 0.554¢ — 228 421  0.04 0.016 0.529¢ — 2.64 416 0.04
(0.011) (0.195) [0.022]  [<0.01] (0.011) (0.179) [<0.01]  [<0.01]

NOK 0.007 0.550¢ — 2.52 610  0.04 0.009 0.459¢ — 3.22 641  0.03
(0.010) (0.178) [0.012]  [<0.01] (0.010) (0.168) [<0.01]  [<0.01]

NZD 0.020° 0.352° — 4.43 610  0.02 0.022° 0.337° — 4.68 638 0.02
(0.009) (0.146) [<0.01]  [<0.01] (0.009) (0.142) [<0.01]  [<0.01]

SEK 0.006 0.668¢ — 1.60 572 0.05 0.009 0.558¢ — 2.28 612 0.04
(0.010) (0.208) [0.110]  [<0.01] (0.010) (0.193) [0.022]  [<0.01]

Subsample

AUD 0.019  —0.147 - 562 0.01 0.017  —0.126 - 575 0.01
(0.020) (0.483) [<0.01] (0.017) (0.465) [<0.01]

CAD 0.013  —0.083 - 994  0.01 0.013  —0.098 - 1026 0.01
(0.014) (0.350) [<0.01] (0.013) (0.352) [<0.01]

CHF 0.006 0.268 - 697  0.01 0.008 0.297 - 684  0.01
(0.014) (0.311) [<0.01] (0.013) (0.303) [<0.01]

EUR 0.009  —0.070 - 894  0.01 0.009  —0.085 - 903  0.01
(0.019) (0.441) [<0.01] (0.017) (0.410) [<0.01]

GBP 0.013 0.099 - 914  0.01 0.013 0.085 - 960  0.01
(0.022) (0.570) [<0.01] (0.019) (0.537) [<0.01]

JPY 0.036° 0.555 - 454 0.02 0.038° 0615¢ —1.14 449  0.03
(0.017) (0.355) [<0.01] (0.017) (0.338) [0.255]  [<0.01]

NOK 0.010 0.062 - 742 0.01 0.011 0.043 - 758 0.01
(0.014) (0.387) [<0.01] (0.012) (0.362) [<0.01]

NZD 0.017 0.263 - 517 0.01 0.019 0.271 - 547 0.01
(0.017) (0.318) [<0.01] (0.016) (0.311) [<0.01]

SEK 0.012 0.060 - 717 0.01 0.012 0.024 - 786 0.01
(0.014) (0.362) [<0.01] (0.013) (0.334) [<0.01]
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Table 4. Predictive Regression Results for a Subsample of Bloomberg Data

The table presents the ordinary least squares (OLS) estimates of the predictive regression (16) using Model-Free and At-the-Money-Forward 1-month and 3-month
implied volatility changes on seven US dollar exchange rates. t8 is the t-statistic for the null hypothesis 3 = 1, and is only reported when (3 is statistically different from
zero. BL is the Box-Ljung statistic for the null hypothesis of no autocorrelation in the regression residuals between 21 and 252 (1-month) or 63 and 252 (3-month) trading
days. RZ is the coefficient of determination. Newey-West (1987) standard errors are reported in parentheses and p-values in brackets, which are computed using a lag equal
to the number of overlapping periods plus 1. The superscripts a, b, and ¢ indicate statistical significance at the 10%, 5%, and 1% level, respectively. The subsample period
comprises daily observations from October 2003 to September 2009. The data are obtained from Bloomberg.

Model-Free Implied Volatility At-the-Money-Forward Implied Volatility
@ I} t8 BL R? @ B t8 BL R?
1-month
AUD 0.018 —0.112 — 565  0.01 0.017  —0.069 — 559  0.01
(0.020) (0.330) [<0.01] (0.018) (0.318) [<0.01]
CAD 0.014 —0.044 — 883  0.01 0.014  —0.030 — 890  0.01
(0.014) (0.215) [<0.01] (0.013) (0.214) [<0.01]
CHF — — — — — — — — — —
EUR 0.009  —0.042 — 839  0.01 0.008 —0.038 — 867  0.01
(0.018) (0.319) [<0.01] (0.016) (0.293) [<0.01]
GBP 0.013 0.096 — 603  0.01 0.013 0.097 — 639  0.01
(0.020) (0.360) [<0.01] (0.018) (0.336) [<0.01]
JPY 0.033° 0.320 — 390 0.01 0.036° 0.425% —2.42 394  0.03
(0.016) (0.250) [<0.01] (0.017) (0.238) [0.016]  [<0.01]
NOK — — — — — — — — — —
NZD 0.017 0.175 — 375 0.01 0.019 0.186 — 367 0.01
(0.017) (0.227) [<0.01] (0.016) (0.227) [<0.01]
SEK — — — — — — — — — —
3-month
AUD 0.057 0.435 — 245 0.01 0.059 0.276 — 270 0.01
(0.060) (0.471) [0.617] (0.059) (0.370) [0.204]
CAD 0.051 0.386 — 287 0.01 0.050 0.268 - 300 0.01
(0.050) (0.587) [0.066] (0.048) (0.485) [0.021]
CHF — — — — — — — — — —
EUR 0.013 0.579 — 284 0.02 0.023 0.194 — 323 0.01
(0.047) (0.505) [0.083] (0.045) (0.435) [<0.01]
GBP 0.024 1.067*  0.10 266  0.05 0.035 0.743 — 265  0.03
(0.053) (0.645) [0.918]  [0.265] (0.052) (0.543) [0.268]
JPY 0.063 0.407 — 302 0.02 0.065 0.553% —1.53 316 0.04
(0.042) (0.301) [0.017] (0.042) (0.293) [0.127]  [0.004]
NOK — — — — — — — — — —
NZD 0.047 0.690 — 230  0.04 0.051 0.476 — 276 0.02
(0.043) (0.454) [0.836] (0.043) (0.357) [0.140]
SEK — — — — — — — — — —
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Table 5. Predictive Regression Results for ATMF Deutsche Bank Data

The table presents the ordinary least squares (OLS) estimates of the predictive regression (16) using At-the-Money-Forward (ATMF) 1-month and 3-month implied
volatility changes on eight US dollar exchange rates. t8 is the t-statistic for the null hypothesis 5 = 1, and is only reported when [3 is statistically different from zero.
BL is the Box-Ljung statistic for the null hypothesis of no autocorrelation in the regression residuals between 21 and 252 (1-month) or 63 and 252 (3-month) trading days.
R2? is the coefficient of determination. Newey-West (1987) standard errors are reported in parentheses and p-values in brackets, which are computed using a lag equal to
the number of overlapping periods plus 1. The superscripts a, b, and ¢ indicate statistical significance at the 10%, 5%, and 1% level, respectively. The full sample period
comprises daily observations from January 1996 to September 2009, with the exception of EUR starting in January 1999, NZD starting in January 1998, and SEK starting
in May 1996. The subsample ranges from October 2003 to September 2009. The data are obtained from Deutsche Bank.

1-month 3-month
o B 8 BL  R? a B 8 BL R?

Full Sample

AUD 0.017 ¢ 0.152 — 578 0.01 0.039 0.123 — 250 0.01
(0.009) (0.226) [<0.01] (0.030) (0.222) [0.533]

CAD 0.017° 0.159 - 489 0.01 0.043 0.256 — 248 0.01
(0.008) (0.244) [<0.01] (0.027) (0.242) [0.557]

CHF —0.001 0.600¢ — 2.47 535 0.05 0.010 0.125 — 349 0.01
(0.009) (0.162) [0.013]  [<0.01] (0.018) (0.270) [<0.01]

EUR 0.003 0.401 - 829 0.02 0.018 0.252 — 408 0.01
(0.011) (0.273) [<0.01] (0.027) (0.330) [<0.01]

GBP 0.004 0.395% — 2.61 618 0.02 0.007 0.637 — 262 0.05
(0.013) (0.232) [<0.01]  [<0.01] (0.027) (0.401) [0.324]

JPY 0.015 0.534¢ — 2.60 367 0.04 0.018 0.328¢ — 3.67 300 0.02
(0.011) (0.179) [<0.01]  [<0.01] (0.021) (0.183) [<0.01]  [0.020]

NOK - - - - - — - — — —

NZD 0.018 ¢ 0.391° — 3.90 570 0.03 0.037 0.326 — 336 0.02
(0.010) (0.156) [<0.01]  [<0.01] (0.026) (0.207) [<0.01]

SEK 0.009 0.544¢ — 2.33 514 0.04 0.025 0.408¢ — 2.82 315 0.03
(0.009) (0.196) [0.020]  [<0.01] (0.021) (0.210) [<0.01]  [<0.01]

Subsample

AUD 0.018 —0.086 — 566 0.01 0.058 0.271 — 175 0.01
(0.018) (0.447) [<0.01] [0.059] [0.388] [1.000]

CAD 0.012 —0.195 — 1015  0.03 0.052 0.294 — 247 0.01
(0.013) (0.371) [<0.01] [0.050] [0.501] [0.573]

CHF 0.008 0.349 — 580 0.01 0.016 —0.172 — 314 0.01
(0.013) (0.283) [<0.01] [0.029)] [0.418] [<0.01]

EUR 0.009 —0.092 — 710 0.01 0.023 0.222 — 367 0.01
(0.017) (0.414) [<0.01] [0.045) [0.450] [<0.01]

GBP 0.013 0.079 — 744 0.01 0.033 0.828 — 237 0.04
(0.019) (0.556) [<0.01] [0.052] [0.609] [0.742]

JPY 0.034° 0.539 - 383 0.02 0.064 0.576° — 1.52 316 0.04
(0.016) (0.353) [<0.01] [0.041] [0.280] [0.130]  [<0.01]

NOK - - - - - — - — — —

NZD 0.018 0.239 — 533 0.01 0.050 0.416 — 263 0.03
(0.016) (0.276) [<0.01] [0.042) [0.260] [0.310]

SEK 0.012 —0.005 - 630 0.01 0.034 0.436 — 361 0.02
(0.014) (0.374) [<0.01] [0.043) [0.403] [<0.01]
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Table 6. Predictive Regression Results under Alternative Estimation Methods

The table presents the estimates of the predictive regression (16) for implied volatility changes using three estimation methods: bias-corrected least squares (BC), 99%

winsorized sample least squares (WINS) and errors-in-variables (EIV). The implied volatility changes are for 1-month Model-Free implied volatility and At-the-Money-Forward

implied volatility for nine US dollar exchange rates. th

is the t-statistic for the null hypothesis § = 1, and is only reported when (3 is statistically different from zero.

Standard errors are reported in parentheses and p-values in brackets. The superscripts a, b, and ¢ indicate statistical significance at the 10%, 5%, and 1% level, respectively.
The standard errors and p-values of the bias-corrected least squares are obtained by generating 10,000 time series using the moving blocks bootstrap (see Gongalves and

White, 2005). The optimal length for the block bootstrap is set as the number of overlapping periods plus 1. The full sample period comprises daily observations from
January 1996 to September 2009, except for EUR that starts in January 1999. The subsample ranges from October 2003 to September 2009. The data are obtained from

JP Morgan.

Full Sample

AUD
CAD
CHF
EUR
GBP
JPY
NOK
NZD
SEK

Subsample

AUD
CAD
CHF
EUR
GBP
JPY
NOK
NZD
SEK

Model-Free Implied Volatility

At-the-Money-Forward Implied Volatility

BBC t}gC ﬂWINS ta/INS ﬂEIV t%IV ﬂBC t/}gC BWINS’ te[/INS ﬂEIV t%IV
0.133 - 0.162 - 0.129 — 0.140 — 0.168 - 0.134 -
(0.227) (0.205) (0.234) (0.228) (0.208) (0.234)
0.274 — 0.292 — 0.279 — 0.246 — 0.267 - 0.251 -
(0.236) (0.229) (0.244) (0.234) (0.227) (0.242)
0.607¢ —2.18 0.616° —2.17 0.615¢ —2.11 0.577¢ —2.45 0.582° — 2.46 0.584¢ —2.40
(0.180) [0.040] (0.177) [0.030] (0.182) [0.040] (0.173) [0.021] (0.170) [0.014] (0.173) [0.014]
0.409 — 0.456¢ —1.98 0.418 - 0.386 - 0.426 - 0.393 -
(0.293) (0.276) [0.048] (0.301) (0.279) (0.266) (0.286)
0.385% —2.40 0.435¢ —2.38 0.422 - 0.329 —2.79 0.375% — 2.83 0.369* —2.55
(0.256) [0.036] (0.238) [0.017] (0.260) (0.240) [0.022] (0.221) [<0.01] (0.248) [0.022]
0.550¢ —2.30 0.558°¢ —2.35 0.549° —2.28 0.523¢ — 2.64 0.529¢ — 2.72 0.522¢ — 2.68
(0.196) [0.018] (0.188) [0.019] (0.198) [0.014] (0.180) [<0.01] (0.173) [<0.01] (0.179) [<0.01]
0.530¢ —2.55 0.543°¢ —2.59 0.544¢ — 247 0.439¢ — 3.25 0.451¢ — 3.30 0.452¢ — 3.15
(0.184) [0.013] (0.177) [0.010] (0.185) [0.029] (0.173) [<0.01] (0.167) [<0.01] (0.174) [<0.01]
0.343%° — 4.50 0.362°  — 4.49 0.345° — 4.22 0.331° —4.74 0.347° — 4.74 0.331° — 4.45
(0.146) [<0.01] (0.142) [<0.01] (0.155) [<0.01] (0.141) [<0.01] (0.138) [<0.01] (0.150) [<0.01]
0.666° —1.60 0.662°¢ —1.68 0.662¢ —1.55 0.553¢ —231 0.554¢ —2.36 0.553° —2.21
(0.208) [0.104] (0.202) [0.094] (0.217) [0.113] (0.194) [0.020] (0.189) [0.018] (0.202) [0.024]
—0.156 - —0.130 - —0.159 — —0.114 — 0.163 - 0.144 -
(0.490) (0.471) (0.518) (0.453) (0.254) (0.288)
—0.115 — —0.085 — —0.193 - —0.102 - 0.241 — 0.330 —
(0.372) (0.349) (0.389) (0.353) (0.281) (0.248)
0.246 — 0.261 — 0.243 - 0.286 — 0.464% —2.09 0.647¢ —1.58
(0.317) (0.308) (0.339) (0.301) (0.256) [0.026] (0.224) [0.115]
—0.095 — —0.048 — —0.097 - —0.069 - 0.297 - 0.426 -
(0.451) (0.427) (0.445) (0.399) (0.291) (0.266)
0.054 — 0.156 — 0.080 - 0.135 - 0.631° —1.51 0.516 -
(0.576) (0.536) (0.615) (0.507) (0.244) [0.084] (0.333)
0.545 — 0.548 — 0.552 - 0.605* —1.18 0.980¢ —0.07 0.597¢ —1.81
(0.366) (0.353) (0.404) (0.335) [0.239] (0.271) [0.925] (0.223) [0.071]
0.052 — 0.075 — 0.032 - 0.055 - 0.392 — 0.476° —225
(0.392) (0.376) (0.402) (0.352) (0.252) (0.233) [0.025]
0.260 — 0.267 — 0.245 - 0.271 — 0.402¢ —2.57 0.380° — 3.22
(0.322) (0.316) (0.348) (0.307) (0.232) [0.024] (0.193) [<0.01]
0.065 — 0.076 — 0.011 - 0.038 - 0.336 — 0.544> —2.00
(0.365) (0.348) (0.367) (0.323) (0.242) (0.229) [0.046]
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Table 7. Predictive Regression Results for Non-Overlapping Monthly Observations

The table presents the ordinary least squares (OLS) estimates of the predictive regression (16) for non-overlapping monthly observations. The Model-Free and At-the-

Money-Forward 1-month implied volatility changes are for nine US dollar exchange rates. t8 is the t-statistic for the null hypothesis 8 = 1, and is only reported when [3
is statistically different from zero. BL is the Box-Ljung statistic for the null hypothesis of no autocorrelation in the regression residuals between 1 and 12 observations.
R2 is the coefficient of determination. Asymptotic standard errors are reported in parentheses and p-values in brackets. The superscripts a, b, and ¢ indicate statistical
significance at the 10%, 5%, and 1% level, respectively. The full sample period comprises monthly observations from January 1996 to September 2009, except for EUR that
starts in January 1999. The subsample ranges from October 2003 to September 2009. The data are obtained from JP Morgan.

Full Sample
AUD

CAD
CHF
EUR
GBP
JPY
NOK
NZD
SEK

Subsample
AUD

CAD
CHF
EUR
GBP
JPY
NOK
NZD
SEK

Model-Free Implied Volatility

At-the-Money-Forward Implied Volatility

a 8 8 BL R? a B 8 BL R2
0.014 0.090 - 17.3 0.01 0.015 0.090 - 18.3  0.01
(0.012) (0.190) [0.139] (0.012) (0.184) [0.106]

0.016 0.273 - 10.8  0.01 0.018 0.251 - 9.9  0.01

(0.010) (0.212) [0.546] (0.011) (0.204) [0.625]
—0.004 0.641¢ — 1.63 132 0.04 —0.003 0.611¢ — 1.82 142 0.04

(0.011) (0.221) [0.105]  [0.352] (0.011) (0.213) [0.070]  [0.286]
—0.001 0.586° —1.71 344  0.04 0.002 0543  — 195  36.0  0.03

(0.012) (0.242) [0.090]  [<0.01] (0.012) (0.235) [0.054]  [<0.01]

0.002 0.392% — 2.71 25 0.01 0.004 0.336 - 2.8 0.01

(0.014) (0.225) [<0.01]  [0.998] (0.014) (0.207) [0.997]

0.016 0.508° — 2.27 15.9  0.03 0.017 0.471% — 255 15.6  0.02

(0.014) (0.217) [0.025]  [0.194] (0.014) (0.207) [0.012]  [0.208]

0.007 0.507° —2.26 45  0.03 0.008 0.415° — 2.87 50  0.02

(0.012) (0.218) [0.025]  [0.973] (0.012) (0.204) [<0.01]  [0.959]

0.019® 0.380° — 3.45 9.7  0.02 0.021 @ 0.355° — 3.79 9.4  0.02

(0.012) (0.180) [<0.01]  [0.642] (0.012) (0.170) [<0.01]  [0.672]

0.006 0.655¢ — 1.51 102 0.04 0.009 0.550° —2.12 10.9  0.03

(0.012) (0.228) [0.132]  [0.598] (0.012) (0.212) [0.035]  [0.535]

0.018  —0.140 - 85  0.01 0.016  —0.134 - 9.6  0.01

(0.022) (0.354) [0.748] (0.022) (0.335) [0.647]

0.015 0.005 - 6.6  0.01 0.015  —0.002 - 72 0.01

(0.019) (0.439) [0.884] (0.020) (0.422) [0.846]

0.006  —0.022 - 9.0  0.01 0.006  —0.022 - 84  0.01

(0.015) (0.388) [0.705] (0.015) (0.375) [0.752]

0.009  —0.043 - 9.6  0.01 0.009  —0.100 - 92  0.01

(0.019) (0.408) [0.650] (0.018) (0.383) [0.687]

0.010 0.286 - 17.0  0.01 0.012 0.239 - 18.0  0.01

(0.020) (0.437) [0.151] (0.019) (0.413) [0.117]

0.033 0.518 - 4.7 0.01 0.035 0.562 - 5.1 0.01

(0.025) (0.406) [0.257] (0.025) (0.394) [0.239]

0.011 0.121 - 10.6 0.01 0.011 0.073 - 10.7 0.01

(0.016) (0.384) [0.565] (0.016) (0.361) [0.559]

0.016 0.287 - 2.5  0.01 0.018 0.283 - 2.7 0.01

(0.020) (0.322) [0.998] (0.020) (0.309) [0.997]

0.013 0.088 - 10.3  0.01 0.013 0.031 - 0.2 0.01

(0.017) (0.368) [0.586] (0.017) (0.344) [0.599]
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Table 8. Predictive Regression Results for Implied Variances

The table presents the ordinary least squares (OLS) estimates of the predictive regression (16) using Model-Free and At-the-Money-Forward 1-month Implied Variance

changes on nine US dollar exchange rates. t” is the t-statistic for the null hypothesis § = 1, and is only reported when [3 is statistically different from zero. BL is
the Box-Ljung statistic for the null hypothesis of no autocorrelation in the regression residuals between 21 and 252 trading days. R2 is the coefficient of determination.
Newey-West (1987) standard errors are reported in parentheses and p-values in brackets, which are computed using a lag equal to the number of overlapping periods plus 1.
The superscripts a, b, and ¢ indicate statistical significance at the 10%, 5%, and 1% level, respectively. The full sample period comprises daily observations from January

1996 to September 2009, except for EUR that starts in January 1999. The subsample ranges from October 2003 to September 2009. The data are obtained from JP Morgan.

Model-Free Implied Variance At-the-Money-Forward Implied Variance

a B 8 BL R? o 8 th? BL R?

Full Sample

AUD 0.055° 0.031 — 388 0.01 0.056 © 0.035 — 404 0.01
(0.022) (0.296) [<0.01] (0.021) (0.298) [<0.01]

CAD 0.053 ¢ 0.226 — 487 0.01 0.056 ¢ 0.196 — 502 0.01
(0.020) (0.260) [<0.01] (0.019) (0.257) [<0.01]

CHF 0.012 0.603 ¢ — 2.12 568 0.04 0.016 0.573°¢ —2.39 566 0.04
(0.020) (0.188) [0.034]  [<0.01] (0.020) (0.179) [0.017]  [<0.01]

EUR 0.019 0.385 — 886 0.01 0.023 0.373 — 925 0.02
(0.029) (0.326) [<0.01] (0.026) (0.312) [<0.01]

GBP 0.030 0.376 — 554 0.01 0.035 0.333 — 565 0.01
(0.032) (0.282) [<0.01] (0.030) (0.253) [<0.01]

JPY 0.064° 0439 —247 405 0.01 0.064° 0.420° — 2.87 388 0.02
(0.026) (0.227) [0.013]  [<0.01] (0.027) (0.202) [<0.01]  [<0.01]

NOK 0.036 0524¢  —240 435  0.02 0.041 0432° - 310 453 0.02
(0.026) (0.199) [0.017]  [<0.01] (0.026) (0.184) [<0.01]  [<0.01]

NZD 0.061° 03087 — 408 433  0.01 0.064° 02047 — 432 457  0.01
(0.021) (0.170) [<0.01] [<0.01] (0.021) (0.163) [<0.01]  [<0.01]

SEK 0.034 0.640 ¢ — 1.54 436 0.03 0.039 0.534° — 2.19 462 0.03
(0.025) (0.233) [0.123]  [<0.01] (0.024) (0.213) [0.020]  [<0.01]

Subsample

AUD 0.080 —0.446 — 289 0.01 0.071 —0.414 — 300 0.01
(0.054) (0.662) [0.053] (0.046) (0.639) [0.021]

CAD 0.047 —0.192 — 749 0.01 0.044 —0.220 — 790 0.01
(0.033) (0.423) [<0.01] (0.031) (0.432) [<0.01]

CHF 0.031 0.200 — 668 0.01 0.034 0.236 — 655 0.01
(0.030) (0.335) [<0.01] (0.029) (0.329) [<0.01]

FUR 0.042 —0.189 — 770 0.01 0.040 —0.196 — 796 0.01
(0.047) (0.518) [<0.01] (0.040) (0.482) [<0.01]

GBP 0.057 —0.080 — 605 0.01 0.056 —0.079 — 660 0.01
(0.056) (0.721) [<0.01] (0.047) (0.673) [<0.01]

JPY 0.104° 0.363 — 384 0.01 0.109° 0.456 — 373 0.01
(0.042) (0.438) [<0.01] (0.043) (0.419) [<0.01]

NOK 0.038 —0.048 — 607 0.01 0.037 —0.060 — 638 0.01
(0.033) (0.472) [<0.01] (0.029) (0.440) [<0.01]

NZD 0.063 0.140 — 309 0.01 0.066 ¢ 0.151 — 329 0.01
(0.042) (0.394) [<0.01] (0.038) (0.387) [<0.01]

SEK 0.042 —0.033 — 563 0.01 0.041 —0.061 — 624 0.01
(0.035) (0.445) [<0.01] (0.031) (0.411) [<0.01]
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Table 9. Predictive Regression Results for a Pool of Dealers

The table presents the ordinary least squares (OLS) estimates of the predictive regression (16) for a pool of six individual dealers: the Bank of America, Bank of
Tokyo-Mitsubishi UFJ, Composite NY, GFI Group, TFS-ICAP, and Tullet Prebon. The Bloomberg quote is the Bloomberg generic quote (BGN), which uses a proprietary
algorithm for averaging across dealers that accounts for outliers and the number of transactions carried out by each dealer. The volatility changes are measured over 1-month
but are observed daily. t8 is the t-statistic for the null hypothesis that 5 = 1. Newey-West (1987) standard errors are reported in parentheses and p-values in brackets,
which are computed using a lag equal to the number of overlapping periods plus 1. The superscripts a, b, and ¢ indicate statistical significance at the 10%, 5%, and 1%
level, respectively. t” is only reported when [ is statistically different from zero. The sample period comprises daily observations for six US dollar exchange rates from
December 2005 to September 2009. The data are obtained from Bloomberg.

AUD CAD EUR GBP JPY NZD
B tf Bt Bt Bt B t° Bt
Model-Free Implied Volatility
Bank of America —-0.222 — —-0.252 — —-0.280 — —-0.221 - 0.445 — 0.207 —
(0.456) (0.255) (0.442) (0.626) (0.357) (0.321)
Bank of Tokyo — - — — — — — — — — — —
Composite NY -0.210 - -0.077 - —0.285 — -0.117 - 0.380 — 0.149 —
(0.431) (0.179) (0.390) (0.536) (0.264) (0.289)
GFI Group —0.255 — -0.192 - —-0.167 -— -0.117 - 0.395 — 0.116 —
(0.325) (0.224) (0.360) (0.516) (0.304) (0.288)
TFS-ICAP -0.169 — —-0.062 — —-0.181 — -0.173 — 0.483 — 0.194 —
(0.362) (0.215) (0.350) (0.506) (0.358) (0.318)
Tullett Prebon — - — — — — — — — — — —
Bloomberg Quote —-0.224 - -0.177 - —-0.257 — -0.137 - 0.381 — 0.174 —
(0.423) (0.236) (0.401) (0.558) (0.303) (0.304)

At-the-Money-Forward Implied Volatility

Bank of America —-0.150 — -0.209 - —-0.280 — —-0.186 — 0.512 — 0.212 —
(0.426) (0.250) (0.389) (0.568) (0.338) (0.309)

Bank of Tokyo —-0.160 — — — —0.060 — -0.123 — 0.450 — — —
(0.444) (0.218) (0.517) (0.308)

Composite (NY) -0.139 -— —0.066 — —-0.230 — —-0.068 — 0.488% —2.00 0.163 —
(0.407) (0.174) (0.356) (0.486) (0.256) [0.045] (0.279)

GFI Group -0.171 - —-0.149 — —-0.236 — —-0.035 — 0.533¢ —1.58 0.167 —
(0.421) (0.230) (0.367) (0.483) (0.295) 0.114] (0.278)

TFS-ICAP —0.112 —  —0074 —  —0.187 —  —0.158 —  0462° —2.03 0184 -—
(0.372) (0.210) (0.332) (0.471) (0.265) [0.043] (0.303)

Tullett Prebon 0.068 — —-0.078 — -0.119 - —-0.047 — 0.510° —2.00 — —
(0.352) (0.153) (0.284) (0.229) (0.245) [0.046]

Bloomberg Quote —-0.147 — —0.148 — —-0.231 - —0.087 — 0.501¢ —1.70 0.189 —
(0.402) (0.231) (0.363) (0.512) (0.293) [0.089] (0.300)
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Table 10. The Economic Value of Volatility Speculation

The table shows the in-sample and out-of-sample economic value of volatility speculation. CT' Vs is the Carry
Trade in Volatility Strategy based on the 1-month Model-Free implied volatility and C'T'VArprF is based on the
1-month At-the-Money-Forward implied volatility. CT'C' is the Carry Trade in Currency Strategy. The two CTV
strategies condition on the forward volatility bias by building an efficient portfolio investing in a US bond and nine
forward volatility agreements. The CTC strategy conditions on the forward bias by building an efficient portfolio
investing in a US bond and nine forward exchange rates. The Combined Strategy conditions on both the forward bias
and the forward volatility bias. Each strategy maximizes expected returns subject to a target volatility O';Z 10%. The
benchmark strategy is riskless investing implied by unbiasedness. The annualized percent mean, volatility and Sharpe
ratio of each portfolio are denoted by Hps Op and SR, respectively. © is the Goetzmann et al. (2007) performance
measure, which is expressed in annual basis points and is for Y = 6. The results are reported net of the effective
bid-ask spread, which is assumed to be equal to 50%, 75% and 100% of the quoted spread. The quoted spread is
set to be equal to 160 basis points for trading forward volatility agreements and 10 basis points for trading spot and
forward exchange rates. The sample period comprises daily observations from January 1996 to September 2009. The
out-of-sample period proceeds forward using a 3-year rolling window. The data are obtained from JP Morgan.

In-Sample Out-of-Sample
Carry Trade Strategy s op SR (C] s op SR S}

Effective Spread = 50% Quoted Spread
Model-Free Implied Volatility (CTVyr) 23.3 129 1.52 1441 21.3 125 1.68 1632

ATMF Implied Volatility (CTVarymr) 246 12.8 1.61 1563 25.0 125 1.73 1700
Currency (CTC) 11.2 10.1 0.73 446 19.6 13.3 1.22 1087
Combined (CTVyr & CTC) 253 124 1.74 1655 36.7 14.8 2.26 2678
Combined (CTVaryr & CTC) 26.3 123 182 1767 373 149 229 2732

Effective Spread = 75% Quoted Spread
Model-Free Implied Volatility (CTVyr) 19.9 129 1.25 1103 19.6 12,5 1.30 1166

ATMEF Implied Volatility (CTVaryr) 21.3 128 1.36 1238 204 125 1.36 1246
Currency (CTC) 10.5 10.1 0.68 379 187 133 1.15 999
Combined (CTVyr & CTC) 21.8 123 146 1322 319 14.7 194 2211
Combined (CTVaryr & CTC) 229 123 155 1434 326 14.8 197 2273

Effective Spread = 100% Quoted Spread
Model-Free Implied Volatility (CTVyr) 16.5 129 099 764 149 125 092 698

ATMEF Implied Volatility (CTVarymr) 18.0 129 1.10 911 15.8 12,5 1.00 789
Currency (CTC) 9.86 10.1 0.60 312 17.8 133 1.09 911
Combined (CTVyr & CTC) 18.3 123 1.18 977 271 147 1.61 1740
Combined (CTVaryr & CTC) 19.5 123 1.28 1100 279 148 1.66 1811
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Table 11. The Economic Value of Volatility Speculation for the Random Walk

The table shows the in-sample and out-of-sample economic value of volatility speculation when v and (3 are set
equal to zero in the predictive regression (16). This is equivalent to implementing the naive random walk model for
implied volatility changes. RRWjsr is the Random Walk based on the 1-month Model-Free implied volatility and
RW srapF is based on the the 1-month At-the-Money-Forward implied volatility. The two RW strategies build an
efficient portfolio investing in a US bond and nine forward volatility agreements. Each strategy maximizes expected
returns subject to a target volatility O';: 10%. The benchmark strategy is riskless investing implied by unbiasedness.
The annualized percent mean, volatility and Sharpe ratio of each portfolio are denoted by Hps Tp and SR, respectively.

© is the Goetzmann et al. (2007) performance measure, which is expressed in annual basis points and is for 7 = 6.
The results are reported net of the effective bid-ask spread, which is assumed to be equal to 50%, 75% and 100% of the
quoted spread. The quoted spread is set to be equal to 160 basis points for trading forward volatility agreements. The

sample period comprises daily observations from January 1996 to September 2009. The out-of-sample period proceeds
forward using a 3-year rolling window. The data are obtained from JP Morgan.

In-Sample Out-of-Sample
Carry Trade Strategy s o, SR O s o, SR ©
Effective Spread = 50% Quoted Spread
Model-Free Implied Volatility (RWr) 23.1 13.0 149 1404 25.2 133 1.63 1612
ATMF Implied Volatility (RWarnyr) 23.5 129 1.53 1451 25.1 13.1 1.65 1621
Effective Spread = 75% Quoted Spread
Model-Free Implied Volatility (RWr) 19.6 13.0 1.22 1062 20.6 13.3 1.30 1165
ATMF Implied Volatility (RWarnr) 20.1 12,9 1.27 1120 20.6 13.1 1.32 1183
Effective Spread = 100% Quoted Spread
Model-Free Implied Volatility (RWpr) 16.2 13.0 095 718 16.0 13.2 096 715
ATMEF Implied Volatility (RW ararr) 16.8 129 1.00 789 16.2 13.0 0.98 743
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Carry Trade Strategies: Correlations

| |
2002 2003 2004 2005 2006 2007 2008 2009 2010
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Corr(CTVy,CTC) - —-—- Corr(CTV ppyp,CTC)

Figure 3. Out-of-Sample Correlations for the Carry Trade Strategies

The figure displays the correlation between the daily portfolio returns of: (i) the carry trade in volatility strategy using
model-free IV (CT'Vir) and the carry trade in currency strategy (CT'C) (solid line), and (ii) the carry trade in volatility
strategy using at-the-money forward IV (CTVara) and the carry trade in currency strategy (CTC) (dashed line). The
portfolio returns are generated using a three-year out-of-sample estimation window. The strategies assume that the
effective transaction cost is equal to 75% of the quoted transaction cost, where the latter is set to 160 basis points for
the CTV strategies and 10 basis points for the CTC strategy. The shaded area indicates that the sample correlation is

statistically different from zero with 95% confidence. Statistical significance is assessed using the Fisher transformation.
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Carry Trade Strategies: Sharpe Ratios
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Figure 4. Out-of-Sample Sharpe Ratio of Carry Trade Strategies

The figure displays the annualized Sharpe ratio (SR) for three strategies: (i) the carry trade in volatility strategy using
model-free IV (CT'Vyr) (solid line); (ii) the carry trade in volatility strategy using at-the-money forward IV (CT'Varar)
(dashed line); and (iii) and the carry trade in currency strategy (CT'C) (dotted line). The portfolio returns are generated
using a three-year out-of-sample estimation window. The strategies assume that the effective transaction cost is equal
to 75% of the quoted transaction cost, where the latter is set to 160 basis points for the CTV strategies and 10 basis
points for the CTC strategy.
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