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Abstract

A stylized theoretical model with stochastic volatility suggests the ex-
istence of a trade-off between returns and volatility-of-volatility. Using the
VVIX index as empirical measure, we confirm this prediction and detect
that time-varying aggregate volatility-of-volatility commands an econom-
ically substantial and statistically significant negative risk premium. We
find a two-standard deviation increase in aggregate volatility-of-volatility
factor loadings to be associated with a decrease in average annual returns
of about 11%. This phenomenon cannot be explained by aggregate volatil-
ity, jump risk, and several other characteristics and factor sensitivities, or

by a crisis effect.
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I Introduction

In this paper, we study whether aggregate volatility-of-volatility influences stock returns.!
Aggregate volatility-of-volatility is important because it characterizes the distribution of
stochastic volatility. While there seems to be a consensus that stochastic volatility is impor-
tant for asset pricing (e.g., Ang et al., 2006b; Barndorff-Nielsen & Veraart, 2012), volatility-
of-volatility, thus far, has received considerably less attention. However, the volatility of
stochastic volatility likely also carries important information on the current and future in-
vestment opportunity set. Hence, if an innovation to aggregate volatility-of-volatility pre-
dicts a worsening of future investment opportunities, investors seek to insure against this,
demanding stocks with low sensitivities to innovations in volatility-of-volatility.

Using a simple stylized theoretical model with recursive preferences and consumption
uncertainty in the spirit of Bollerslev et al. (2009) we motivate the existence of a volatility-
of-volatility-return trade-off in addition to the commonly employed risk-return and volatility-
return trade-offs. Based on the model predictions, we show empirically that volatility-of-
volatility is indeed significantly priced in the stock market.

We document the trade-off between volatility-of-volatility and returns using several steps.
First, we show that market volatility-of-volatility, measured using the VVIX index, is distinct
from market volatility. The shocks to the two measures are only moderately correlated (0.67)
and the overall dynamics appear to be substantially distinct. Moreover, empirically, the VIX
forecasts future market volatility, while the VVIX forecasts the future volatility of the VIX.
Second, following the empirical framework of Ang et al. (2006a) and Cremers et al. (2015), we
show that the single-sorted hedge portfolio on innovations in aggregate volatility-of-volatility
yields an annual return of —4.91% and an alpha of —6.35% with respect to the factor model of
Hou et al. (2015b).? Additionally, using Fama & MacBeth (1973) cross-sectional regressions,
we find that a two-standard deviation increase in aggregate volatility-of-volatility factor
loadings is associated with a significant decrease in average annual returns of about 11%.

We show that these results hold both for value-weighted and equally weighted sorts and

! Aggregate volatility-of-volatility denotes the volatility of the volatility of the aggregate stock market.
2The alpha with respect to the classical Carhart (1997) 4-factor model is —4.91%, which is also signifi-
cantly different from zero.



regressions and prevail after controlling for canonical characteristics and popular market
risk factors, including, e.g., beta, aggregate volatility, size, liquidity, and jump risk.

Third, we show that our findings are robust to various additional tests. Performing
multivariate sensitivity estimations to control for various aggregate factors, our conclusions
are unchanged. Likewise, we find that our results are not driven by the 2008-2009 financial
crisis. Lastly, we show that innovations in aggregate volatility-of-volatility can be hedged
using options written on the volatility index.

Our work is related to recent studies on uncertain volatility. Epstein & Ji (2013) for-
mulate a multiple priors model with ambiguity about volatility. Our approach is similar
in that we consider uncertainty about volatility. However, we use a direct smooth measure
to capture this uncertainty. Huang & Shaliastovich (2014) show that there is a volatility-
of-volatility risk premium in the cross-section of delta-hedged S&P 500 and VIX options.
Unlike Huang & Shaliastovich (2014) we study the pricing of aggregate volatility-of-volatility
in the cross-section of equity returns. Studying the cross-section of stock returns allows us
to control for several other cross-sectional risk factors, which is not easily possible when
working with hedged options portfolios. Baltussen et al. (2015) show that the volatility-of-
volatility of individual stocks is significantly negatively priced in the cross-section of stock
returns. As opposed to our study, Baltussen et al. (2015) primarily use a measure of idio-
syncratic volatility-of-volatility and cannot detect a significant effect using past sensitivities
from aggregate factor specifications with high-minus-low idiosyncratic volatility-of-volatility
portfolios or the volatility-of-volatility from at-the-money (ATM) S&P 500 options. We, in
turn, examine model-free aggregate market volatility-of-volatility, represented by the VVIX,
as a state variable concentrating on systematic instead of idiosyncratic effects. Chen et al.
(2014) measure volatility-of-volatility using high-frequency index option data and empirically
find volatility-of-volatility to carry a significantly negative risk premium. Our study differs
from theirs in two important dimensions. First, we directly use the VVIX index provided
by the CBOE, instead of a high frequency intraday realized variance measure of the VIX
index. Consequently, we use a forward-looking volatility measure instead of past variation
in forward-looking volatility. This is important since there appears to be a consensus in the

literature, that using implied instead of historical volatility estimates significantly improves



prediction accuracy (e.g., Jiang & Tian, 2005; Prokopczuk & Wese Simen, 2014). Second,
we present a model framework with recursive Epstein—Zin preferences and consumption un-
certainty that rationalizes our empirical results.

Our work also connects to the literature on aggregate risk factors including Ang et al.
(2006b), Adrian & Rosenberg (2008), Han & Zhou (2012), Chang et al. (2013), Lettau et al.
(2014), and Cremers et al. (2015). However, our focus is different. While previous studies test
whether aggregate volatility, its components, or higher moments are priced, we complement
the existing literature by examining the implications of aggregate volatility-of-volatility for
the stock market.

Finally, our paper relates to the literature on long-run risks pioneered by Bansal & Yaron
(2004). Our empirical model especially builds on Bollerslev et al. (2009), Campbell et al.
(2014) and Bali & Zhou (2015). We show that with the model assumptions commonly
employed in the literature, especially those of more recent works, the expected return beta
representation implies that volatility-of-volatility is priced in asset markets.

The remainder of this paper is organized as follows. Section II presents a simple model
that implies a trade-off of aggregate volatility-of-volatility and stock returns. Section III
describes our dataset and methodology. Section IV presents our empirical results with port-
folio sorts and cross-sectional regressions. Section V presents further analyses and robustness
tests. Finally, Section VI concludes. Appendices A and B provide detailed descriptions of

all variables used in the paper.

I Model Formulation

We build on the results of Bollerslev et al. (2009), Campbell et al. (2014), and Bali & Zhou
(2015) and impose a stylized intertemporal asset pricing model with stochastic volatility to
theoretically motivate the volatility-of-volatility-return trade-off.

The representative agent has Epstein & Zin (1989) preferences with the value function
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where C; is the consumption at time ¢, and the preference factors of the representative
agent are denoted by ¢, the subjective discount factor, and =, the coefficient of relative risk-
aversion. As is commonly done, for convenience we define = (1 —+) /(1 —1/v), with ¢
being the elasticity of intertemporal substitution. As shown by Epstein & Zin (1991), the

corresponding stochastic discount factor (SDF) can be expressed as

0
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W, is the market value of the agent’s consumption stream. The logarithm of the SDF is then

7
mey1 = 91116 — Egt_i_l + (9 — 1) Tt41- (3)
riv1 = In (Wi / (W, — C})) is the log return on wealth and g1 = Aciyq is the log con-
sumption growth. We follow Bollerslev et al. (2009) and Bali & Zhou (2015) assuming the

following joint dynamics for consumption growth and consumption growth volatility

Jtv1 = Mg+ O'S,tZHla (4)
Tgis1 = Qo+ Po0y, + \/GiZost, (5)
Gt+1 = Qg+ Peqt + SDq\/an,t—i-l- (6)

ltg is the constant mean growth rate, 0§7t denotes the conditional variance of consumption
growth, ¢; represents the volatility uncertainty process, while 2,11, 2,11, and 2,41 describe
independent i.i.d. N(0,1) processes. The parameters satisfy a, > 0, a, > 0, |p,| < 1,
lpgl <1, and ¢, > 0.

Let w; denote the logarithm of the price-dividend ratio, or price-consumption or wealth-
consumption ratio, of the asset that pays the consumption endowment. To find the equilib-
rium, one can conjecture a solution for w; as an affine function of the state variables o7, and

qt,
Wt — AO + AO'O—;t + Ath- (7)

Using the standard Campbell & Shiller (1988) approximation 7,11 = Ko+ K1wWir1 — Wi + Gei1,



a solution for the coefficients Ay, A,, and A, can be obtained (Bollerslev et al., 2009). Note
that, assuming v > 1 and % > 1, hence ¢ < 0, it holds that both A, < 0 and A, < 0.
Substituting the Campbell & Shiller (1988) approximation into Equation (3), one obtains a
pricing kernel without reference to consumption growth (Campbell et al., 2014; Bali & Zhou,
2015)

0
M1 = 0Ind + —kKy — —wp + —K1Wip1 — Vg1 (8)
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Assuming a conditional joint log-normal distribution with time-varying volatility for the

asset returns, the risk premium on any asset j is given by

Ey(rju41) — 750 + §Va7”t(7’j,t+1) = —Covy (Myy1,7j141) - (9)

Inserting the pricing kernel without reference to consumption growth in Equation (8) into

Equation (9), one can obtain an ICAPM pricing relation of the following form:

1
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Inserting Equation (7) into Equation (10) yields:

1
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Apart from the variance term Var,(r;;+1), there is the usual risk-return trade-off ~,
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k1A, can be detected from this formulation. This formulation may already directly serve

a trade-off of returns and variance —~k1A,, and a volatility-of-volatility-return trade-off

_8
¥

as a motivation for why both shocks to volatility and volatility-of-volatility should be priced
in the stock market. However, in this formulation, O’SJ 41 and g4 represent the moments of
the consumption processes.

The model also makes direct predictions on the relation of the expected return on wealth
and the consumption moment. From this, one can directly infer information on the variance

of the return on aggregate wealth (Bollerslev et al., 2009) as well as on volatility-of-volatility



on aggregate wealth. We use the equations o7, = Vary(ri1) = o2, + k7 (A2 + A2¢2) and

Qi =Varol, 1) = <1 + o2kt (AZ + Ag¢2)2>, to obtain the following relation:
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Equation (12) directly predicts a relation of current excess returns with variance and
volatility-of-volatility of aggregate wealth. Note, however, that technically, C'ov, (ofyt 15 rj,tﬂ)
and Cov; (Qy41,7j+1) denote the time-¢ covariances of asset returns with ¢ + 1 expectations
of variance and volatility-of-volatility over time ¢ + 2. Hence, for these higher-order terms
to be estimable and the model to be directly applicable, we have to assume that the current
expectation of aggregate variance and aggregate volatility-of-volatility provide good proxies
for next-period expectations.®> Further, note that Equation (12) implies a relation of the
variance as well as, technically, the variance-of-variance of total wealth with stock returns.
In our empirical tests, we use shocks to the empirically more robust measures of aggre-
gate volatility and aggregate volatility-of-volatility (e.g., Merton, 1980). However, shocks to
both volatility and squared volatility always have the same sign and are highly correlated
by construction. Hence, for the purpose of motivating our empirical analysis, although not
perfectly similar, the model delivers a reasonable description.

Transforming Equation (12) to a conditional beta representation, replacing the condi-

tional covariances with conditional betas, we get

Js s

1 ~ - -
Et(rj,t—l-l) — Tfﬂg + 5‘/@7}(7’]‘7154_1) =Y. 61\{5 + V. ﬁvt + Z - 5Qt (13)

Y, V., and Z denote the risk premia, while %7 j\{t, and BJ% are the conditional market,

variance, and volatility-of-volatility betas.

From Equation (12), one can infer the model predictions on the market prices of risk.

3In our empirical study, we use daily observations. Our proxies for aggregate volatility and volatility-
of-volatility denote expectations over the next 30 days. Hence, due to the large overlap of our empirical
measures, this assumption appears reasonable.



The market prices of risk are proportional to the derivative of the negative of the stochastic
discount factor to shocks in the state variables. It can be easily shown that the market price
of risk of shocks to aggregate wealth is positive, and, given that the parameters satisfy ) > 1,
8 <0, and A, < 0 as well as A, < 0, the market price of shocks to variance is negative. The

market price of risk on aggregate volatility-of-volatility is not clearly signed and depends on

the relation of A,k7 (A2 4 A202) and A,.

IIT Data and Methodology

A Data

We base our study on all stocks traded on the New York Stock Exchange (NYSE),
the American Stock Exchange (AMEX), and the National Association of Securities Dealers
Automated Quotations (NASDAQ) that are classified as ordinary common shares (Center
for Research in Security Prices (CRSP) share codes 10 or 11), excluding closed-end funds
and REITS (SIC codes 6720-6730 and 6798), for the sample period between March 01, 2006
and September 30, 2016. We obtain data on the VIX and the VVIX from the CBOE. The
VIX is constructed so that it represents the model-free 30-day implied volatility of the S&P
500 index. On February 24, 2006, the CBOE began trading options written on the VIX
and recently the CBOE started reporting the VVIX, which represents the model-free 30-day
implied volatility of the VIX.*® We also obtain five-minute intraday high-frequency data on
the VIX and the S&P 500 from the Thompson Reuters Tick History (TRTH) database.

We obtain daily and monthly price data as well as data on dividend payments, trading
volumes, firm age, and shares outstanding from CRSP. Following Amihud (2002) and Zhang
(2006), we exclude “penny stocks” with prices below 1 dollar. Additionally, we require
a market capitalization of at least 225 million dollars (D’Avolio, 2002; Baltussen et al.,

2015). These two thresholds serve to eliminate the most illiquid stocks that exhibit potential

4For the period prior to 2007, we compute the VVIX ourselves using the VIX methodology and options
on the VIX from OptionMetrics.

5For reliable implied moments, option liquidity is an important issue. The average daily trading volume
of VIX options was already greater than 8,000 in February 2006. It increased gradually to more than 500,000
contracts per day towards the end of the sample. For more information, refer to the CBOE homepage.



microstructure problems and may bias the results (Fama & French, 2008). Furthermore
they ensure that only stocks with relatively low short-sale constraints are selected (D’Avolio,
2002). On average, these selection criteria result in about 2,396 stocks included in our sample
per month.5 We adjust for delisting returns following Shumway (1997) and Shumway &
Warther (1999).

We collect balance sheet and income statement data from the Compustat database. Op-
tions data are from the IvyDB OptionMetrics database.” Data on the Fama & French (1993)
and momentum factors as well as the risk-free (Treasury Bill) rate are from Kenneth French’s
data library. We obtain data on the Pastor & Stambaugh (2003) liquidity factor from Robert
Stambaugh’s homepage and data on the Hou et al. (2015b) factors directly from Chen Xue.®

We provide detailed variable definitions of all variables used in the paper in Appendices

A and B.

B Empirical Framework

Our goal is to test whether stocks with different sensitivities to innovations in aggregate
volatility-of-volatility have different returns. To examine that, we follow a large body in the
asset pricing literature, and examine the contemporaneous relation between realized factor
loadings and realized returns (e.g., Black et al., 1972; and Fama & French, 1992; among
many others). Ang et al. (2006a) argue that while pre-formation factor loadings reflect both
actual variation in factor loadings and measurement error, post-formation factor loadings
are almost exclusively affected by stock return covariations with risk factors. Additionally,
they point out that if risk exposures, and hence factor loadings, are highly time-varying,
pre-formation factor loadings might be poor predictors of ex post risk exposures, leaving
the analysis with low power to detect relations between factor loadings and realized returns.

Addressing these concerns, our research design follows Ang et al. (2006a) and Cremers et al.

6The minimum is at 1,807 stocks eligible in February 2009, while the maximum results in April 2006,
with 2,794 stocks. The total number of firm-month observations is 280,333.

"Options data has only been available up to April 30, 2016 when we revised this manuscript. Hence, all
tests that include options data (e.g., jump, dSkew) are performed for the sample period until April 30, 2016.

8The data from Chen Xue is monthly and only ranges until December 2015. Therefore, we construct the
factors ourselves following the description in Hou et al. (2015a) to add the data for January until September
2016 as well as to obtain daily returns on the factors.



(2015) by estimating factor loadings for individual stocks using daily returns over rolling

annual periods from the regression:
Tig = Thr = g + B (rare — 1p0) + BLAVIX, + BRAVVIX, + €. (14)

rj, is the daily return of asset j on day 7, 75/, is the return of the market on that day,
and ry . is the risk-free rate. dV X, and dVVIX, are the daily innovation in the VIX (Ang
et al., 2006b) and VVIX indices.

To mirror the specification implied by our theoretical model in Equation (13), the regres-
sion in Equation (14) only includes the market excess return, innovations in aggregate volatil-
ity, and innovations in aggregate volatility-of-volatility. Furthermore, Ang et al. (2006b)
argue that including additional factors in the regression in Equation (14) may add a lot of
noise. We control for further factors when performing the time series and cross-sectional asset
pricing tests. As a robustness check and to account for possible model mis-specification, we
also consider multivariate joint factor loading estimations controlling for several aggregate

risk factors previously documented in the literature:
Tir = Tir = Qs + BN (rars — 150) + BLAVIX, + BRAVVIX, + B5,C, + €. (15)

(- contains one or more market factors, such as the Fama & French (1993) and Hou et al.
(2015b) factors, the innovations in market skewness and kurtosis (dSkew, dKurt) as shown by
Chang et al. (2013), the Cremers et al. (2015) straddle vol and jump factors, or innovations
in the market variance risk premium (Han & Zhou, 2012; dVRP). For the regressions in
Equations (14) and (15), we use daily returns over rolling annual periods to estimate the
sensitivities. For each period and stock, we require at least one hundred non-missing return
observations in order to estimate the factor sensitivities.”

Turning the focus on the measurement of innovations in an economic variable, there

9For the factor loading estimation regressions, potentially low explanatory power might be a concern.
In the basic specification, we find the model in Equation (14) to exhibit an average R-squared of 0.31 with
median 0.29. Thus, it can be concluded that the factor loading regressions possess substantial explanatory
power. In these regressions, the coefficient ﬂ% is significantly different from zero (at 10%) in 96% of the

cases while the coefficients ﬁ;{t and ﬁ;-‘?t are significantly different from zero in about 19% and 13% of the
cases, respectively.



generally exists a trade-off between a possible errors-in-variables problem using simple first
differences, if that fails to completely filter out the expected movement, versus the danger
of misspecifying a more complex equation for the expected movement in a variable (Chen
et al., 1986). We choose to measure the innovations in the VVIX index using the daily first
differences in the variable, similar to the way Ang et al. (2006b) obtain innovations in the
VIX, because the VVIX is highly serially correlated with a first-order autocorrelation of 0.94
during our sample period. Therefore, the current value of VVIX appears to be a relatively
good proxy for tomorrow’s expectation making the first difference quite adequately capture
its innovation. For robustness, we also consider measuring innovations in aggregate volatility-
of-volatility by fitting an ARMA(1,1) model on the complete time series of the VVIX index.
This approach results in a measure of innovations of dVVIX, = VVIX,—0.9989VVIX, |+
0.0839dVVIX,_1. The results of both approaches are qualitatively similar, which is further

discussed in the next section.'®

IV Empirical Results

A Descriptive Statistics

In addition to various firm characteristics, we consider the impact of several aggregate
state variables that have previously been examined in the literature. In Table 1 we report the
sample correlations between daily innovations in aggregate volatility-of-volatility (dVVIX),
innovations in aggregate volatility (dVIX; Ang et al., 2006b), the Fama & French (1993),
Carhart (1997), and Hou et al. (2015b) factors, and also the factors on market skewness and
kurtosis of Chang et al. (2013), stochastic volatility and jump risk of Cremers et al. (2015),
and innovations in the market variance risk premium (Han & Zhou, 2012).

First, we note that whether innovations are measured as simple first differences (dVVIX)

%0One may argue that the innovation in the VVIX captures both the innovation in aggregate volatility-
of-volatility and in the volatility-of-volatility risk premium. However, trying to estimate the risk premium
as the difference between the expected volatility-of-volatility, obtained using VIX futures and the VVIX as
described for the market variance risk premium in Appendix A, and the risk-neutral expectation, we find the
innovations in the risk premium to be only weakly related to total innovations in the VVIX with a correlation
of —0.12. Furthermore, when separating innovations in the VVIX from innovations in the risk premium and
testing their significance in a joint cross-sectional regression, we find that only the “true” innovations in
aggregate volatility-of-volatility are significantly priced. These results are available upon request.
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or as innovations in an ARMA(1,1) model (dVVIXarma) in fact does not make a differ-
ence. The two innovation measures are perfectly correlated. There is a negative correlation
of dVVIX with MKT of —0.55. The linear relation between dVVIX and dVRP, jump, and
dVIX, to which it might be related by construction, is of similar magnitude.!* Correlations of
dVVIX with other factors are negligible. Consequently, aggregate volatility-of-volatility ap-
pears to be distinct from other factors documented in the previous literature. In Table A1 of
the online appendix, we also examine the Spearman rank correlations of the aggregate factor
sensitivities. In general, these are very low. The rank correlation of aggregate volatility-of-
volatility and volatility sensitivities is even negative with —0.40 and substantially smaller in
magnitude than the correlation of factor innovations.

We provide further summary statistics in Table 2. In Panel A it can be seen that mean
and median innovations in the VVIX are close to zero. Measuring innovations in the VVIX
using the first difference is shown to result in a factor with very low autocorrelation (—0.13),
whereas using residuals from the fitted ARMA-model reduces the first-order autocorrelation
to practically zero. The remaining factors are mostly constructed as returns with means
close to zero and negligible autocorrelations.

Panels B and C of Table 2 present yearly summary statistics on the VVIX and ﬁj% factors
of individual stocks, respectively. It is quite interesting to observe that the yearly average
level of the VVIX is smallest in the crisis year 2009. In the years 2011, 2012, 2015, and 2016
the average volatility-of-volatility is substantially higher with values above 0.9. In 2013, there
is a sharp decrease, almost returning to the 2009 level. The mean and median sensitivities of
individual stocks to innovations in aggregate volatility-of-volatility, B]%, presented in Panel
C, are mostly close to zero. The highest average ﬁ]% and average cross-sectional standard
deviation results for rolling annual estimation periods starting in 2008.

The time series of the VIX and VVIX are plotted in Figure 1. We find that the level of
the VVIX is higher than that of the VIX throughout the entire sample period. The averages
of the VVIX and VIX are 0.87 and 0.20, respectively. Both, the S&P 500 and the VIX

HBollerslev et al. (2009) show that volatility-of-volatility is theoretically (positively) linked to the variance
risk premium. However, the sign depends on the definition of the variance risk premium as risk-neutral minus
physical expected variance. While we define it the other way around, our results are fully consistent with
their derivation.

11



are directly tradable, e.g., using futures on the respective indexes. Thus, the underlyings of
the option-implied volatilities are comparable and our results indicate that the risk-neutral
expectations of the variance of the returns on the VIX is substantially higher than that of
the returns on the S&P 500. Furthermore, the VVIX itself is by far more volatile and less
persistent compared to the VIX. The VVIX exhibits pronounced spikes that correspond with
news increasing economic uncertainty. For these news, typically the spikes in the VIX are
by far less pronounced or not perceptible. These news events include, e.g., the Bear Sterns
Hedge Funds Collapse (August 2007), the Lehman Brothers bankruptcy (September 2008),
the Freddie Mac and Fannie Mae crisis (May 2010), and the near collapse of the Russian
ruble (December 2014). Consequently, this stylized evidence provides further insights for the
notion that VVIX is a proxy for economic uncertainty, distinct from volatility.

One may wonder whether the VVIX helps predict future volatility and volatility-of-
volatility. To analyze this, we estimate predictive regressions for the realized volatility of
the S&P 500 and the VIX. We use the end-of-month observations of the VIX and VVIX
to predict the realized volatility, based on 5-minute returns, over the subsequent month.
We present the results in Table 3. We find that, univariately, both the VIX and the VVIX
significantly predict future realized variance. However, in a multivariate predictive regression,
only the VIX significantly predicts the future realized volatility of the market index. On the
other hand, we find that only the VVIX positively predicts the future realized volatility-of-
volatility, both in a univariate and a multivariate framework. These results are consistent
with those in Huang & Shaliastovich (2014) for a shorter sample period.

Overall, the results indicate that aggregate volatility-of-volatility, measured by the VVIX|
and aggregate volatility, measured by the VIX, have differential dynamics and are only weakly

related.

B Portfolio Sorts and Characteristics

To test whether aggregate volatility-of-volatility is priced in the stock market, we first
perform portfolio sorts. At the beginning of each month, we sort the stocks in ascending
order with respect to their sensitivities to innovations in volatility-of-volatility (63%) over

the following year. We form quintile portfolios, so that quintile 1 contains the stocks with
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the lowest exposure to aggregate volatility-of-volatility while quintile 5 contains those stocks
with the highest volatility-of-volatility factor loadings. The hedge portfolio (5 minus 1) buys
the quintile of stocks with the highest exposure and simultaneously sells the stocks in the
quintile with the lowest exposure to aggregate volatility-of-volatility. The portfolio sorting
approach maximizes the spread in the exposure to aggregate volatility-of-volatility and, thus,
differences in average returns can be quite accurately attributed to differences in the sorting
variable. Fama & French (2008) point out that by building value-weighted portfolios the
hedge portfolio can be dominated by few big stocks, whereas for equally weighted portfolios
the hedge portfolio can be dominated by micro caps. To address this issue, we analyze
both value-weighted and equally weighted portfolio sorts. For the portfolio sorts, within
each quintile, we weight the stocks by their relative market value at the beginning of the
estimation period for BJQt While our research design involves successive twelve-month periods
employing partly overlapping information, it introduces moving average effects. To account
for that, in all analyses, we adjust the standard errors following Newey & West (1987) using
twelve lags.!?

Table 4 reports various summary statistics for the quintile portfolios sorted by contem-
poraneous volatility-of-volatility-sensitivities. We find that the average annual raw return
obeys a nearly strictly monotonically decreasing pattern, from 10.0% and 10.6% in quintiles 1
and 2 to 5.1% in quintile 5. Consequently, the better the stocks insure against positive shocks
to aggregate volatility-of-volatility, the lower are their returns on average. The difference in
raw returns of —4.91% between quintiles 5 and 1 is statistically significant with a p-value of
2.7%. Looking at the line labeled CAPM alpha, which reports the results when controlling
for systematic risk, we find a similar abnormal return for the 5 minus 1 portfolio of —4.87%,
which is also significant at 5%. Controlling for the Carhart (1997) factors (4-factor) and
additionally including the Pastor & Stambaugh (2003) factor (5-factor) leads to alphas of
—4.91% and —4.62% per year, both significant at 5%. The alpha relative to the new factor
model by Hou et al. (2015b) amounts to —6.35%, which is also significant at 5%.'® Conse-

12While theoretically only eleven lags are required, we follow Ang et al. (2006a) and Cremers et al. (2015)
including an additional lag for robustness.

131n light of the results of Fabozzi et al. (2016), we decide to use the model of Hou et al. (2015b) instead
of that of Fama & French (2015). We thank the editor, Raman Uppal, for suggesting this.
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quently, accounting for systematic risk factors, the 5 minus 1 portfolio is expected to earn
substantially higher returns than realized. This effect is mostly driven by the portfolio of the
stocks with the highest sensitivities to innovations in aggregate volatility-of-volatility. For
each factor model specification, the alpha of this portfolio is strongly significantly negative,
while that of portfolio 1 is close to zero. Hence, investors are willing to pay a premium in
order to hold stocks with high sensitivities to innovations in aggregate volatility-of-volatility
while the stocks with the lowest sensitivities do not earn significant positive abnormal re-
turns. We obtain similar results for value-weighted returns. The return and the alpha on the
5 minus 1 portfolio is typically even larger than for the equally weighted approach, although
the significance of the abnormal returns of the hedge portfolio is typically slightly weaker.

In the remainder of Table 4, we examine value-weighted characteristics of the portfolios.
The 5 minus 1 portfolio has a significantly positive exposure to the market excess return.
The average market beta of the hedge portfolio of 0.31 would, following the logic of the
CAPM, predict a substantially positive excess return, whereas the return that is realized is
significantly negative. Interestingly, the hedge portfolio has a significantly negative exposure
to aggregate volatility. The exposure to aggregate volatility-of-volatility is monotonically
increasing by construction. Furthermore, we find that the firms in portfolio 5 on average are
smaller than those in portfolio 1, have higher book-to-market ratios, are younger, and have
slightly higher bid-ask spreads and leverage.

Another interesting issue relates to the time-series of excess returns of the 5 minus 1
hedge portfolio, presented in Figure 2. First, this analysis shows whether the cumulative
returns are generated by a certain time period. Second, the plot also shows the periods where
the insurance strategy pays off. To obtain a time-series of monthly returns, we average the
returns of all active portfolios during that month.'* We present the results for both value- and
equally weighted portfolios in Figure 2. Over the entire sample period, the cumulative excess
return is roughly —37% for the value-weighted and —32% for the equally weighted portfolios.
The trend is in general negative but there are also periods for which the insurance strategy

pays off and the 5 minus 1 portfolio yields large positive returns. These times roughly

4Due to the overlapping approach with 12-month holding periods, typically, there are 12 active 5 minus
1 hedge portfolios.
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correspond with the first half of 2008, where the National Bureau of Economic Research
(NBER) indicates a recession, as well as short time periods in the beginning of 2009, in the
beginning of 2012, in the second half of 2014, and in the beginning of 2016. These time
periods typically correspond with positive innovations in and correspondingly high levels of

the VVIX index.

C Double Sorts

Given the close relation of aggregate volatility-of-volatiltiy and aggregate volatility and
also the market variance risk premium (as shown by Bollerslev et al., 2009), we aim to further
dissect the effects of these variables. To do that, we estimate the factor sensitivities in a
joint regression and perform a double-sort.!?

At the beginning of each month we independently sort all stocks into quintiles, using
NYSE breakpoints, on the characteristic we want to control for as well as on their VVIX-
sensitivities (Novy-Marx, 2013).16 This results in a total of 25 portfolios. Thus, we obtain
quintile portfolios on the exposure to aggregate volatility-of-volatility controlling for another
characteristic without making assumptions on the parametric form of the relationships. For
each quintile of both sorting variables, we obtain a 5 minus 1 hedge portfolio by buying
the final portfolio 5 and selling portfolio 1 in the quintile. We consider both equally and
value-weighted portfolios. For value-weighted portfolios, within each of the 25 portfolios we
weight the stocks by their relative market value at the beginning of the estimation period
for the exposures to aggregate volatility-of-volatility.

Table 5 reports all 25 portfolios resulting from the double sorts as well as the respective
5 minus 1 portfolios. We report Hou et al. (2015b) factor alphas and robust Newey & West
(1987) p-values in brackets.!” Panels A and B report the results for equally and value-

weighted double sorts with respect to volatility-of-volatility and volatility betas. According

5For double sorts with aggregate volatility, we directly obtain the betas from Equation (14). When
controlling for the variance risk premium, we use the same regression equation, replacing dV I X, by dV RP;.

16While the double-sorting approach we use is unconditional, the results are qualitatively similar when
performing a conditional double sort, i.e., first sorting on a certain characteristic and subsequently sorting
on the VVIX-sensitivities. These results are available upon request.

17The results for Carhart (1997) 4-factor alphas are qualitatively similar. These results are available upon
request.
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to the model’s result in Equation (13), there are three risk factors in the market. Stock

M \%

i1 By, and ﬁ]%. Hence, given that the price of risk on both

returns depend on the stocks’
volatility and volatility-of-volatility appear to be negative, stocks with low th and low BJ%
should earn high average returns. For each quintile of J\-ft, stocks with higher B]% should earn
i

lower returns. Similarly, for each quintile of stocks with higher ﬁ;{t should earn lower
returns. This is exactly the pattern we find in Panels A and B of Table 5. Portfolios with
both low 5]\-,/15 and low ﬁft have positive alphas. Both, with increasing volatility-betas and
volatility-of-volatility betas, the alphas decrease. The largest negative alpha results for the
portfolio of stocks with the highest values for both ﬂ;{t and ﬁj%. For all volatility-of-volatility
quintiles, we detect significantly negative alphas for the 5 minus 1 portfolios. The alphas
range between —13.7% and —12.0% for equally weighted returns and are even larger in
magnitude for value-weighted returns. Similarly, for all volatility quintiles, beside quintile 5
for value-weighted returns, we find significantly negative alphas for the 5 minus 1 portfolios.
The alphas range between —11.0% and —8.0% for equally weighted returns and —12.2% and
—6.4% for value-weighted returns. Consequently, as also indicated by the negative loading
of the 5 minus 1 portfolio on aggregate volatility in Table 4, when controlling for aggregate
volatility, the trade-off of volatility-of-volatility and returns is even more pronounced than
for the univariate sorts.

In Panels C and D of Table 5, we report the results of double sorts of volatility-of-
volatility betas and betas with respect to the variance risk premium. For all quintiles of
volatility-of-volatility betas, we find positive 5 minus 1 portfolio alphas on the variance risk
premium. And for all variance risk premium beta quintiles, we detect a significantly neg-
ative hedge portfolio alpha for volatility-of-volatility. Bollerslev et al. (2009) find that the
variance risk premium is associated with macroeconomic volatiltiy-of-volatility. In light of
these results, one may argue that our result that both aggregate volatility-of-volatility and
the market variance risk premium are priced is surprising. However, estimating the variance
risk premium faces the problem of specifying an expectation of the variance under P. Em-
pirically, innovations in the market variance risk premium are mostly driven by innovations

in the risk-neutral expectation. dVIX and dVRP are highly correlated with —77%. Hence,

empirically, innovations in the market variance risk premium mostly capture innovations in
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aggregate volatility rather than consumption volatility-of-volatility. This suggests that it is
important to directly use stock market volatility-of-volatility instead of simply following Bali
& Zhou (2015) in proxying consumption volatility-of-volatility with the market variance risk

premium.

D Regression Tests

The portfolio sorts present strong evidence that sensitivities to innovations in aggregate
volatility-of-volatility are related to stock returns. The double sorts indicate that this relation
persists when controlling for, and hence cannot be explained by, aggregate volatility or the
variance risk premium. Following on from that, in this section, we estimate Fama & MacBeth
(1973) regressions that simultaneously control for different variables and test if a stock’s
sensitivity to innovations in aggregate volatility-of-volatility contains information about stock
returns beyond that of various other firm characteristics and factor sensitivities. We perform
the regressions using individual stocks instead of stock portfolios. Lo & MacKinlay (1990)
and Lewellen et al. (2010) argue against the use of portfolios in cross-sectional regressions,
since the particular method, by which the portfolios are formed can severely influence the
results. Furthermore, Ang et al. (2010) show that creating portfolios ignores important
information on individual factor loadings and leads to higher asymptotic standard errors of
risk premium estimates. Consequently, using individual stocks, we utilize this additional
information and, at the same time, avoid the specification of breakpoints.

Each month, we perform cross-sectional regressions of stock excess returns over the fol-
lowing year on the stocks’ sensitivities to innovations in aggregate volatility-of-volatility and
several control variables, measured over the same period. We winsorize all regressors at the
Ist and 99th percentile to restrict the effect of outliers (Fama & French, 2008; Baltussen
et al., 2015).1% For the regressions, we use ordinary least squares (equally weighted) or
weighted least squares (value-weighted) with a diagonal weighting matrix, where the inverse

of the firm’s market value at the beginning of the estimation period for 6]% is along the

18The results of non-winsorized regression tests are qualitatively similar. These results are available upon
request.
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diagonal, with the following regression equation:

Tjt —Tfe = /\? + )‘}tv[ gl\,/{t + )‘y ]\',/t + )‘9@% + /\g/ng,t + €t (16)

M

7;+ 1s the annual return of stock j and 7y, is the risk-free rate during that period. /3,

Xt, and @% are the stock’s market beta, sensitivity to innovations in aggregate volatility
and sensitivity to innovations in aggregate volatility-of-volatility over the evaluation period,
respectively. The term Bit denotes a vector collecting further variables hypothesized to
explain returns. \) denotes the regression intercept and AM, \Y, )\?, and )\f are the prices of
factor risk associated with the respective variables. ¢€;, is the idiosyncratic return component
of stock j at time ¢.

In the next step, we perform tests on the time series averages A0, AM, AV A\Q and
X¢ of the estimated intercept and slope coefficients, ):?, )\1\4, )\}/, )\A?, and ):f . We account
for potential autocorrelation, heteroskedasticity, and errors-in-variables concerns, computing
robust Newey & West (1987) (again using twelve lags) and Shanken (1992) adjusted p-values

based on the time series of coeflicient estimates.

Table 6 reports the results of the basic Fama & MacBeth (1973) regressions. We report

M 2V  2Q

10 Bis B3, and various other canonical

the results of a regression of excess returns on
characteristics. In the basic regression specification suggested by our theoretical model
(i), the price of risk on the market is essentially zero and the price of risk on aggregate
volatility amounts to —0.2279, which is significant at 5%. The annual factor risk premium
of aggregate volatility-of-volatility (AQ) is —0.7753 with a p-value of 0.010." Consequently,
a two-standard deviation increase in a stock’s volatility-of-volatility-sensitivity is associated
with a 10.61% decrease in average annual returns.?

Adding further control variables, i.e., size, book-to-market, bid-ask spread, momentum,

short-term reversal, age, and leverage in models (ii) to (viii) does not change our main results.

The risk premium estimate on volatility-of-volatility remains economically large with values

9Note that the correlation between factor loadings on dVVIX and dVIX amounts to only —40% (compared
to the factor correlation of 67%), which makes it unlikely that problems due to multicollinearity are present.

20This number is obtained as follows. We multiply the risk premium estimate with two times the average
cross-sectional standard deviation of the sensitivities to innovations in aggregate volatility-of-volatility from
Table 2 (0.0684). Plugging in yields —0.7735 % (2 % 0.0684) = —0.1061.
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ranging from —0.81 to —0.70 and highly significant for every specification.

Adding all canonical characteristics jointly yields a factor risk premium of aggregate
volatility-of-volatility of —0.69, which is statistically significant at 5%. The risk premium
estimate on the market excess return is not significantly different from zero and even nega-
tive for some specifications. This result is consistent with recent evidence that market beta
is not priced in the cross-section of stock returns (e.g., Frazzini & Pedersen, 2014). Many
of our control variables yield insignificant risk premium estimates for our sample period or
conditional risk premium estimates with different signs compared to the previous literature.
Hence, our results are in line with the view that prominent return anomalies have attenu-
ated recently (Chordia et al., 2014). Adding characteristics univariately, we find a positive
conditional risk premium on size and negative conditional risk premia on book-to-market
and the bid-ask spread. Hence, stocks of large firms and stocks with lower bid-ask spreads,
conditional on all remaining variables being the same, earn higher returns than stocks of
small firms and stocks with higher bid-ask spreads and value stocks earn lower returns than
growth stocks during the recent sample period. On the other hand, momentum, short-term
reversal, age, and leverage do not obtain significant prices of risk, conditional on our main
model specification.

Table A2 of the online appendix repeats the analysis for value-weighted regressions. The
results are qualitatively similar. We obtain risk premium estimates on aggregate volatility-of-
volatility of around —0.8, which are statistically significant at 5% throughout. Additionally,
in Table A3 of the online appendix, we present the results when controlling for further returns
distributions and liquidity-related characteristics, like idiosyncratic volatility, co-skewness,
or Amihud illiquidity. For each of the model specifications, we obtain a significantly negative
cross-sectional price of risk on aggregate volatility-of-volatility.

Lastly, we examine whether the cross-sectional regression results are consistent with the
model predictions of Equation (13). The first model prediction is that the cross-sectional risk
premium on the market portfolio is positive and proportional to the coefficient of relative risk-

aversion. For example, the coefficient of relative risk aversion in the basic model specification
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2L The coefficient of relative risk aversion

(i) of Table 6 is approximately equal to zero.
therefore is not really in a reasonable range (Friend & Blume, 1975). For some specifications,
the risk premium estimate on the market is even negative, implying a negative relative risk
aversion. However, the standard error of the risk premium estimate on the market is typically
large, e.g., it amounts to 6.26% in the basic model specification (i). Hence, the point estimate
is ambiguous and has to be interpreted with caution. Next, we turn the focus on the price of
risk on aggregate volatility, which is significantly negative throughout all test specifications.
This is in line with the model’s prediction. Finally, we find that the market price of risk
on volatility-of-volatility, which could be positive or negative according to our theoretical

model, is significantly negative. This result is consistent with Bali & Zhou (2015), who

proxy consumption volatility-of-volatility with the variance risk premium.

V  Further Analyses

A Multivariate Estimation

In this section, we examine the robustness of our results to jointly estimating the sen-
sitivities to innovations in aggregate volatility-of-volatility with those to other factors, as
presented in Equation (15). Table 7 reports the results of Fama & MacBeth (1973) re-
gressions using multivariate sensitivity estimation regressions. Incorporating the Fama &
French (1993) factors in model (i) leaves the risk premium estimate of aggregate volatility-
of-volatility strongly significant at 1%. Adding the other market factors like dSkew, dKurt,
straddle vol, jump, or dVRP (models (ii) to (vii)) only marginally affects the risk premium
estimate on aggregate volatility-of-volatility. It ranges from —0.76 to —0.71 and remains
highly statistically significant. Adding the Hou et al. (2015b) factors in a joint sensitivity
estimation, the risk premium estimate on aggregate volatility-of-volatility gets even more
negative, reaching a value of —0.90 and is statistically significant at 1%.

The price of risk on HML regularly is significantly negative, while that on MK'T and SMB

is never significantly different from zero. The prices of risk on jump is significantly negative

21The coefficient of relative risk aversion of the representative investor can be approximated by dividing
the cross-sectional price of risk by the variance of the market return, which amounts to 0.0019.
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and those on straddle vol and dVRP are significantly positive. Regarding the new investment
and profitability factors of Hou et al. (2015b), ROE obtains a positive risk premium estimate
while that on IA is indistinguishable from zero. The results for value-weighted regressions,

presented in Table A4 of the online appendix, are qualitatively similar.

B Orthogonalized Factor Innovations

To account for concerns related to high correlations among market excess returns, innova-
tions in the VIX, and innovations in the VVIX this section reports results for orthogonalized
factor innovations. We perform the orthogonalization following Sims (1980). We orthogo-
nalize innovations in the VIX with respect to the market excess return and innovations in
the VVIX with respect to both the market excess return and the VIX. With this order of
orthogonalization, it is least likely that we find a positive market price of risk on aggre-
gate volatility-of-volatility, since the common variation with the market excess return and
aggregate volatility is removed from the variable.

The orthogonalization approach delivers two important insights. First, we can directly
assess the market prices of risk on the factors which potentially deviate from the factor risk
premia of a cross-sectional regression when the factors are strongly correlated. Second, we
can test whether there is a clear incremental contribution of the information contained in
aggregate volatility-of-volatility in explaining the cross-sectional variation in equity returns
compared to only using the information contained in aggregate volatility and the market
excess return.

The results are presented in Table 8. We find that, consistent with the results presented
in Table 6, the market price of risk on the market excess return is not significantly different
from zero. The market price of risk on aggregate volatility is statistically significant at
1% in any case and is slightly smaller in magnitude compared to the non-orthogonalized
version of Table 6, with values ranging between —0.22 and —0.16. Hence, the information
contained in aggregate volatility has a strong marginal contribution in explaining the cross-
section of stock returns relative to the market excess return. Finally, the market price of risk
on the orthogonalized innovations in aggregate volatility-of-volatility ranges between —0.41

and —0.35. The market price of risk of the orthogonalized factor innovations is only about
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half that of the non-orthogonalized innovations. Hence, as indicated by the correlation of
innovations in volatility-of-volatility with those in volatility as well as the market excess
return, there seems to be some interaction of these factors. However, the market price of
risk on the orthogonalized aggregate volatility-of-volatility is still significant with p-values
ranging between 3.7% and 8.8%. For model specification (i), a two standard deviation
increase in factor loadings on orthogonalized volatility-of-volatility innovations is associated
with a decrease in annual returns of about 5.2%. Consequently, we find compelling evidence
that volatility-of-volatility is a priced risk factor in the cross-section of equity returns, over

and above aggregate volatility.

C Predicting Future Factor Loadings

In Section IV, we demonstrate a strong negative relation between the contemporaneous
sensitivities to innovations in aggregate volatility-of-volatility and stock returns. While the
previous analysis strongly indicates that volatility-of-volatility is a priced risk factor, for
practical purposes it is also of interest how this risk can be hedged. Therefore, in this
section, we first examine whether one can create the same return spread using pre-formation
factor loadings. In the second part of this section, we examine which past sensitivities and
stock characteristics best predict future volatility-of-volatility sensitivities.

We start by examining the relation of average returns and past sensitivities to innova-
tions in aggregate volatility-of-volatility. Ang et al. (2006a) point out that pre-formation
factor loadings, beside actual variation in exposures toward that factor, additionally reflect
measurement error. This measurement error is likely to be especially high during highly
volatile times, like, in particular, in the first part of our sample period. Taken together,
noisy estimates of our sorting variable and a relatively short sample increase the standard
error estimates and yield a test with reduced statistical power to detect significant spreads in
returns and alphas. Hence, while for these reasons we concentrate on the results generated
using post-formation factor loadings, the results from pre-formation factor loadings might
be weaker than those presented in the previous sections.

Table 9 reports these results. Sorting the stocks by past exposure to aggregate volatility-

of-volatility fails to produce any spread in average returns and Hou et al. (2015b) factor
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alphas. The main explanation for this is given by the realized ex post factor sensitivities
of the portfolios. In the presence of higher measurement errors, the spread in ex post
exposures to aggregate volatility-of-volatility is only 0.002 for equally weighted portfolios
and even negative with —0.006 for value-weighted portfolios. This spread is substantially
smaller than the 0.13 produced by sorting on contemporaneous factor loadings (see Table
4). Hence, the current factor loadings on average have very weak predictability for future
factor loadings in aggregate volatility-of-volatility.

Given the weak results when using pre-formation factor loadings, we examine the cross-
sectional predictability of several ex ante firm characteristics and factor sensitivities for
future sensitivities to innovations in aggregate volatility-of-volatility by performing Fama &
MacBeth (1973) regressions. Cross-sectional predictors of the stocks’ volatility-of-volatility-
sensitivities are measured during the twelve months directly prior to the twelve-month esti-
mation period for sensitivities to innovations in aggregate volatility-of-volatility. The results
are reported in Table 10. Consistent with the results for the pre-formation factor loadings
in Table 9, we find that past volatility-of-volatility-sensitivities do not significantly predict
future relative volatility-of-volatility-sensitivities.?? Hence, there appears to be large time-
variation in factor loadings on aggregate volatility-of-volatility. The best predictors for future
volatility-of-volatility factor sensitivities are past beta with a positive sign and the bid-ask-
spread, momentum, short-term reversal, idiosyncratic volatility, and downside beta with a
negative sign. The adjusted R?, however, is only 8.3% when including all predictors. Hence,
although we find some characteristics that are related to future volatility-of-volatility factor
loadings, it is difficult to predict future factor loadings and hedge volatility-of-volatility risk

in the stock market.?3

D Hedging Volatility-of-Volatility Risk

The preceeding sections show that volatility-of-volatility is sigificantly priced in the stock
market but difficult to hedge. In this section, we examine the VIX options market that likely

22We find that the factor loadings on the VIX are slightly better predictable than those on the VVIX,
but not very much. The average 12-month autocorrelation of VIX factor loadings 7.4%.

23We experimented with various possibilities to predict future volatility-of-volatility factor loadings. How-
ever, we could not create a significant spread in returns using these predictors.
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delivers better hedging opportunities.?* Since the vega, i.e., the sensitivity of the options
price with respect to the volatility of the unerlying, of all options is positive, these are natural
instruments to hedge against increases in the volatility of the underlying. We follow Bakshi
& Kapadia (2003) and Huang & Shaliastovich (2014), computing continuously-rebalanced
delta-hedged option returns. The delta-hedged VIX-option position is approximately insensi-
tive to innovations in aggregate volatility. Hence, it only delivers insurance against increases
in aggregate volatility-of-volatility. The option gain can be computed as follows (Huang &

Shaliastovich, 2014):

N-1 N-1 T_ ¢
Uyr = My — M; — ; Ay (Fr = Fr) — ; Tf,thT- (17)

IT, 7 is the option gain and F; is the forward price of the option’s underlying. We divide II,
by the forward price F; to obtain the delta-hedged return on the option. My is the final
payoff of the option (put or call) at time 7" and M, is the option price at initiation t. A, is
the Black & Scholes (1973) delta of the option at time 7. N is the number of days between
t and T that are trading days. All other variables are as previously defined. We use all
options with volume and open interest greater than zero. For the strategy, we buy options
with 30 days to maturity and hold them until expiration, rebalancing the delta-hedge at the
end of each trading day.

We present the results for delta-hedged option returns in Table 11. Consistent with
Huang & Shaliastovich (2014), who end their sample period in September 2012, we find
negative delta-hedged option returns both for calls and puts for each moneyness bin, with
moneyness computed as strike price over futures price at initiation (%), between 0.7 and 1.3.
These returns are significantly negative for in-the-money calls and both in-the-money and
out-of-the-money puts. This finding confirms our previous results of a negative risk premium
on volatility-of-volatility. On average, investors on the options market are also willing to pay
a premium in order to insure against increases in aggregate volatility-of-volatility. Worth
noting are also the distributional characteristics of the delta-hedged option returns. The

returns are highly positively skewed with skewness of 0.74 up to 1.68 and have high kurtosis

24We thank an anonymous referee for suggesting this.
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between 8.36 and 9.13. The 5% quantile of option return lies between —4.8% and —2.0%
for the different moneyness bins. The 95% quantile lies between 1.3% and 7.8%. Hence,
the option return can become strongly positive. These distributional characteristics further

indicate that the options on the VIX are adequate hedges for volatility-of-volatility risk.?

E Realized Measure of Aggregate Volatility-of-Volatility

Taking account of the literature on volatility estimation, we further test the robustness
of our results employing an inferior measure of aggregate volatility-of-volatility. Instead of
utilizing the forward-looking expected volatiltiy-of-volatiltiy, in this section, we rely on the
realized volatility of the VIX. To perform the analysis, we use five-minute high-frequency data
on the VIX from the TRTH database and estimate each day the realized bipower volatility
over the past month (Barndorff-Nielsen & Shephard, 2004). Since the high-frequency data
is available for a longer period, we extend the sample period to January 01, 2000 until
September 30, 2016. We perform standard data cleaning operations following Barndorff-
Nielsen et al. (2009). Following on from that, we obtain daily realized volatilities of the
VIX and compute the innovations (dV oV 1X;) again as simple first differences. We estimate
factor sensitivities using Equation (14), replacing dVVIX by dVoVIX.,

We present the results of portfolio sorts based on dVoVIX in Table A5 of the online
appendix. The return differential between stocks with high and those with low sensitivities
to innovations in aggregate volatility-of-volatility is only slightly smaller than when using
the VVIX in Table 4 with about —3.4%. The return differential is not significant with a
p-value of 0.19. However, once controlling for systematic risk, we find a significant volatility-
of-volatility-return trade-off with alphas relative to the CAPM, 4-factor, and 5-factor models
of —6.6% up to —4.4% which are all significant. When using the Hou et al. (2015b) factor
model, the alpha becomes insignificant. When restricting the sample to the horizon in which
data on the VVIX is available (2006 until 2016), we also do not find a significant return
differential but a significant Hou et al. (2015b) alpha.

Even though the portfolio of stocks with high sensitivities to innovations in aggregate

ZHuang & Shaliastovich (2014) further show that volatility-of-volatility can predict future delta-hedged
option returns.
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volatility-of-volatility has highly significantly negative alphas in most cases, these are not
directly carried over to the hedge portfolio since the alpha of the portfolio with the lowest
sensitivities is close to zero or also slightly negative on average. Hence, overall the model
prediction that investors strongly demand stocks which insure against increases in aggregate
volatility-of-volatility is confirmed by these results. However, using a realized measure of
volatility-of-volatility, the monotonicity in portfolios 1 to 4 vanishes. Consequently, when
using this theoretically inferior measure, there is still some indication of a volatility-of-
volatility-return trade-off, but this result is less significant and also less robust. Therefore,

it is important to use the forward-looking information from options markets.?6

VI Conclusion

Using a simple stylized theoretical model with Epstein—Zin preferences and consumption
uncertainty, we motivate a potential trade-off of volatility-of-volatility and stock returns. In
our empirical study, we confirm this model prediction. We find that aggregate volatility-of-
volatility carries a considerable and robust negative risk premium.

We use both uni- and bivariate portfolio sorts and show that the quintile portfolio of
stocks with the highest sensitivity toward innovations in aggregate volatility-of-volatility
underperforms the quintile of stocks with the lowest exposure to aggregate volatility-of-
volatility by about 5% per annum. Using regression tests, we estimate the cross-sectional
price of factor risk of aggregate volatility-of-volatility to be both economically substantial
and statistically highly significant. The estimated factor price on aggregate volatility-of-
volatility cannot be explained by known risk factors. Our results are also consistent with any
multi-factor model, in which aggregate volatility-of-volatility is priced with a negative sign
if investors relate a positive change in aggregate volatility-of-volatility to future unfavorable

shifts in the investment opportunity set.

26This result is similar to that of Ang et al. (2006b), who only find a significant spread in the cross-section
of returns when using an option-implied, as opposed to a simple historical or high-frequency, measure to
proxy for innovations in aggregate volatility.
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Appendix

A Variable Definitions — Main Control Variables

e Age (Zhang, 2006) is the number of years up to time ¢ since a firm first appeared
in the CRSP database. In regressions, we take the natural logarithm to remove the

extreme skewness in this variable.

e Aggregate volatility (Ang et al., 2006b, “dVIX”), is the coefficient ﬁj‘; obtained by

the regression in Equation (14).
e Beta is the coefficient 5% obtained by the regression in Equation (14).

e Bid-ask spread is the stock’s average daily relative bid-ask spread over the examina-

tion period.

e Book-to-market (Fama & French, 1992) is the weighted average of book equity di-
vided by market equity over the examination period. Book and market equity are
updated every 12 months for the beginning of the year. Book equity is defined as
stockholders’ equity, plus balance sheet deferred taxes and investment tax credit, plus

post-retirement benefit liabilities, minus the book value of preferred stock.

e Leverage (Bhandari, 1988) is defined as the weighted average of one minus book
equity (see “Book-to-market”) divided by total assets (Compustat: AT). Book equity

and total assets are updated every 12 months for the beginning of the year.

e Market factors: “MKT” is the value-weighted excess return on all CRSP firms.
“SMB”, and “HML” are the Fama & French (1993) size and value factors. “SMB#XZ”,
“TA”, and “ROE” are the size, investment, and profitability factors of Hou et al. (2015b).

e Market variance risk premium (Han & Zhou, 2012, “dVRP?”), is the coefficient
4V RE in the regression rj . — . = g+ 811 (rar — 157) + B BPdV RP; + € 1, using
daily returns over the examination period (Ang et al., 2006a), where the market vari-

ance risk premium is defined as the difference between the physical expected variance
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and the risk-neutral expected variance (VIX?) of the S&P 500 index over a 30-day
horizon using daily return data. First, we compute the expected variance (E'V;) under
the physical measure by regressing the annualized realized variance (RV; 39) on the
lagged implied (VIX2) and the lagged annualized historical (RV:) realized variance,
using an expanding window of daily data that is available at time 7, starting with data
from January 01, 1996 (7 refers to those dates) RVzy30 = o, + 3, VIXZ +7, RV: + €z 30
in a first step and then computing £V, = a, + BTVI X2 +4,RV;. The market variance
risk premium (VRP,) is obtained as VRP, = EV, — VIX? dVRP is obtained as the
first difference in VRP.

Momentum (Jegadeesh & Titman, 1993) is the cumulative stock return over the

period from t — 12 until ¢ — 1.

Short-term reversal (Jegadeesh, 1990) is the preceding month’s stock return (from

t—1tot).

Size (Banz, 1981) is the average of firm’s market capitalization over the examination
period. Market capitalization is computed as the product of the price times the number
of shares outstanding. In regressions, we take the natural logarithm to remove the

extreme skewness in this variable.

Stochastic volatility (Cremers et al., 2015, “straddle vol”), market skewness and
kurtosis (Chang et al., 2013, “dSkew”, “dKurt”), and aggregate jump risk (Cremers
et al., 2015, “jump”) are the coefficients ﬁft in the regression r; . —7ry . = aj7t+6%<TM’T_
Tfr) —i—ﬁftFT +¢€; -, using daily returns over the examination period (Ang et al., 2006a),

where F' is one of the following:

— Innovations in implied market skewness and kurtosis (Chang et al., 2013),
which are defined as the difference of daily implied skewness (kurtosis) computed
from S&P 500 index options using the formulas of Bakshi et al. (2003) and its
expectation, which is obtained by fitting an ARMA(1,1) model on the complete
time series of skewness (kurtosis) estimates. The resulting measure of innovations

in market skewness then is dSkew, = Skew, —0.9993Skew,_1 + 0.6647dSkew,_,

28



and that of innovations in market kurtosis is dKurt, = Kurt, —0.9999Kurt,_; +
0.4971dKurt,_q.

— Market-neutral straddle returns (Cremers et al., 2015) are computed by first
constructing at-the-money zero beta straddles. Afterwards, the straddle vol factor
is the return of a gamma neutral and vega positive portfolio of the two straddles
maturing in the next month and the month after next, while the jump factor is the
return of a gamma positive and vega neutral portfolio using the same straddles.

To construct the factors, we use Black & Scholes (1973) option sensitivities.

B Variable Definitions — Further Controls

e Amihud illiquidity (Amihud, 2002) is the absolute value of the stock’s return divided

by the daily dollar volume, averaged over the examination period. Specifically, it is

Illigy = 37", VO‘IE;L&, with the daily dollar volume (Volume$,, in thousand dollars)

being calculated as last trade price times shares traded on day 7, while the summation

is taken over all n trading days during the examination period.

e Co-Skewness (Harvey & Siddique, 2000) and Co-Kurtosis (Dittmar, 2002) are the
coefficients ﬂfts and ftK in the regression r;j , —rs, = ow—I—B%(rM,T—rf,T)jLﬁftS(rMﬁ—
1)+ BSK (P —15.2)% + €5, including the market excess return, the squared market
excess return, and the cubed market excess return. The regression is estimated using

daily returns over the examination period.

e Demand for lottery (Bali et al., 2011, “MAX?”) is the average of the five highest daily

returns during the examination period.

e Downside beta (Ang et al., 2006a) is the coefficient ﬁft in the regression r; . — 1y, =
Qi+ ﬁft (rar,: —747) + €7, using daily returns over the examination period only when

the market return is below the average daily market return over that year.

e Idiosyncratic volatility (Ang et al., 2006b, “idio. volatility”) is the standard devi-

ation of the residuals €;, in the Fama & French (1993) 3-factor model r;, — s, =
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o+ ﬂ%(TM,T —rp.)+ ftSMBT + BﬁHMLT + €.+, using daily returns over the exam-
ination period. SM B, and HM L, denote the returns on the Fama & French (1993)

factors.

Kurtosis is the stock’s scaled fourth moment, computed using daily returns over the

examination period.

Pastor-Stambough liquidity (Pastor & Stambaugh, 2003, “PS liquidity”) is the
coeflicient BJ»L’t in the following regression 7, , =7, = o+ ﬁ% (rare—7p0)+ BftS MB,+
BﬂH ML, + ﬁﬁtLT + €., where L; is the liquidity factor provided by Lubos Pastor
and rarr — 15, = MKT,, SMB;, and HML, are the Fama-French factors provided
by Kenneth R. French. We run the regression using the monthly returns during the

examination period.

Skewness (Xu, 2007) is the stock’s scaled third moment computed using daily returns

over the examination period.

Turnover (Datar et al., 1998) is the number of shares traded in one month divided

by the total shares outstanding, averaged over all months in the examination period.

Volatility (Zhang, 2006) is the stock’s standard deviation computed using daily re-

turns over the examination period.

Volume (Gervais et al., 2001) is the stock’s average daily dollar trading volume over
the examination period. In regressions, we take the natural logarithm to remove the

extreme skewness in this variable.
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Table 2: Summary Statistics
Panel A of this table presents summary statistics on the aggregate factors dVVIX, dVIX, straddle
vol, dSkew, dKurt, jump, dVRP, MKT, SMB, HML, momentum, SMB#XZ TA, ROE, dVVIX srMma,
and dVoVIX. Detailed variable definitions are provided in the appendix. Panel B provides yearly
summary statistics on the VVIX and Panel C shows yearly summary statistics on the individual
stocks’ sensitivities to aggregate volatility-of-volatility, 52, with the sensitivity estimation starting
in the year denoted first in the first column. Mean, Median, and Std. dev. refer to the sample
average, median, and standard deviation of the factors, respectively. P10 and P90 refer to the 10%

and 90% percentiles, respectively. AR(1) indicates the first order autocorrelation.

Panel A: Market Factors

Variable Mean Median Std. dev. AR(1) P10 P90

dVVIX 0.00011 -0.00350 0.0471 -0.0838 -0.0471 0.0511
dVIX 0.00001 -0.00095 0.0192 -0.1284 -0.0170 0.0175
Straddle vol ~ -0.00014 0.00109 0.0158 -0.0408 -0.0166 0.0156
dSkew -0.00228 -0.00351 0.0790 0.2265 -0.0969 0.0896
dKurt 0.00109 -0.00232 0.1205 0.1339 -0.1369 0.1454
Jump -0.00171 -0.00962 0.0557 -0.0953 -0.0447 0.0428
dVRP 0.00000 -0.00002 0.0086 -0.0379 -0.0039 0.0037
MKT 0.00033 0.00080 0.0129 -0.0841 -0.0130 0.0128
SMB 0.00004 0.00010 0.0059 -0.0430 -0.0069 0.0067
HML -0.00003 -0.00020 0.0069 -0.0251 -0.0063 0.0061
Momentum -0.00001 0.00050 0.0104 0.1214 -0.0102 0.0099
SMBHXZ 0.00013 0.00004 0.0062 0.0057 -0.0072 0.0068
IA 0.00017 0.00008 0.0042 0.0541 -0.0043 0.0049
ROE 0.00040 0.00038 0.0044 0.0191 -0.0043 0.0054
dVVIXarma  0.00127 -0.00226 0.0498 0.0005 -0.0481 0.0540
dVoVIX 0.00022 0.00503 0.0421 0.1784 -0.0338 0.0295
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Table 2: Summary Statistics (continued)

Panel B: VVIX Summary Statistics

Year Mean Median Std. dev. P10 P90

2006 0.8024 0.8073 0.1126 0.6601 0.9467
2007 0.8768 0.8618 0.1331 0.7194 1.0469
2008 0.8185 0.7741 0.1560 0.6763 1.1088
2009 0.7978 0.7913 0.0863 0.6954 0.9225
2010 0.8836 0.8622 0.1307 0.7538 1.0346
2011 0.9294 0.9146 0.1021 0.8182 1.0491
2012 0.9484 0.9384 0.0838 0.8416 1.0740
2013 0.8052 0.7960 0.0897 0.6967 0.9203
2014 0.8301 0.7991 0.1433 0.6771 0.9990
2015 0.9482 0.9041 0.1475 0.8002 1.1533
2016 0.9258 0.8981 0.1021 0.8260 1.0949
total 0.8696 0.8523 0.1332 0.7100 1.0450

Panel C: $Q Summary Statistics

Year Mean Median Std. dev. P10 P90

2006-2007 0.0093 0.0074 0.0502 -0.0425 0.0650
2007-2008 0.0085 0.0072 0.0730 -0.0693 0.0904
2008-2009 0.0433 0.0367 0.1050 -0.0619 0.1585
2009-2010 0.0066 0.0053 0.0687 -0.0593 0.0751
2010-2011 0.0105 0.0093 0.0521 -0.0443 0.0675
2011-2012 0.0131 0.0118 0.0559 -0.0455 0.0766
2012-2013 0.0037 0.0018 0.0627 -0.0617 0.0729
2013-2014 -0.0054 -0.0040 0.0648 -0.0724 0.0581
2014-2015 -0.0057 -0.0043 0.0590 -0.0631 0.0489
2015-2016 -0.0060 -0.0073 0.0626 -0.0654 0.0559
total 0.0078 0.0049 0.0684 -0.0589 0.0789
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Table 3: Predictability of the VIX and VVIX
This table presents the results of monthly non-overlapping predictive regressions for the realized
variance of the S&P 500 and the VIX over the following month. Constant refers to the regression
intercept while Slope VIX and Slope VVIX denote the regression slope coefficients on the VIX and
VVIX, respectively. adj. R? denotes the adjusted R? of the regression. Robust Newey & West
(1987) standard errors (s.e.) using 4 lags are reported in parentheses. *, ** and *** indicate

I 9

significance at 10%, 5%, and 1%, respectively.

Volatility Forecasting Volatility-of-Volatility Forecasting
Constant -0.0190 -0.0173 -0.0185 0.3035%**  0.0215 0.0217
(s.e.) (0.040) (0.076) (0.040) (0.070) (0.046) (0.046)
Slope VIX 0.884 74 0.8850***  -0.0139 -0.1753*
(s.e.) (0.047) (0.124) (0.084) (0.096)
Slope VVIX 0.2068** -0.0007 0.3238%**%  (0.3649***
(s.e.) (0.094) (0.050) (0.054) (0.059)
adj. R? 0.583 0.053 0.580 -0.008 0.135 0.148
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Table 4: Portfolios Sorted by Exposure to Aggregate Volatility-of-Volatility
At the beginning of each month, we form quintile portfolios based on the stock’s sensitivities to
innovations in aggregate volatility-of-volatility (5]%) over the following year. To obtain the sen-
sitivities, we regress daily excess stock returns on dVVIX, controlling for MKT and dVIX as in
Equation (14). Stocks with the lowest 5;% are sorted into portfolio 1, those with the highest ﬂﬁ
into portfolio 5. The column labeled 5 minus 1 refers to the hedge portfolio buying the quintile of
stocks with the highest 5]%; and simultaneously selling the stocks in the quintile with the lowest BJ%.
Each month, we set up new 12-month portfolios. The row labeled Mean return is based on monthly
simple returns. CAPM alpha, 4-factor alpha, and 5-factor alpha refer to the alphas of the CAPM,
the Carhart (1997) 4-factor, and the 5-factor models (including Pastor & Stambaugh (2003) liquid-
ity), respectively. HXZ alpha denotes the alpha relative to the Hou et al. (2015b) factor model.
The segment Factor loadings denotes the value-weighted average annual factor loadings, where SM,
BV, and BQ refer to the factor loadings on the market factor, dVIX, and dVVIX, respectively. The
segment Stock characteristics presents average (value-weighted) portfolio characteristics with Mkt.
share denoting the average market share of the portfolios. The remaining variable definitions are
provided in the Appendix. Robust Newey & West (1987) p-values using 12 lags are reported in

parentheses. *, ** and *** indicate significance at 10%, 5%, and 1%, respectively.
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Table 4: Portfolios Sorted by Exposure to Aggregate Volatility-of-Volatility (continued)

Rank 1 2 3 4 5 | 5 minus 1
equally weighted
Mean return 0.1004 0.1062** 0.0987* 0.0826 0.0514 -0.0491**
(0.156) (0.049) (0.069) (0.141) (0.460) (0.027)
CAPM alpha -0.0106 0.0201 0.0123 -0.0064 -0.0593** -0.0487**
(0.699) (0.113) (0.292) (0.629) (0.014) (0.021)
4-factor alpha -0.0072 0.0189***  0.0147*** -0.0052%* -0.0563*** | -0.0491***
(0.504) (0.000) (0.000) (0.081) (0.000) (0.004)
5-factor alpha -0.0023 0.0194***  0.0137*** -0.0049 -0.0485%** | -0.0462**
(0.840) (0.000) (0.000) (0.120) (0.000) (0.022)
HXZ alpha 0.0103 0.0264*%*  0.0153*** -0.0074 -0.0532*** | -0.0635**
(0.457) (0.000) (0.004) (0.305) (0.000) (0.015)
value-weighted
Mean return 0.0967 0.0951** 0.0914** 0.0652 0.0433 -0.0533*
(0.111) (0.047) (0.044) (0.198) (0.518) (0.089)
CAPM alpha -0.0003 0.0193***  0.0185*** -0.0140 -0.0629*** -0.0626*
(0.985) (0.000) (0.000) (0.121) (0.007) (0.056)
4-factor alpha -0.0039 0.0161*%%%  0.0195%** -0.0091 -0.0507*** -0.0468*
(0.755) (0.001) (0.000) (0.196) (0.004) (0.075)
5-factor alpha 0.0063 0.0194*%*%  0.0144*** -0.0126* -0.0508** -0.0572%*
(0.553) (0.000) (0.000) (0.058) (0.015) (0.057)
HXZ alpha 0.0198 0.0204***  0.0173*** -0.0148 -0.0657*** | -0.0855%*
(0.199) (0.000) (0.000) (0.264) (0.009) (0.029)
Factor loadings
M 1.0708*%**  (0.9253%FF  (.9729%**  1.0989***  1.3848%F* | (.3140%**
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
BY 0.1441%%%  0.0395%** -0.0041 -0.0401%**  -0.0907*** | -(0.2349%**
(0.000) (0.000) (0.150) (0.000) (0.000) (0.000)
Be -0.0599*#%  _0.0177%** 0.0062* 0.0313%%%  0.0777*** | 0.1376%**
(0.000) (0.000) (0.057) (0.000) (0.000) (0.000)
Return characteristics
Std. deviation 0.0601 0.0474 0.0450 0.0504 0.0668 0.0311
Skewness -0.1632 -0.4981 -0.8644 -0.8132 -0.0727 0.0175
Kurtosis 4.0501 3.6484 3.9630 3.6487 3.8287 2.3774
Mkt. share 0.2042 0.2467 0.2209 0.2034 0.1248 -0.0794
log(Size) 16.863 17.444 17.330 17.087 16.314 -0.5490
Book-to-market 0.5416 0.4850 0.4805 0.5196 0.6716 0.1299
Bid-ask spread 0.0008 0.0006 0.0006 0.0006 0.0009 0.0002
Age 33.491 41.099 38.442 35.074 28.564 -4.9267
Leverage 0.5567 0.5549 0.5622 0.5861 0.6015 0.0448

42



Table 5: Dissecting the Effects of Aggregate Risk and Aggregate
Volatility-of-Volatility

This table reports Hou et al. (2015b) factor alphas for double-sorted portfolios. We obtain the factor
sensitivities in a joint multivariate estimation. At the beginning of each month, we independently
sort stocks into quintiles based on their sensitivity to aggregate volatility (Panels A and B) and the
market variance risk premium (Panels C and D) as well as their volatility-of-volatility-sensitivities
(/Bft) using NYSE breakpoints. We report the alphas of all 25 portfolios as well as the respective
long minus short (5 minus 1) portfolios. Each month, we set up new 12-month portfolios. Robust

ko k%

Newey & West (1987) p-values using 12 lags are reported in parentheses. *, ** and *** indicate

significance at 10%, 5%, and 1%, respectively.

Panel A: Aggregate Volatility — Equally Weighted

dvIX
1 2 3 4 5 | 5 minus 1
1 0.0741%  0.0716%**  0.0578%**  0.0277%F  -0.0497*** | -0.1238%**
(0.053) (0.000) (0.000) (0.036) (0.000) (0.000)
2 0.0777%%%  0.0684***  0.0591%**  0.0068  -0.0566*** | -0.1343%**
(0.000) (0.000) (0.000) (0.268) (0.000) (0.000)
IVVIX 3 0.0653%%%  0.0443***  0.0288***  0.0041  -0.0699*** | -0.1352%**
(0.000) (0.000) (0.000) (0.618) (0.000) (0.000)
4 0.0454%%%  0.0327**¥*  0.0111  -0.0307**  -0.0920%** | -0.1374%**
(0.000) (0.000) (0.165) (0.016) (0.000) (0.000)
5 -0.0075  -0.0339%**  -0.0523***  -0.0810%F*  -0.1277FFF | -0.1202%**
(0.510) (0.001) (0.000) (0.001) (0.001) (0.004)
5minus 1 -0.0817%  -0.1055%**  -0.1101*** -0.1086***  -0.0781*
(0.058) (0.000) (0.000) (0.001) (0.060)
Panel B: Aggregate Volatility — Value-Weighted
dVIX
1 2 3 4 5 | 5 minus 1
1 0.1007%%  0.0664***  0.0394***  0.0135  -0.0803*** | -0.1810%**
(0.001) (0.000) (0.006) (0.335) (0.000) (0.000)
2 0.0794%%%  0.0574%**  0.0278%**  -0.0250%**  -0.054T*** | -0.1341%**
(0.000) (0.000) (0.000) (0.000) (0.001) (0.000)
dVVIX 3 0.0594%%%  0.0315%**  0.0241%%*  -0.0118  -0.0978*** | -0.1573%**
(0.000) (0.000) (0.000) (0.192) (0.000) (0.000)
4 0.0360%**  0.0032 -0.0017  -0.0507*%  -0.1186*** | -0.1546%**
(0.007) (0.737) (0.912) (0.016) (0.000) (0.000)
5 -0.0217 -0.0305  -0.0769***  -0.0915%**  -0.1444%* | -0.1227%**
(0.128) (0.220) (0.000) (0.005) (0.000) (0.002)
5minus 1 -0.1224%%%  -0.0969**  -0.1163***  -0.1051**  -0.0641
(0.003) (0.018) (0.000) (0.012) (0.145)
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Table 5: Dissecting the Effects of Aggregate Risk and Aggregate Volatility-of-Volatility (continued)

Panel C: Market Variance Risk Premium — Equally Weighted

dVRP

1 2 3 4 5 | 5 minus 1

1 -0.0270 0.0312*%F%  0.0505%%*  0.0703***  0.0993*** | 0.1262%**
(0.128) (0.009) (0.000) (0.000) (0.000) (0.000)

2 -0.0361*%**  0.0181***  0.0420%**  0.0665***  0.0573*** | 0.0934%***
(0.000) (0.003) (0.000) (0.000) (0.000) (0.000)

JVVIX 3 -0.03071%** 0.0024 0.0314***  0.0356***  0.0530%** | (.0831***
(0.003) (0.739) (0.000) (0.000) (0.000) (0.000)

4 -0.0606***  -0.0313*** 0.0014 0.0201*%**  0.0281*** | (0.0886***
(0.000) (0.004) (0.871) (0.004) (0.000) (0.000)

5 -0.1294%%%  -0.0721***  -0.0568***  -0.0473***  -0.0410%** | 0.0884***
(0.000) (0.000) (0.004) (0.000) (0.001) (0.004)

5 minus 1 -0.1025%%%  -0.1033***  -0.1073***  -0.1176***  -0.1403***
(0.007) (0.000) (0.000) (0.000) (0.000)
Panel D: Market Variance Risk Premium — Value-Weighted
dVRP

1 2 3 4 5 | 5 minus 1

1 -0.0770%** 0.0047 0.0455%*F*  0.0641***  0.1059*** | 0.1829***
(0.000) (0.766) (0.000) (0.000) (0.000) (0.000)

2 -0.0603*** -0.0133 0.0146**  0.0440%**  (0.0822%** | (.1424%**
(0.000) (0.113) (0.016) (0.000) (0.000) (0.000)

AVVIX 3 -0.0785%** -0.0050 0.0237**  0.0220%**  (0.0461*** | 0.1245%**
(0.000) (0.673) (0.012) (0.002) (0.000) (0.000)

4 -0.0890***  -0.0446** -0.0089 -0.0071 0.0208*** | 0.1188%**
(0.000) (0.031) (0.601) (0.587) (0.003) (0.000)
) -0.1386***  -0.0977***  _0.0731** -0.0604**  -0.0799%** 0.0587*
(0.000) (0.000) (0.014) (0.010) (0.000) (0.084)

5 minus 1 -0.0616* -0.1025%*F%  _0.1186***  -0.1245***  _0.1859%**
(0.081) (0.006) (0.002) (0.000) (0.000)

44



GEFT0 LL60°0 z860°0 L860°0 LS0T°0 61010 L¥0T0 L60T°0 82600 - [pe
(625°0) (2L1°0)
¥910°0 17€0°0 o8eI9A0]
(070°0) (6.80)

wxL1T0°0- 80000 (o8
(¢1T°0) (¥ze0)
€060°0- 96700~ [ESIOADI TLI-}I0TS
(L8T°0) (F0€°0)
86900~ 0TS0°0- WNJUOWOT\
(%00°0) (000°0)

#5066 - ++%G80°8T- peoxds se-pre
(000°0) (000°0)

+x%0G€0°0- +xx€9€0°0" JoxIRUI-03-3{00g
(000°0) (000°0)

+x£70€0°0 +#xGLE0°0 (oz1Q)uy
(610°0) (210°0) (800°0) (600°0) (800°0) (210°0) (¢10°0) (¢20°0) (010°0)

**wwwwdl **O%@N.Ol **%mwow.ou **%@NNN.O- ***oﬂbﬁ.ou **Owwh.ou **Nmmh.ou **wmmw.ou **mmhh.ou XIAAP
(£20°0) (910°0) (¢10°0) (910°0) (€10°0) (610°0) (020°0) (L£0°0) (L10°0)

**ﬂmedu *%@OMN.O- **@@NN.O- **ﬂmNN.O| **meN.On %*NMNN‘On **Mﬂﬂﬁdu **mHON.Ou **@NNN.Ou XIAP
(686°0) (186°0) (186°0) (6£6°0) (€2L°0) (296°0) (L26°0) (L92°0) (666°0)
80000~ ¢100°0 01000~ 87000~ 9020°0- 0£00°0 8T00°0 16T0°0 00000 vlog
(000°0) (020°0) (200°0) (£00°0) (200°0) (000°0) (100°0) (000°0) (700°0)

wksVTIE 0 4420800 54x000T°0 55460010  545l20T°0 55492010 54480810 54479970~  4x4S00T°0 Jue)stIo))

(x1) (1a) (11a) (1a) (4) (a1) () (1) ®) 10308

9JROIPUL 4o\ PUR ‘. ¢ "sesorjuored Ul poliodal aIe ‘UOIYIDIIOD SI[(RLIRA-UI-SIOLID (ZGET) UeNURYS o1} ojeIodIooul os[e jet]) ‘s8e[ g uisn
sonfea-d (28671) 150A\ 23 AomoN 9snqoy ‘xipuodde o1y ul popraold oIe SUOIUYOD S[(RLIRA PA[IRID(] "IedA SUIMO[[0] O} ISAO POINSeIUT
OS[e [[® ‘SOI}SLIOIORIBYD YDO0}S JO SOLIOS ® Sk [[oM SB ‘OUWII} oWeS o} JoAO0 A[IIB[OA-JO-AY[IJR[OA 9)e3oI33e Ul SUOIYBAOUUI O SOIJIAIISUSS
oY} pue ‘AJI[I9e[0A 91e30IZ3R Ul SUOIJRAOUUL 0} SOIIAIIISUOS O} ‘SO JO[IeUW 9} ‘JURISUOD € UO IBA JUIMO[[0] oY} SULINP SUINIOI JO0Is

SSOOXO SSOIS0I oM ‘TJUOUWL Yoey SUOISSOISAI (£L6]) UIOEORIN 2§ ®UIR] A[IUOW WO} SOIRUIIISO JUSIDO0D oFelosr sjuosold o[qe) SIyJ,

"AoA1y00dsor ‘04T pue ‘%G ‘0/)T 18 dOURIYIUIIS

SUOISSaI39Y YlogorN—ewe :9 9[qel,

45



88GT°0 z9eT'0 9€60°0 z6€1°0 92600 ZHrT 0 z€0T'0 65€T°0 2 ‘fpe
(100°0)
+xE120°0 HOY
(€8¢°0)
601070 VI
(010°0)
%*ﬂﬁ@@@u Nxmmzm
(L£0°0) (e70°0)
#xLTG0°0 +x0060°0 dHUAP
(8€0°0) (€00°0)
#x9L6L°0" #7810 T~ dwmp
(120°0) (100°0)
+C61T°0 ++%8202°0 [0A S[ppeI}S
(9¥1°0) (€20°0)
0106°0- £CCEET- 3P
(0¥€°0) (L91°0)
€207°0 €129°0 MSP
(210°0) (020°0) (¥10°0) (¢10°0)
**wowo.ou **Ommo.ou **@@mo.ou **@@mo.ou TINH
(62€°0) (v0€°0) (6%€°0) (0¥€°0)
0610°0- 8610°0~ ¥L10°0- 9810°0~ aINS
(100°0) (€00°0) (210°0) (€00°0) (110°0) (€00°0) (L00°0) (L00°0)
***Nwmw.ou ***wﬁmm..ou **mmm&..ou ***mﬁwm..ou **Howh.ou ***Oomm..ou ***mmmm.ou ***Hoﬁm..ou NH\/\/@
(100°0) (910°0) (020°0) (220°0)
***ﬂN@N.D- **@NAN.D- **bNDN.D- **hﬂHN.Du XIAP
(680°0) (1%¢°0) (6€6°0) (19%°0) (L86°0) (0v<0) (L96°0) (09¢°0)
+8160°0 69€0°0 1G00°0- 95700 01000~ 19€0°0 6200°0- $5€0°0 IMIN
(860°0) (2¢20°0) (200°0) (9¢0°0) (110°0) (¢10°0) (200°0) (€20°0)
£9070°0 ++1280°0 +4x070T°0 £6€L0°0 ++1€60°0 ++C€80°0 ++x020T°0 ++8€80°0 Jue)suo))

(ma)

(12)

(14)

(4)

(a1)

(1)

(1)

(1)

"A[oA1100dSoI ‘0T pue ‘%¢ ‘00T 18 dOURDYIUSIS 9JRIIPUL 4. PUR ‘|

4 .
« ‘sosotauared ur

poaj1oder oIk ‘UOIJIAII0D SO[(RLIRA-UI-SIONID (ZEET) U URYG oY) ayeiodioour os[e Jey) ‘s3e] 7] Suisn sanjea-d (LRGT) 1SOA\ 29 AomaN 1Snqoy

‘xtpuodde o) ur popraoid oIe SUOI)IUYOP O[(RLIRA PO[IR)d(] Ieak SUIMO[[O] oY) IoA0 ejep A[rep Jursn ‘(GT) uoryenbry] Ul se UOISSIZoI

9JeLIRAT}IIW JUIOf & Ul poure)qo SojewWI)Sd “wﬁn JO SOLIdS ® I0/pUR ‘OUII) SIS 9} I9AO A[IJR[OA-JO-A[IIR[OA d)e30IS3e Ul SUOIjRAOUUT O}

SOTIIATIISUOS 9} ‘AJI[1)R[OA 9)eFOISFe Ul SUOTIRAOUUL O} SOIIIATIISUSS 9} ‘SO JONIRW 9} ‘JURISUOD € UO IBOA SUIMO[[0] 9} SULIMP SUINJOI

[D0)S SS90X0 SSOISOI oM ‘TJUOUL [oRG] "SUOISSOISAI (€L6T) YIOGORIN 2y BUIR] A[IUOU WOIJ SOJRUIIISO JUSIDIJo0D dFeIoAr sjuosold o[qey sy T,

UOI}eWI)SH 9)RLIBRAIINIA — SUOISSaI30Y YlrogoeN—ewe] :. 9[qel

46



eGH1°0 L6600 000T°0 900T°0 €L0T°0 0701°0 $901°0 GTIT0 87600 - fpe
(L¥5°0) (0gT'0)
9910°0 67200 ofeIaAd]
(£70°0) (L18°0)

++8T110°0" z100°0 (98y)ur
(L1T°0) (€€0)
1680°0- 81¥0°0- [eSIOADT ULID)-110TS
(09T°0) (z1€°0)

G690°0- T0S0°0- WNYUSTOTN]
(200°0) (000°0)

wrx ITLE T +xx9TT ST~ peoads yse-prg
(000°0) (000°0)

++%87€0°0- #xxG9€0°0- JoN TR -03-3{00g
(000°0) (000°0)

w5 LTE0°0 +xxG8€0°0 (oz18) U
(090°0) (890°0) (L£0°0) (120°0) (2v0°0) (550°0) (020°0) (880°0) (920°0)

+889€°0- 4CELE0- 4498070~  4698€°0-  448G6€°0-  xTLSE0- +889€°0~ +608€°0- +628€°0- XIAAP
(000°0) (000°0) (000°0) (000°0) (000°0) (000°0) (000°0) (000°0) (000°0)

***mowﬂ.on ***@@ON.On %**%@ON.O- ***@@ON.Ol ***wwﬂNdu ***MWQH.O| ***NMON.On ***Ommﬁ‘ou ***@NON.Ol XIAP
(€06°0) (2€6°0) (L06°0) (168°0) (2¢¥9°0) (9¥6°0) (e¥6°0) (2s8°0) (016°0)

¥200°0- ¢G00°0- 7200°0- 6110°0- L2070~ ¥700°0- 9%00°0- 721070 €L00°0- vjog]
(000°0) (610°0) (200°0) (200°0) (200°0) (000°0) (100°0) (000°0) (£00°0)

2548828707 44VE80°0 44491010 sk IFOT'0  444E0TT°0  54489CT°0 45408810  5x4C8LF 0~  54x8€0T°0 JuR)SUO))

(x1) (11a) (ma) (1a) (a) (a1) (1) () (1 10308,
"AToA1100dS01 ‘O pue ‘%G ‘04T 18 90URIYIUIIS 9IRITPUL .. PUR ‘.

*

‘sesarjjuared Ul polrodal oIe ‘UOIIIDLIOD SO[RLIRA-UI-SIOND (ZEET) UaUryS oY) 9yerodioout osfe jey) ‘sde| g Suisn sonjea-d (LIGT) 1S9

2y KomaN 9snqoy -xipuadde o1} ul pepraoid ore SUOINIUYSP S[(RLIRA Pa[IRId(] "IBA SUIMO[[O] O} ISAO PIINSBAW OS[R [[€ ‘SOISLI9fORIRYD

JD09S JO SOLIOS ®© Sk [[oM Se ‘OUIT) OWIRS d[) I9A0 AJ[IIR[OA-JO-A)[IIR[OA 9)RFOIS3R Ul SUOIJRAOUUL O} SOIIIAIISUDS 9} pueR ‘A[IjR[oA 9)e3o13Te

Ul SUOIYRAOUUI O} SOI}ATI}ISUDS oY} ‘Se}9( JOyIRW 9} ‘JULISU0D ® UO IedA SUIMO[[0] o1} SULINP SUINJSI D0)S SSAOXO SSOIFoI om ‘juout

oey 'SI0JOR] POZI[RUOSOYRIO SUISN SUOISSOISAI (¢L6T) YIogoORIN 2y ®uIe] A[IUOW WOIJ SOIRUIISO JUSIDJo0d dFeloAr sjuosald o[qe) SI T,

s10j0e poazi[euo3oyli() — SUOISS2I39Y Yjogoe]N—ewe] :8 9[qe],

47



Table 9: Pre-Formation Factor Loadings
At the beginning of each month, we form quintile portfolios based on the stock’s sensitivities to
aggregate volatility-of-volatility (5]%) over the past year. To obtain the sensitivities, we regress
daily excess stock returns on dVVIX, controlling for MKT and dVIX as in Equation (14). Stocks
with the lowest Bft are sorted into portfolio 1, those with the highest B;?t into portfolio 5. The
column labeled 5 minus 1 refers to the hedge portfolio buying the quintile of stocks with the highest
ﬁj% and simultaneously selling the stocks in the quintile with the lowest Bﬁ. Each month, we set
up new 12-month portfolios. We report Hou et al. (2015b) factor alphas for portfolios based on
returns over the following year. Robust Newey & West (1987) p-values using 12 lags are reported
* Rk

in parentheses. *, ** and *** indicate significance at 10%, 5%, and 1%, respectively. The columns

ex post B9 report the average annual ex post sensitivities to aggregate volatility-of-volatility of the

portfolios.

Rank | 1 2 3 4 5 | 5 minus 1

equally weighted

Mean return 0.0891 0.0918* 0.0871 0.0804 0.0997 0.0106
(0.123) (0.071) (0.113) (0.174) (0.147) (0.682)

HXZ alpha 0.0047 0.0208***  (0.0210%** 0.0038 0.0106 0.0059
(0.742) (0.003) (0.000) (0.460) (0.341) (0.788)

ex post BV ‘ 0.0082 0.0055 0.0063 0.0084 0.0101 ‘ 0.0019

value-weighted

Mean return 0.0807 0.0929 0.1019 0.0979 0.0971 0.0164
(0.242) (0.137) (0.105) (0.125) (0.171) (0.253)

HXZ alpha -0.0084 0.0071 0.0132%* 0.0091* -0.0009 0.0075
(0.289) (0.252) (0.016) (0.098) (0.909) (0.580)

ex post BV ‘ 0.0068 0.0025 0.0005 -0.0010 0.0011 ‘ -0.0057
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Table 10: Determinants of Relative Sensitivities to Aggregate
Volatility-of-Volatility

This table presents average coefficient estimates from monthly Fama & MacBeth (1973) regressions.
Each month, we regress the sensitivity to innovations in aggregate volatility-of-volatility during the
following year on a constant and a series of stock characteristics, all measured over the past year.
Detailed variable definitions are provided in the appendix. Robust Newey & West (1987) p-values

using 12 lags, that also incorporate the Shanken (1992) errors-in-variables correction, are reported

in parentheses. *, ** and *** indicate significance at 10%, 5%, and 1%, respectively.
Factor ‘ (1) (i) (iii) (iv) (v) (vi) (vii)

Constant -0.0068** 0.0136 -0.0062* -0.0066**  -0.0063**  -0.0072** 0.0288
(0.023)  (0.509)  (0.068)  (0.026)  (0.044)  (0.038)  (0.287)

Beta 0.0115%**  0.0107***  0.0115***  0.0115***  0.0157**  0.0091***  0.0253***
(0.000)  (0.000) (0.000) (0.000)  (0.019)  (0.000)  (0.001)

dVIX -0.0010 -0.0002 -0.0009 0.0012 -0.0059 0.0046 -0.0164
(0.779)  (0.943)  (0.840)  (0.762)  (0.465)  (0.265)  (0.119)

dVVIX 0.0100 0.0074 0.0121 0.0142 0.0064 0.0207 -0.0078
(0.675)  (0.744)  (0.641)  (0.507)  (0.758)  (0.380)  (0.736)

In(Size) -0.0014 -0.0021
(0.263) (0.180)

Book-to-market 0.0000 -0.0009
(0.997) (0.408)

Bid-ask spread -0.0523 -0.3474%*
(0.859) (0.078)

Momentum -0.0054*** -0.0064***
(0.001) (0.000)

Short-term reversal -0.0030 -0.0075**
(0.371) (0.036)

Idio. volatility -0.0097 -0.4570%*
(0.908) (0.090)

Co-Skewness 0.0000 -0.0001
(0.730) (0.569)
Co-Kurtosis 0.0000 0.0000
(0.671) (0.419)

Downside beta -0.0054 -0.0170**
(0.388) (0.028)
MAX 0.0012 0.0255
(0.952) (0.665)
Volatility 0.1484 0.2827
(0.283)  (0.126)

Skewness 0.0005 -0.0002
(0.564) (0.763)
Kurtosis -0.0001* -0.0001
(0.094)  (0.149)
adj. R2 0.0179 0.0285 0.0265 0.0250 0.0228 0.0459 0.0830
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Table 11: Delta-Hedged Option Returns

This table presents the delta-hedged option returns of VIX-options. We use options with 30 days
to maturity and hold these until expiration. The positions are dynamically delta-hedged using
the Black & Scholes (1973) delta. We separate the options into puts and calls as well as different
moneyness bins, where moneyness is defined as the strike price K over the futures price F; at
initiation. Mean denotes the average return, computed as the strategy’s payoff over the price of
the corresponding VIX-future at initiation. T-stat denotes the t-statistic using robust Newey &
West (1987) standard errors with 4 lags. Std, SR, Skew, and Kurt denote the standard deviation

of returns, its Sharpe ratio, skewness, and kurtosis, respectively. Additionally, Median and the 5%

0.05 0.95 *  kk

and 95% quantiles, ¢ and ¢”?°, present further details on the distribution of returns. * ** and

*** indicate significance at 10%, 5%, and 1%, respectively.

Moneyness (£) Mean T-stat  Std. SR Skew Kurt Median %% q%»

Fi
[0‘7 ; 0.8] -0.0008 -0.67 0.013 -0.06 0.74 6.60 -0.0004 -0.0199 0.0225
[0.8 ; 0.9] -0.0020 -1.26  0.021 -0.09 1.15 7.93 -0.0021 -0.0332 0.0325
Calls [0.9; 1.0] -0.0015 -0.59 0.030 -0.05 1.68 8.76  -0.0087 -0.0376 0.0507
[1.0 ; 1.1] -0.0039 -1.28  0.036 -0.11 1.45 5.39 -0.0119 -0.0466 0.0783
[1.1;1.2] -0.0061** -2.50 0.031 -0.20 1.35 5.81 -0.0119 -0.0451 0.0583
[1.2 ; 1.3] -0.0072** -2.59  0.029 -0.24 1.59 800 -0.0104 -0.0421 0.0615
[0.7; 0.8] -0.0027** -2.20  0.013 -0.20 0.79 7.52  -0.0030 -0.0220 0.0134
[0.8 ; 0.9] -0.0029** -2.03 0.020 -0.14 0.99 7.31 -0.0034 -0.0346 0.0312
Puts (0.9 ; 1.0] -0.0021 -0.92 0.029 -0.07 1.68 9.13 -0.0081 -0.0388 0.0472
[1.0; 1.1] -0.0051%* -1.76  0.035 -0.14 1.43 5.38 -0.0128 -0.0475 0.0778
[1.1;1.2] -0.0069*** 278 0.031 -0.22 1.12 5.36  -0.0121 -0.0468 0.0569
[1.2; 1.3] -0.0069** -2.58 0.029 -0.24 147 8.96 -0.0107 -0.0415 0.0523
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How Aggregate Volatility-of-Volatility Affects Stock

Returns

Online Appendix

JEL classification: G12, G11

Keywords: Aggregate economic uncertainty, stock market volatility-of-volatility, VVIX
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Table A5: Realized Measure of Aggregate Volatility-of-Volatility

At the beginning of each month, we form equally weighted quintile portfolios based on the stock’s
sensitivities to innovations in aggregate volatility-of-volatility (BJ%), measured as the realized volatil-
ity of the VIX, over the following year. The extended sample period spans January 2000 until
September 2016. To obtain the sensitivities, we regress daily excess stock returns on dVoVIX, con-
trolling for MKT and dVIX as in Equation (14). Stocks with the lowest 5]% are sorted into portfolio
1, those with the highest BJ% into portfolio 5. The column labeled 5 minus 1 refers to the hedge
portfolio buying the quintile of stocks with the highest ﬁ](?t and simultaneously selling the stocks in
the quintile with the lowest ﬂ;‘?t. Each month, we set up new 12-month portfolios. The row labeled
Mean return is based on monthly simple returns. CAPM alpha, 4-factor alpha, and 5-factor alpha
refer to the alphas of the CAPM, the Carhart (1997) 4-factor, and the 5-factor (including liquidity)
models, respectively. HXZ alpha denotes the alpha relative to the Hou et al. (2015b) factor model.
The segment Horizon 06-16 presents the results when restricting the sample period to the time
frame between 2006 and 2016. Robust Newey & West (1987) p-values using 12 lags are reported in

parentheses. *, ** and *** indicate significance at 10%, 5%, and 1%, respectively.

Rank 1 2 3 4 5 \ 5 minus 1
Mean return 0.0798 0.1004*%**  0.1019%**  0.0961** 0.0457 -0.0341
(0.106) (0.007) (0.006) (0.025) (0.462) (0.186)
CAPM alpha 0.0161 0.0547%%%  (0.0578%**  (.0453** -0.0280 -0.0441%*
(0.224) (0.004) (0.005) (0.032) (0.259) (0.080)
4-factor alpha | -0.0008 0.0251%%*  (0.0235%** 0.0100* -0.0647FF*% | _0.0639%**
(0.956) (0.000) (0.000) (0.086) (0.000) (0.003)
5-factor alpha | -0.0052 0.0188%**  (.0200%**  0.0102*%*%  -0.0499%** | -0.0447***
(0.663) (0.000) (0.000) (0.047) (0.000) (0.006)
HXZ alpha -0.0088 0.0095 0.0089* 0.0088 -0.0366** -0.0278
(0.330) (0.128) (0.072) (0.183) (0.039) (0.234)
Horizon 06-16 |
Mean return 0.0978 0.0978* 0.0964* 0.0926 0.0548 -0.0430
(0.111) (0.062) (0.071) (0.129) (0.489) (0.249)
HXZ alpha 0.0051 0.0204%**  (0.0149** 0.0068 -0.0559%%*% | _0.0610***
(0.553) (0.000) (0.021) (0.396) (0.000) (0.004)
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