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1. Introduction

The foreign exchange market is the largest financial market in the world, yet the pricing of
currencies and their derivatives poses challenges for modeling. In particular, several pricing reg-
ularities persist that defy easy explanations. First, the implied volatility of at-the-money (ATM)
option contracts is fairly low, usually at around 8-12% (e.g., Carr and Wu, 2007). Second, the
implied volatility of currency option quotes is, on average, a U-shaped function of moneyness, and
the slope, which measures the risk-neutral skewness, exhibits substantial time variations suggesting
that currency return skewness is strongly stochastic. Third, while the uncovered interest parity
(UIP) implies that a regression of exchange rate changes on the interest rate differentials should
produce a unit slope coefficient, empirical work since Fama (1984) consistently reveals negative
slopes implying that high-interest currencies tend to appreciate. Fourth, the traditional carry trade
strategy of buying high-interest currencies funded by selling low-interest currencies on average yields
sizable, albeit significantly volatile, returns.

This paper proposes a consumption-based general equilibrium model for foreign exchange con-
tingent claims. The central ingredients are the highly but imperfectly shared economic disasters
with variable intensities, and the recursive preference (e.g., Epstein and Zin, 1989) that allows for a
separation between elasticity of intertemporal substitution (EIS) and risk aversion. Following Barro
(2006) and Wachter (2013), a disaster is modeled as a peso component in the consumption process.
Under the recursive preference, investors care not only about the contemporaneous consumption
shocks but also about the prospects of future consumption growth. When EIS is greater than one,
they demand extra compensation for the increase of disaster rate out of fear of the substantial drop
of consumption in the future. The results in this paper show that risks related to country-specific
disaster components with variable intensities can simultaneously replicate many observed features
in currency and currency option pricing in a quantitative manner.

The mechanism of the model is as follows. First, since disaster risks are highly shared across
borders, the exchange rate needs to fluctuate less to prevent international arbitrage opportunities,
which gives rise to the low ATM implied volatility. Second, with imperfect risk sharing, disaster

rate at home can either rise above or fall below its foreign counterpart generating, respectively,



the negative and the positive skewness in currency returns. Stochastic skewness emerges when
the two country-specific components evolve stochastically over time. Third, when disaster is more
likely to strike at home than abroad such that the foreign currency pays the lower interest rate,
the exchange rate is closely tied to the home-specific disaster intensity whose variations induce a
negative correlation between the home pricing kernel and the exchange rate. Home investors thus
demand a positive premium for holding the risky foreign currency, which drives up its valuation.
Fourth, traditional carry trade strategy exploits the aforementioned risk compensation and at the
same time is subject to the stochastic home- and foreign-specific disaster intensities, hence the
sizable expected return coupled with the significant volatility.

In calibrating the model, I follow the literature (e.g., Backus, Foresi, and Telmer, 2001) by
imposing complete symmetry in that all model parameters are identical across any two countries.
Within a given country, I calibrate the variable disaster process according to i) the international
evidence on its intensity and magnitude (e.g., Barro, 2006), ii) the match of some key moments
for the aggregate stock. Across countries, I calibrate consumption correlation during normal times
according to Brandt, Cochrane, and Santa-Clara (2006), and I choose a predominant global disaster
component to match the observed high degree of risk sharing. The preference parameters are at
levels deemed reasonable in the literature (e.g., Mehra and Prescott, 1985; Bansal and Yaron,
2004; Bansal, Gallant, and Tauchen, 2007). Finally, I estimate an inflation process to convert real
variables into nominal ones.

To link the model to the data, I collect from Bloomberg option quotes written on three currency
pairs that form a triangular relation: JPYUSD, GBPUSD, and GBPJPY. The option quotes are
expressed as Garman and Kohlhagen (1983) implied volatilities at fixed times to maturity and fixed
moneyness in terms of the Garman-Kohlhagen delta. In addition, I collect from Datastream the
spot and one-month forward exchange rates of five major currencies, AUD, CAD, CHF, GBP, and
JPY, quoted against the USD, which are used to study implications on carry trade.

The calibrated model delivers reasonable matches of the regularities in currency and currency
option markets. First, it generates an average 9% volatility implied from one-month ATM options, as
compared to the 10-11% volatilities implied from option quotes written on JPYUSD and GBPUSD.

This result is in contrast to the traditional consumption-based model in which the implied volatility



is usually more than an order of magnitude higher than that in the data (e.g., Brandt, Cochrane,
and Santa-Clara, 2006).

Second, the model generates substantial variations including frequent sign switches in the risk-
neutral skewness of currency returns as measured by the slopes of the smile pattern for currency
options. Quantitatively, the risk-neutral skewness is captured by risk reversal (RR)-the difference
between the price of an out-of-the-money (OTM) call option and the price of an OTM put option
with symmetric strikes. Taking the three-month ten-delta RR, for example, the model-implied RR.
standard deviation is 18.6%, as compared to its data counterparts of 19.0%, 13.4%, and 15.3%
implied from JPYUSD, GBPUSD, and GBPJPY, respectively. Furthermore, I study the time
variations of risk-neutral skewness based on i) RR series where the model implications are computed
from the home- and the foreign-specific disaster rates backed out from the panel data of currency
option quotes; ii) series of currency return skewness spanned from currency option prices in the
spirit of Bakshi, Kapadia, and Madan (2003). The model again matches the data fairly well in both
cases.

Third, the model replicates the UIP anomaly, i.e., high interest rate currencies tend to appreciate.
The implied UIP slope coefficient is negative at -2 with a standard error of 1.2, which is consistent
with their usually reported empirical values.

Fourth, the model matches the first two moments of carry trade returns. Under complete
symmetry between the home and the foreign country, the expected carry trade returns are close
to zero, and the implied volatility is 11.3%. By assuming a lower jump magnitude in the foreign
country so that the foreign currency on average pays a higher interest than the home currency, the
model is able to generate sizable expected returns of carry trade while keeping the implied volatility
within 10.7-15.2%. Empirically, carry trades based on the fixed currency pairs yield low expected
returns with volatilities ranging from 9% to 13%. I also consider dynamically rebalanced currency
pairs based on their interest rate differentials, as embedded in the forward discount, whereby the
lowest- (highest-) yielding currencies are selected to be sold (bought). This strategy is subject to
around 11% volatility together with sizable expected returns that are replicated by the model as I
vary the foreign disaster magnitudes from 20% to 15%.

In the model, the key to simultaneously matching the low level of ATM volatility and the



substantial cross-sectional variations for currency options lies in the highly but imperfectly shared
economic disasters. To understand the source of the unshared disaster component to which exchange
rates are subject, it is helpful to interprete country-specific disaster as a broader concept than
“a disaster that strikes one country but not the other”. For example, Table I in Barro (2006)
reveals that the disaster associated with World War II struck major economies at different times.
It is arguable, at least qualitatively, that such a disaster is not perfectly shared across borders.
Since option prices are very sensitive to jumps, even a small fraction of the peso component that
is unshared can produce substantial cross-sectional variations as observed in the data. Therefore,
while it is difficult to distinguish econometrically the present model from that featuring 100% global
disasters, the two setups have very different pricing implications.

The present paper shares with Carr and Wu (2007) and Bakshi, Carr, and Wu (2008; BCW)
the objective of valuing currency options, but it differs in key aspects. First, both Carr and Wu
(2007) and BCW impose constant interest rates, and thus are limited to addressing regularities in
currency pricing.! In other words, they study currency option pricing while ignoring important
pricing aspects of the underlying asset. Second, both Carr and Wu (2007) and BCW adopt a
reduced-form setting in which the exchange rate process is subject to one Levy-type jump (e.g.,
Carr and Wu, 2004) exhibiting positive skewness, and another exhibiting negative skewness. As a
result, their matches essentially reflect the successful projection of data features into the statistical
characterization of the exchange rate dynamics. Given their work, the next step seems to explore a
preference-based general equilibrium setup that maintains the internal consistency for pricing and
in addition provides economic underpinnings to the observed currency and currency option pricing.
This is precisely the goal of the present paper.

Linking to the literature on currency pricing, this paper also distinguishes itself along key di-
mensions. Different from Verdelhan (2010) and Bansal and Shaliastovich (2013) who, respectively,
apply habit formation and long-run risk to explain the UIP anomaly, this paper exploits a variable
disaster framework. Departing from Burnside, Eichenbaum, Kleshchelski, and Rebelo (2011) and

Bakshi and Panayotov (2013), it provides a general equilibrium setup for studying carry trade.

!Take the UIP anomaly, for example. Since the expected changes in exchange rate have no relation with the
imposed constant interest rates, neither Carr and Wu (2007) nor BCW is able to study variations of exchange rates
in response to interest rate differentials. In contrast, interest rate differentials and expected changes in exchange rates
under my approach are intrinsically linked via the difference between the home- and the foreign-specific disaster rates.



Unlike Farhi and Gabaix (2011) who pursue the "production view" of exchange rates based on
"expected resilience" incorporating both disaster intensity and magnitude, this paper emphasizes
the imperfect sharing of disaster risks based on the no-arbitrage condition for exchange rate. Fur-
thermore, whereas the results in Farhi, Fraiberger, Gabaix, Ranciere, and Verdelhan (2013) are
derived from a constant disaster model, my objects of interest are the implications of the variability
in disaster rates that are directly priced under the recursive utility.

The remainder of the paper is organized as follows. Sections 2 and 3 present the setup and
summarize the theoretical implications, respectively. Section 4 describes the data and calibrates

the model, and Section 5 provides the quantitative results. Finally, Section 6 concludes.

2. The setup
2.1. Imperfectly shared disasters

Following the peso problem literature (e.g., Barro, 2006), I assume that the aggregate home

consumption evolves according to

d
g = pdt + odBe + (eZ — 1) d Ny, (1)
t

where dB,; is a standard Brownian; d/NV; denotes the Poisson jumps with the arrival intensity \.dt,
which models the rare economic disasters; Z < 0 denotes the log consumption jump size upon the
occurrence of a disaster, which is assumed to be constant for simplicity without affecting the main

economics. Following Wachter (2013), I introduce variability in disaster intensity A; as follows:
d)\t = K (5\ - )\t) dt + oaV )\tdB)\t, (2)

where dB); is another standard Brownian independent of dB.. As plotted in Wachter (2013, Fig.
1), the square root term makes the stationary distribution of A\; highly skewed. In particular, there
are times when "rare" disasters can occur with high probability, but these times are themselves
unlikely. On average, disasters strike at the intensity .

Consistent with previous studies (e.g., Backus, Foresi, and Telmer, 2001; Verdelhan, 2011), I



assume parameters are identical beween any two countries, i.e., complete symmetry. The aggregate

consumption and disaster intensity in the foreign country, super-indexed by “x”, thus follow

dgj = pdt + odB}, + (eZ — 1) ANy, (3)
t
dN\; =k (A= \}) dt + ox/ N dB3,, (4)

where N; with intensity A; models the foreign economic disaster; B}, and B3, are mutually in-
dependent. Across borders, B}, is correlated with B, by a constant pgf ; dBy; and dBY, are also
correlated which will become clear very soon.
In each of the two countries, the Poisson process can be decomposed into the global component

and the country-specific component. Mathematically,

dN; = AN} + dN{

AN} = dN} + dNY
where NJ' and Ntf model disasters specific to the home and the foreign country with intensities
denoted by )\? and A{ , respectively; N models the global disasters shared across borders with the

intensity \/; N}, Ntf , and NY are mutually independent. I further specify that

A\ = & (X" - Af) dt + aA\/;deht, (5)
A\ =k (Xf - A{) dt + a)\\/;{dBft, (6)
AN = i (W = ) dt + oo/ N dBy, (7)

where By, By, and By are mutually independent. Under complete symmetry, A= , but \?
is allowed to be different. By combining (5)—(7), At (= Al + AY) and A} (: A+ N ) indeed follow

the processes of (2) and (4), respectively, if we define

1
dBy; = iy (\/ NrdBy,; + \/Adegt> , (8)



1 / /
dB)\*t = e ( )\{dBft + )\;?ngt> . (9)
V )‘t

Furthermore, (8)-(9) illustrate that dBy; and dB)+; are correlated through dBg,.

Decompositions of Poisson processes have been exploited previously (e.g., Duffie and Garleanu,
2001). Those studies tend to focus on processes with constant intensities. To the best of my
knowledge, the above decomposition of Poisson process with stochastic intensity, also known as the
Cox process, is new to the literature. It is built on the result, which I formally show in Appendix
A1, that the sum of two independent Cox processes is still a Cox process if their intensities are also

independent of each other.
2.2. Recursive utility and pricing kernel

Assume the existence of a representative agent in the home country whose preference is described
by the stochastic differential utility developed by Duffie and Epstein (1992), which is the continuous-
time version of the recursive utility considered by Kreps and Porteus (1978) and Epstein and Zin
(1989). Given the consumption process {Cs : s > 0}, the period-t utility of the agent, denoted by

Jt, is defined recursively by
¢

where - e
oA (R A
Fenn) = oG =U=n (1)
Yoola-m

which is the normalized aggregator. In the above formula, 3, v, and 1) denote the subjective discount
rate, the degree of risk aversion, and the elasticity of intertemporal substitution (EIS), respectively.

By homogeneity, J; is separable in C; and \; such that

c
o= 1= BLOWY, (12)

where 6 = % Applying Proposition 2 in Benzoni, Collin-Dufresne, and Goldstein (2011), I (\¢)

in (12) denotes the wealth-consumption (W /C) ratio at the home country. By an accurate log-linear



approximation, I (A;) can be written as
1 ()\t) = €a+b)\t, (13)

where a and b are two constants. Alternatively, I express I (A\¢) as a linear combination of general
Chebyshev polynomials and solve the associated differential equation using the collocation method
(e.g., Miranda and Fackler, 2002). The two approaches yield almost identical results with the
average percentage deviations in the mean and standard deviation of the implied I (.) being 0.19%
and 0.53%, respectively. Furthermore, I find that the pricing implications based on these two
approaches are also very similar. I therefore use (13) in the discussions that follow which greatly
facilitates the exposition of model mechanism.

Under recursive preference, investors are concerned about the intertemporal consumption risk
which is captured by I (A\;) . In particular, I ()\;) loads negatively (positively) on A\; if ¢ > 1 (¢ < 1).
To understand it, notice that a positive \; shock implies a higher intensity of economic disasters
which tends to substantially depress future consumption. On the one hand, the income effect makes
the agent consume less today which raises the W/C ratio. On the other hand, the intertemporal
substitution effect encourages the agent to borrow from the future which depresses the W/C ratio.
The substitution effect dominates when ¢) > 1. As a result, the W/C ratio is decreasing in \; which
is captured by a negative b in (13). If in addition v > 1 as in the usual calibration, the implied
pricing kernel M; loads positively on A;. Intuitively, the representative investor’s marginal utility
rises when she perceives a higher probability of disasters.

According to Duffie and Epstein (1992), the pricing kernel under the continuous-time recursive

t
M; = exp </0 de8> fe,

where f; and fo denote the derivatives of the normalized aggregator with respect to its second and

preference is given by

first argument, respectively. Evaluating derivatives in (11) and substituting for J; using (12)—(13)

gives

M, = exp <_ /0 t [59 r (;9)] ds) T () (14)



Applying Ito’s lemma with jumps (e.g., Duffie (2001, Appendix F)) to (14) gives

dM;

ST —ridt + (6 — 1) bUA\/gngt + (6772 — 1) (AN} — M at)

~v0dBe + (0 — 1) box\/ \'dBpy + (777 — 1) (dNt" - A,’?dt) ; (15)

where 7, denotes the (real) risk-free rate at home with its formula given by (22). The pricing kernel
process at the foreign country can be obtained via complete symmetry.

In (15), the first (excluding —r;dt) and the second line capture the impacts of the global and the
home-specific risk components, respectively. BCW also emphasize the differentiation between global
and country-specific risks, which they find is the key to capturing the multidimensional structure of
pricing kernels in international economies. Unlike this paper, they adopt the reduced-form approach
by exogenously partitioning innovations of pricing kernels with fixed risk-free rates. In contrast,
exchange rates and interest rates are jointly determined in the present setup (with details provided
in Section 3.1), which maintains the internal consistency for currency pricing within a general

equilibrium.

3. Currency and currency option pricing

This section presents the model’s theoretical implications. After obtaining formulas of exchange
rates and interest rates, I discuss the implications on currency option pricing and currency pricing,

respectively.
3.1. Exchange rates and interest rates

No-arbitrage dictates that the ratio of the pricing kernels between two economies determines the
exchange rate dynamics between them (e.g., Backus, Foresi, and Telmer, 2001; Brandt, Cochrane,
and Santa-Clara, 2006; Bakshi, Carr, and Wu, 2008). Let S; denote the time—t home currency

price of the foreign currency, and then

Sy = M} /M,. (16)

10



To introduce nominal variables, I take the home country as an example and assume the following

process for the consumption price index (CPI) P;:

P,
% = mdt + o pd By, (17)
t

where the expected inflation rate 7; is mean-reverting according to:
d7rt = Kr (7_T—7Tt) dt+07rdBpt. (18)

The above specification implies that expected inflation and realized inflation are perfectly correlated
which allows the former to be identified from inflation data alone (e.g., Wachter, 2006). By complete
symmetry, the foreign CPI, P*, follows the same dynamics as P, where B, is replaced with a new
standard Brownian Bj,. I assume B}, is independent of By to avoid degeneration, and both By
and By, are independent of real shocks.

In its nominal (super-indexed by "$") form, (16) becomes
S7 = M /MY, (19)

where

M} = M,/ P;; My* = M/ Py (20)

By (15), (17)—(20), and the complete symmetry, Sf follows:

as (M= N) (552 [0 = 1] + (0 - 1) 00%03) + i — 7f y
S +(v0)? (1 - pgf) +1(0-1)%0%3 <>\? + /\{) +o%
_dBY) — (0 — haB,, — /A
+70 (dBet — dBJy) — (0 — 1) boy ( \/AFdBy: — \/ M dBy,
+ (7% — 1) dN} + (7% — 1) AN/ + op (dBy — dB,) . (21)

As expected, the dynamics of exchange rates are only driven by shocks that are not shared, which
are captured by yo (dBe — dB%) for consumption shocks, by — (8 — 1) box(y/ AldBp: —1/ )\{dBft)

for disaster intensity shocks, by (eVZ — 1) dN}' and (e*VZ — 1) dNtf for the arrival of disasters, and

11



by op (dBpt — dB;t) for nominal shocks.
Closely related to the exchange rate dynamics is the determination of interest rates. Using (14)

and the definition r, = —F; (%) for the short-term real interest rate at home, it can be shown

that:

1 1 1-0
re=B+pp— gy (+p)ot+5 0 -1 = A (e 1) = —=N {6(177)2 N 1] - (@)

s
By (17), (20), and the definition r} = —E; (dj\]ﬁ ) , the nominal interest rate r§ = 7 +7; — 0%. The
t

complete symmetry between the home and the foreign country thus implies:

e — 7“;3’* = <; (0 —1)b%03 — (e77 —1) - 10%9 |:€(1_’Y)Z - 1}) ()\,’f - )\{) +7f— 7 (23)

Under reasonable parameterization, ¥ — rf * loads negatively on A — A{ . To see the intuition,

note that the home agent saves more than the foreign agent out of the stronger motivations of
precautionary saving when home-specific disaster rate )\? is higher than its foreign counterpart.
As a result, the real interest rate at home is depressed relative to its foreign counterpart. Taken
together, when m; and 7} are close as in the usual case for major economies, the lower )\{ is associated

with the higher nominal rate paid by the foreign currency.
3.2. Option prices in relation to currency return dynamics

Options are written on nominal exchange rates, and their prices are denominated in the home
currency. I first compute the spot characteristic function (e.g., Bakshi and Madan, 2000) of the

currency return under the home currency risk-neutral measure Q",

T
U (u;t,T) = EtQ} [exp <—/ rfds) elulns?f] ; (24)
t

where 72 = —1; u is some complex number; and the dynamics of the log nominal exchange rate is

12



given by (45). Within the present framework, I obtain the following closed-form:

a\T T h Ch \T T / cr (T T J
Bn ) — e | SO FION FA@ R @ON @Ry O |

g (T) + ba (T) T + € (T) + bpx (T) TF + Cox (T)
where 7 = T — t; formulas for a (1), b(7), and ¢(7) are provided in Appendix A.2. I then obtain
option prices via fast Fourier inversion (Carr and Madan, 1999).
To examine the model implications on currency return dynamics and hence on the cross-sectional
currency option pricing, I start with the special case where As and 7ws are all constants. In this
case, the variance (c3), the third (c3), and the fourth (¢4) cumulants for the currency return can be

derived in closed-form as follows:2

o = (72) (Ah+)\f>+vd,
e = (12 (M=), (26)

ca = (v2)° ()\h+>\f),

where V; = (0 — 1)? (boy)? (A" + /\f) +2(70) (1 — pe) + 20% captures the variance contribution
from the diffusion component. First, the diffusion component does not contribute to higher-order
cumulants. Second, the currency returns show nonzero skewness or a nonzero third cumulant cs
when A* % M. Third, currency return kurtosis or the fourth cumulant ¢4 is strictly positive as
long as disasters are not prefectly shared across borders ()\h + > 0). In terms of magnitude,
both skewness and kurtosis are higher when investors become more risk averse (higher 7) or when
economic disaster becomes more severe (higher |Z]), which is intuitive.

Since all cumulants in (26) are constants, the model in this special case cannot capture the
evidence from currency option markets that the currency return skewness is stochastic (e.g., Carr
and Wu, 2007). In contrast, stochastic skewness arises naturally in the full model through the time
variations in country-specific intensities )\? and )\{ . First, currency options, like other derivatives,

are sensitive to the jump component (e.g., Pan, 2002). Second, the pricing kernel loads positively

%2¢a, c3, and ¢4 are obtained by taking successive partial derivatives of the cumulant exponent (e.g., Wu, 2006) of
the log (nominal) exchange rate which is defined by & (u) = %ln EP" [e" 1og(sf)] , where P" is the actual measure at

home; u is some complex number.

13



on the disaster intensity under the usual calibration that v and 1 are both greater than one (see
discussion in Section 2.2). A positive shock on AP thus raises the home pricing kernel relative to
its foreign counterpart, which, from (19), adds to the depreciation and hence the negative skewness
of the foreign exchange. This result can also be seen from (26) with the note that Z is negative.
The opposite logic holds for innovations of )\{ . Third, both /\? and )\{ evolve stochastically and
independently, hence the implied stochastic skewness.

In related research, BCW document several advantages of their setup relative to the previous
literature of currency option pricing. The present paper differs from the work of BCW along several
key dimensions. First, unlike BCW and as illustrated by (26), my approach links currency return
dynamics, including the restrictions on the cross rate,® to both investors’ preference (e.g., the risk
aversion 7) and economic fundamentals (e.g., the log consumption jump size Z). Second, in contrast
to BCW who impose constant interest rates, interest rates and exchange rates are jointly derived in
my setup which facilitates the study of currency carry trade in relation to currency option pricing.
Third, within a general equilibrium framework, the present model provides rich implications beyond

currency and currency option pricing which are also consistent with the data.
3.83. The currency carry trade and the UIP anomaly

Closely related to exchange rate dynamics is the so-called currency carry trade. The typical carry
trade strategy involves borrowing currencies with low interest rates and investing in currencies with
high interest rates. A number of studies (e.g., Brunnermeier, Nagel, and Pedersen, 2009; Burnside,
Eichenbaum, Kleshchelski, and Rebelo, 2011) show that carry trade is subject to crash risks. Indeed,
a conventional saying among carry traders is that “exchange rates go up by the stairs and down by
the elevator”. It thus seems worthwhile to examine carry trade within a disaster framework.

To facilitate exposition, assume the home currency and the foreign currency offer the low and
the high interest rate, respectively. Denote by 7§ the (instantaneous) return of the following carry

trade strategy: i) borrow one unit of the home currency; ii) convert it to the foreign currency and

3For any three currency pairs that form a triangular relation (e.g., JPYUSD, AUDUSD, and AUDJPY), Appendix
A.3 provides the mathematical results that restrictions on the cross rates (e.g., AUDJPY), which is essential to
maintaining internal consistency among the three currency pairs, arises naturally from the present setup. Compared
to BCW, my paper goes one step forward by attributing such restrictions to the economic primitives of the two
countries involved (e.g., Japan and Australia).

14



lend it out at the foreign risk-free rate; iii) convert the earnings back to the home currency an

Ty = (r
$x . . .. dS¥/dt .
where 7, —ry (> 0) accounts for the interest rate differential; o accounts for the instantaneous
t

instant later. Taken together,

. dss/at
prof) + B e

-7} S;$

return from holding the foreign currency.

$
To illustrate the model mechanism for carry trade, it is useful to replace dséédt in (27) with
t

dln <St$> /dt* and define:
7o = (r?’* - rf) +dln (sf) Jdt. (28)

In (28), taking conditional expectations on both sides and substituting (23) and (45) for ;" — 7}

and E, [d In (s,?) /dt] vields:
Ey (7¢) = B (0 —1)%(bopn)® +e % -1+ yz} (Af: - A{) : (29)

E, (7) is referred to as currency risk premium hereafter, and its expression provides a simple way to
understand the profitability of carry trade. Since e* —1—x > 0 for all z, E; (7) loads positively on
)\? — )\{ which is driven by the compensation to investors for bearing disaster intensity risks. To see
the economics, assume )\f > )\{ so that the foreign currency is paying the higher interest rate due
to less precautionary savings. First, a positive shock in A? raises the home pricing kernel which, ac-
ccording to (19), contributes to the depression of the foreign exchange rate. Second, since economic
disasters are more probable at home than abroad, the effect of home-specific disaster intensity on
the exchange rate determination dominates the effect of its foreign counterpart. Taken together, the
home agent’s marginal utility rises exactly when the foreign currency devalues conditional on the
higher 7“? . As aresult, she demands a positive compensation for holding the risky foreign currency.

The implied positive risk compensation hinges on )\? > /\{ which is reflected by the higher foreign
interest rate. Since A" = A’ tends to hold empirically for a long enough time period, (29) yields

zero currency risk premium, on average. By examining carry trade strategies based on six major

ds?/dt
$

*Theoretically, E.dIn (Sf) /dt differs from by a convex adjustment component. Empirically, In S;1a —In Sy

t+

is close to Ss—f — 1 when the time interval A is small.
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currency pairs that are fixed, Bakshi and Panayotov (2013) find the expected returns are generally
not statistically different from zero. Eq. (29) provides a simple explanation for their findings.
Closely related to its implication on the expected return of carry trade, the model also generates
the UIP anomaly that currencies with higher than average interest rates tend to appreciate. To see
the details, I follow the literature (e.g., Backus, Foresi, and Telmer, 2001) and examine the expected

changes of the log exchange rate in response to the interest rate differential:
By (amn SF) jdt = B, (75) + (rf = 177). (30)

where 7¢ is defined in (28). Previous analyses indicate that Fj (7§) and r§ — Tf " load in opposite
signs on )\? — )\{ . Ignoring nominal shocks, E} (d In Sf) /dt moves in the opposite direction to
s — rf ™ when the impact of F; (7{) dominates, which is the case when the investors are not too
risk averse. Consequently, the foreign currency which pays the higher interest (assuming )\f > )\{ )
tends to appreciate generating the UIP anomaly. While nominal shocks induce the comovement of

E, (d In Sf) /dt and rf - rf ™ by the purchasing power parity relationship, the impact is dominated

in the model by that of E; (7{) driven by the disaster intensity shocks.?

4. Data and calibration
4.1. Currency and currency option data

I obtain over-the-counter quotes of currency options from Bloomberg for three currency pairs
that form a triangular relation: JPYUSD (the dollar price of one yen), GBPUSD (the dollar price of
one pound), and GBPJPY (the yen price of one pound), where the sample period is from October
1, 2003 to May 20, 2011. Options on each currency pair have seven fixed maturities at one, two,
three, six, nine, 12, and 18 months, and I ignore the one-week quotes out of concern that short-
dated contracts are more subject to liquidity or supply /demand premium (e.g., Pan and Singleton,
2008) not modeled in the present paper. At each maturity, quotes are available at five deltas in

the form of delta-neutral straddle implied volatilities, 10- and 25-delta risk reversals (RRs), and 10-

This result is consistent with Hollifield and Yaron’s (2003) finding that risks from the real side of the economy
are vital to capturing the UIP anomaly.
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and 25-delta butterfly spreads (BFs). The data are available at the daily frequency, and each time
series contains 1,993 observations.
By industry convention, currency options are quoted in the form of Garman-Kohlhagen (1983)

implied volatility (G/K-vol). The G/K deltas are computed by

A® = e " "N (dy) for call options
{ : (31)

AP = —¢"""TN (—dy) for put options
where N (.) denotes the cumulative normal function;

In(e;/K)+ (r—r*)

di =
! V7

1
T4 SIVVT, (32)

where K, 7, and I'V denote, respectively, the strike, the times to maturity, and the volatility input.
G/K-vol are directly available for the delta-neutral straddle defined as the sum of a call option and
a put option with the same strike satisfying A°+4 AP = 0. Since the delta-neutral restriction implies
di; = 0, the implicit strike is very close to the spot price. For this reason, this quote is referred to
as at-the-money implied volatility (ATMV) hereafter.

Besides ATMV, the Bloomberg data also provide quotes for RRs and BF's which record variations
of G/K-vol across different option deltas. RR is defined as the volatility difference between an out-
of-the-money (OTM) call option and an OTM put option with the same times to maturity, and it
captures the skewness of the risk-neutral currency return distribution. Mathematically, RR at the

given option delta, A, is computed by
RRIA| = IVC[A] — IVP[A]. (33)

On the other hand, option traders use the BF, defined as the difference between the average OTM
implied volatilities and ATMV, to quantity the kurtosis of risk-neutral currency return distribution.

At the given option delta, A, the implied BF is computed by

BF [A] = (IVC[A] + IVP[A]) /2 — ATMV. (34)
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From the empirical quotes, we can derive the implied volatilities at the five levels of delta using
(33)—(34) as follows: i) IV¢[25] = BF [25]+ AT MV + RR[25] /2, ii) IVP [25] = BF [25]+ ATMV —
RR[25] /2, iii) IV°[10] = BF [10] + ATMV + RR[10] /2, and iv) IVP[10] = BF [25] + ATMV —
RR[10] /2. To back out the time-series variations of disaster rates implied from the model, we
need to convert the implied volatilities into option prices and the deltas into strike prices using the
domestic and foreign interest rates. The maturity-matched interest rates are stripped using LIBOR
and swap rates from Bloomberg for all the three currencies involved, assuming piece-wise constant
forward rates.

Quotes of exchange rates are from Datastream. To study carry trade, I collect data on spot and
one-month forward contracts of five major currencies (excluding EUR due to its shorter history)
which are quoted against the USD. The five currencies are: AUD, CAD, CHF, GBP, and JPY.
One advantage of using forward contracts is that they facilitate the incorporation of transaction
costs (e.g., Bessembinder, 1994). To study the impact of disaster state on currency return skewness
and kurtosis, I also examine countries which have experienced financial/economic disasters since
1985. In particular, I choose Indonesia, Korea, Philippines, Mexico, Thailand, Malaysia, Argentina,
and Russia, with their currencies being IDR, KRW, PHP, MXN, THB, MYR, ARS, and RUB,
respectively, which are quoted against the USD. For all currency pairs involved, the sample period

is from January 1985 to January 2012 at the monthly frequency.

4.2. Calibration

Table 1 reports the base case calibration of the model at the annual frequency. Panel A describes
the preference parameters. Consistent with the macro finance literature, I set the subjective time
discount rate 5 to 0.02. The degree of risk aversion < is set at 6 which is roughly the midpoint of
the range deemed reasonable (e.g., Mehra and Prescott, 1985). I use ¢ = 2 which is close to the
estimation by Attanasio and Weber (1989) and Bansal, Gallant, and Tauchen (2007).

In the model, i and o denote the average and the volatility of the aggregate consumption
growth conditional on no disasters. I thus calibrate their annualized values to the quarterly real
consumption divided by the total population data in the U.S. for the period between 1952Q2 and

2006Q4, during which no economic disasters are documented. The correlation between the home
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and the foreign consumption growths, pgf , is set to 0.3, which is roughly the midpoint of its empirical

range from 0.17 to 0.14 documented by Brandt, Cochrane, and Santa-Clara (2006, Table 4). These
numbers are reported in Panel B of Table 1.

Parameters related to disasters are presented in Panel C of the same table. I set the mean-
reversion parameter x and the volatility parameter o) in the A\;—process at 0.142 and 0.09, re-
spectively.® Using the postwar data in G7 countries, Barro (2006) reports an average disaster
probability of 0.017 per annum, to which the long-run disaster intensity X is calibrated. From the
U.S. experience, the largest annual consumption drop which occurred in 1932 is around 10%. Using
the S&P 500 Index option data for 1988-2008, Du (2011) estimates a 15.8% consumption jump
that is factored into option pricing. Consumption jump sizes tend to be much higher from inter-
national experiences.” In view of this evidence, I choose, on balance, a consumption jump size of
20%, i.e., e — 1 = —0.2, which is still conservative compared to that used by Barro (2006). In an
unreported exercise, I have verified that moments (mean, volatility, skewness, kurtosis) of model-
implied consumption growth under the above calibration are broadly consistent with the empirical
evidence.®

The last disaster parameter, A\’ / )\, is calibrated to the empirical levels of the risk-sharing index
(RSI) developed by Brandt, Cochrane, and Santa-Clara (2006). Specifically, I set A7/ = 0.98 at
which the model-implied RSI (0.96) matches its empirical counterpart (0.95-0.98). Overall, the
98% risk-sharing implies that economic disasters are very likely to simultaneously strike different
countries, which is consistent with the historical evidence of the Great Depression. Given the

increasing economic ties among countries, this implication seems more valid nowadays than ever

Since A is the only state in the one-country version of the model, the autocorrelation of the price-dividend ratio
for the aggregate equity (discussed in Appendix B) is approxmiately that of A:. I thus calibrate s so that the implied
first-order autocorrelation of the price-dividend ratio equals its data value of 0.87 (e.g., Lettau and Wachter, 2011).
Next, I choose o so that the model generates reasonable return volatility for the aggregate equity. I have conducted
an extensive comparative analysis and found that the model implications on currency and currency option pricing are
largely robust to the choices of k and o .

"For example, Barro (2006) reports that both Germany and Japan experienced declines of more than 50% in real
GDP per capita over the two-year period towards the end of World War II. Using a novel data set, Barro and Ursua
(2008) show that the results on consumption are similar. Heston and Summers (1991) report that several countries
have experienced a one-year decline in real GDP or consumption of more than 20% since 1950, which include Algeria,
Angola, Chad, Iran, Iraq, Namibia, Nicaragua, Niger, Nigeria, Sierra Leone, and Uganda.

8Since my paper studies an endowment economy under which consumption equals output (e.g., Lucas, 1978; Mehra
and Prescott, 1985; Campbell and Cochrane, 1999; Barro, 2006), I calculate the empirical moments based on the GDP
data for G7 countries during 1890-2008. Another reason for this choice is that both the availability and quality of
international consumption data are limited. For example, the available non-US consumption data typically do not
distinguish between expenditures on non-durables plus service and expenditures on durables.
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before. To understand the source of the unshared components, it is helpful to interpret country-
specific disaster as a broader concept than "a disaster that strikes one country but not the other".
For example, Table I in Barro (2006) reveals that the disaster associated with World War II struck
major economies at different times. It is thus arguable, at least qualitatively, that this disaster is
not perfectly shared across borders. My work demonstrates that the imperfect risk-sharing is vital
to understanding currency and currency option pricing.

Finally, Panel D of Table 1 reports parameterization on the nominal side which is estimated
using the Kalman filter based on US inflation data from 1952Q1 to 2008Q4. These values are close to
those used by Lettau and Wachter (2011) and Bansal and Shaliastovich (2013). To summarize, none
of the model parameters is directly calibrated to the interest rate, exchange rate, or the currency
option data. As a result, quantitative implications on currency and currency option pricing to be
presented in next section are largely out of the sample, and the matches to be reported in the

following are mainly driven by the model structure and the underlying economics.

5. Quantitative implications

Sections 5.1 and 5.2 discuss quantitative implications on currency option pricing and currency
pricing, respectively. Since derivative valuations are insensitive to variations in expected inflation, I

fix m and 7* at their long-run averages when computing the model-implied currency option prices.
5.1. Currency option pricing

I start with ATMV which determines the currency option prices. I then discuss how the model

matches key features of the cross-sectional currency option data.
5.1.1. ATM implied volatility

Columns 2-5 in Table 2 report the average ATMV at four maturities: one/three/six/twelve
months, implied from both the model (Panel A) and the data (Panel B), where the model values
are computed as averages over the simulated stationary distributions of <)\?, /\{ A ) . Taking the
one-month ATMYV, for example, the model average is 9%, as compared to 11.0% for JPYUSD,
10.0% for GBPUSD, and 13.7% for GBPJPY. Across maturities, the ATMVs exhibit a flat term
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structure in both the model and the data. The low ATMVs are attributed to the smooth exchange
rate volatility which on average equals 9.5% in the model, as compared to 10.6%, 9.11%, and 13.2%
in the data implied from the above three currency pairs.

In terms of the magnitude, previous general equilibrium models tend to generete a highly volatile
exchange rate process. Indeed, Brandt, Cochrane, and Santa-Clara (2006) report that the exchange
rate volatility implied from a traditional consumption-based asset pricing model is at least 50% per
year. The smooth exchange rate process and hence the low ATMYV generated in the present setup
are thus desirable, which lays the foundation for exploring the cross-sectional variations in currency
option prices.

To understand the model mechanism for the low volatility, I calculate from (45) the instantaneous

variance of the changes in the log nominal exchange rate as follows:

Var, (dln (5?)) Jdt = 2 (y0)? (1 - pgf) + [(9 — 1) (boy)? + (72)2} (A? + A{) 203, (35)

Eq. (35) consists of three terms attributed to the imperfectly shared consumption shocks, the
imperfectly shared economic disasters, and nominal shocks. In both the model and the data,
volatilities of real and nominal exchange rates are very close suggesting that impacts from nominal
shocks are small. Due to compensations to investors for bearing the risks of variable disaster rates,
the present setup can generate the observed high equity premium under low risk aversion. This
result, combined with the low o, implies the low volatility attributed to consumption diffusive
shocks. If economic disasters are highly shared across borders, i.e., )\? + )\{ is close to zero, the

second term’s contribution would also be small, hence the low exchange rate volatility.
5.1.2. Cross-sectional option pricing: unconditional values

Starting from ATMVs, option-implied volatilities vary as we change moneyness, or equivalently,
option deltas. In particular, variations in price differences between OTM puts and OTM calls
are captured by changes in RR defined by (33), which measures the skewness of the risk-neutral
exchange rate distribution. Specifically, the positive (negative) RR captures the positive (negative)

risk-neutral skewness.
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Panel A of Table 3 reports the model- and data-implied standard deviation for the 10- and
25-delta risk reversals, denoted by RR10 and RR25, respectively, over various times to maturity,
where the RRs are normalized as percentages of the maturity-matched ATMV. To obtain the model
values, I first search for the strike, using (31)—(32) and conditional on the given states ()\f , )\{ A ),
to match the option deltas, where the home and foreign interest rates are at their equilibrium levels.
I then compute option prices at the backed-out strikes from which I obtain RR10 and RR25. Finally,
I compute the standard deviations of the RRs over the stationary distribution of ()\f , )\{ A ) . To
present the matches of RR fluctuations from another perspective, Panel B of the same table reports
the ranges of RR variations implied from both the model and the data, where the model values are
again based on the A-stationary distribution. Due to space limitation, I report RR ranges only for
JPYUSD and GBPUSD.

The model does a good job in capturing the substantial variations of risk-neutral skewness
observed in the data. To illustrate it, I use the three-month RRs for example. The model-implied
standard deviations of RR10 and RR25 are 18.6% and 8.43%, respectively, as compared to 19.0%
and 9.82% from JPYUSD, 13.4% and 7.40% from GBPUSD, and 15.3% and 8.49% from GBPJPY.
Across maturities, the model predicts a rising term structure for the RR standard deviations which
is also consistent with the data. Turning to the RR ranges, the model implications are again close/
comparable to the data in terms of the sizes of the ranges measured as the maximum RRs minus
the minimum RRs. For example, the sizes of the model-implied RR ranges are 91.1% and 43.0%
for the three-month RR10 and RR25, respectively, as compared to their data counterparts of 118%
and 59.9% from JPYUSD, and 47.2% and 32.6% from GBPUSD. Furthermore, by breaking the
perfect symmetry in calibration, I find the model is also able to replicate the average RRs in the
data® while leaving the matches of RR standard deviation largely unaffected (see footnote 14 for
the details).

Why is the present setup able to generate substantial variations in currency return skewness as

captured by RR? First, investors are concerned about the prospects of future consumption growth

9Under the base case calibration assuming complete symmetry, the model-implied RR variations are largely sym-
metric. On the other hand, the data exhibit asymmetry towards the negative RRs which is attributed to the recent
financial crisis originated from the US generating, from the lens of the present model, the imbalances between the
home- and the foreign-specific disaster rates. Indeed, data in the earlier period from January 1996 to January 2004,
as studied by Carr and Wu (2007), exhibit more symmetry. For example, Carr and Wu (2007) report that the average
three-month RR10 and RR25 implied from GBPUSD are -0.37% and -0.10%, respectively, during their sample period.
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under the recursive utility. Variable disaster intensities are therefore directly priced through which
they have impacts on exchange rate dynamics. Second, under the imperfectly shared disaster
risks, the home-specific disaster rate can either rise above or fall below its foreign counterpart
generating, respectively, the negative and the positive skewness in exchange rates. Third, since the
two country-specific components evolve independently, their relative impacts on skewness change
over time leading to the substantial RR variations.

Fig. 1 illustrates the above mechanism. Fixing the global intensity A/ at its long-run average N,
I plot the implied three-month 10-delta RR as a function of the home- ()\f}) and the foreign-specific
()\f: ) disaster intensities, where )\? and )\{ are both quoted as multiples of A (: j\f) and vary
between zero and five. RR is virtually zero when there are no jumps in the exchange rate process
at A\ = )\,{ = 0 (the rightmost point). Starting from A = )\{ = 0, RR drops monotonically with
the increase in )\? , since higher )\? adds to the negative skewness of currency returns by raising the
likelihood of potential downward jumps. Conversely, RR rises monotonically with the increase of )\{ .
By comparison, RR changes little along the line A" = )\f and is still close to zero at )\i1 = )\,{ =5\"
(the leftmost point). This exercise shows that A" and )\{ both have substantial and nearly symmetric
impacts on the implied RR.

While RR captures cross-sectional differences between OTM puts and OTM calls, BF defined
in (34) captures differences between OTM and ATM options. Table 4 reports the model- and
data-implied standard deviations and averages for the 10- and 25-delta BFs, denoted by BF10 and
BF25, respectively, over various maturities, where the BF's are also normalized as percentages of the
maturity-matched ATMV. Overall, model values are close/comparable to their data counterparts.
Taking the six-month BF10 for example, the model-implied standard deviation (Panel A) and
average (Panel B) are 5.34% and 9.39%, as compared to 4.45% and 14.3% from JPYUSD, 4.04% and
10.4% from GBPUSD, and 3.70% and 12.6% from GBPJPY. Simultaneously, the model generates
a rising term structure for both the standard deviations and the averages of BFs which is also
consistent with the data.

To corroborate the above matches, I pursue an alternative method that allows the risk-neutral
volatility, skewness, and kurtosis of asset returns to be spanned by option prices (e.g., Bakshi,

Kapadia, and Madan, 2003; Jiang and Tian, 2005; Bakshi and Madan, 2006). In the same spirit as
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that described by Bakshi, Kapadia, and Madan (2003), I first express the risk-neutral skewness of
the 7—period currency returns In S§i as functions of the fair valuations of volatility contract, cubic
contract, and quartic contract, denoted respectively by U, V', and W. I then use prices of T—period
option contracts across a collection of strikes to span valuations of the three contracts.

Currency option prices in the data are deduced from quotes of ATMV, RR, and BF which are
directly available at only five strikes (deltas). To minimize the discretization error, I apply the
curve-fitting method (e.g., Jiang and Tian, 2005) to obtain option prices at any strike within the
empirical ranges of strikes.! The unconditional skewness (sk) and kurtosis (kt) thus spanned are
computed based on the time series from Octobor 2003 to May 2011. Correspondingly in the model,
I obtain the unconditional sk and kt based on the stationary distribution of the states. I find the
model implications match their data counterparts reasonably well. Take the standard deviation
of sk and kt, for example. Their model values are 0.316 and 0.322, respectively, compared with
0.299 and 0.284 for JPYUSD, 0.221 and 0.260 for GBPUSD, and 0.341 and 0.422 for GBPJPY. To
summarize, the model is able to explain the data in terms of the unconditional mean and standard

deviation of currency return skewness and kurtosis under the risk-neutral measure.
5.1.8. Cross-sectional option pricing: time variations

Turning to time variations of the implied cross-sectional option pricing, I use currency op-
tion prices to back out the time series of )\? and )\{ with A9 fixed at its long-run average.'!
More specifically, let Ny be the number of option prices on period ¢, and Oq(ld) (t,7n, K,) and
O,(Zm)(t, T, Kn, é; )\?, /\{ A\ ) be, respectively, the observed and the model price of the nth option
(n=1,2,...Ny), where 7, and K, denote the time to maturity and strike price; 0 denote the cali-
brated parameters reported in Table 1. The strikes K,,, common to both data and model prices, are
determined by matches to option deltas through the Garman-Kohlhagen formula, where the interest

rates and the implied volatilities used are from data quotes. Given the currency pair, period ¢’s

10While option prices outside of the empirical ranges can also be deduced by extrapolation, I only use interpolation
for two reasons. First, the implied strikes cover a wide range. Taking the three-month contracts written on GBPUSD,
for example, the implied strikes quoted as the ratio of the underlying exchange rate range from 0.83 to 1.17. Second, I
use similar ranges of strikes when computing the model implications, and the implied matches are robust to marginal
variations of the strike ranges.

1 Alternatively, I back out {5\?7 5\{, 5\?} simultaneously from the option data, and the implied time-series matches

are largely unaffected.
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disaster rates are identified by minimizing the sum of the squared pricing errors as follows:

<h o< Al A —0 12
(W) = argmin >~ [0 (2, 7, M) = 0L (8, 7, Moy ©50, M, X (36)
DYDY A—)

where 5\? and 5\{ are restricted to be non-negative. To avoid putting too much weight on high
price quotes, I scale all option prices by their Garman-Kohlhagen vega. Although data are available
daily, I back out the weekly series of {j\f , 5\{ } which illustrates the point. In particular, Eq. (36) is
repeated for JPYUSD and GBPUSD every Wednesday between October 1, 2003 and May 20, 2011.
Due to the missing data, series for GBPJPY start from May 17, 2006 instead.

Using the backed-out {5\? ,5\{ } as inputs, I compute the model-implied RR series which are
then compared to the data. Take RR10 at the three-month horizon, for example. The model
series correlate their data counterparts by 95.6%, 96.4%, and 95.6% for JPYUSD, GBPUSD, and
GBPJPY, respectively, and the results are plotted in the left three panels of Fig. 2. I furthermore
pursue the method of option spanning described in Section 5.1.2 and compute the time variations
of risk-neutral currency return skewness, where the model and the data values are computed at
the same discretization of strikes for the given trading day. The right three panels of Fig. 2 plot
the results at the three-month horizon which again exhibit reasonable matches: the correlations
between the model- and the data-implied sk series are 91.6% for JPYUSD, 93.5% for GBPUSD,
and 93.7% for GBPJPY.

In the present setup, time variations of RR are mainly driven by fluctuations of country-specific
disaster rates that investors with intertemporal preferences are concerned about. Indeed, by setting
)\? = )\f = 0, the left panels of Fig. 3 show that the implied RR series fail miserably at capturing
the observed stochastic skewness. The above mechanism advocates that it is the concern about the
(unshared) disaster risks, or “crash-o-phobia”, that matters the most to the observed pricing. The
same economics also explain the regularities of carry trade returns (Section 5.2.1), the UIP anomaly
(Section 5.2.2), the time variations of volatility smirk in equity index option pricing (Appendix B.2),
and is consistent with the findings by Bollerslev and Todorov (2011) that investors’ fear of jump
tail risks plays a crucial role for explaining risk premia embedded in aggregate equity.

Linking to the literature on currency option pricing, the regularity of stochastic skewness is
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first addressed by Carr and Wu (2007) using a class of reduced-form models built on the general
framework of time-changed Levy processes developed in their earlier work. Unlike the present setup
in which stochastic skewness arises endogenously from imperfectly shared disaster risks, Carr and
Wu (2007) start with an exogenous exchange rate process subject to two Levy-jump components
that exhibit positive (upward jumps) and negative (downward jumps) skewness. Stochastic skew-
ness emerges when the two jump components, and hence their relative weights, vary stochastically
over time. Despite success, Carr and Wu point out in their conclusion: “for future research, it
is important to understand the economic underpinnings of the stochastic skewness suggested by
currency option prices”. Partly motivated by their work, this paper pursues a preference-based gen-
eral equilibrium setup which enhances the understanding of stochastic skewness based on investors’
intertemporal preference and the impefectly shared disaster risks.

Moving to the fourth moments, I show previously in Section 5.1.2 that the present model is
able to match the unconditional mean and standard deviation of BF and the risk-neutral currency
return kurtosis (kt). Perhaps not surprisingly, matching time variations of BF and kt turns out
to be more challenging. To accomodate matches along this dimension without affecting the main
economics, I generalize the country-specific disaster rate process by allowing the average disaster
rates to be stochastic in a persistent way.'? I find the extended model is able to deliver reasonable
matches of BF and sk time variations. Take BF10 at the three-month horizon, for example. The
correlations between the model and the data series are 93.9%, 94.7%, and 90.7% for JPYUSD,
GBPUSD, and GBPJPY, respectively, and the results are plotted in the right three panels of Fig.
3. Simultaneously, I have verified that the extended model maintains time-series matches of lower
moments as well as the matches of unconditional values that are implied from the base model before

the extension.

2Specifically, for country j (j=h,f), the generalized country-specific disaster rate follows: d)\{ =
K (S\jn{ . )\f) dt + UM/)\idBjt. In this specification, 17{ is referred to as the stochastic central tendency factor

for country j which follows dn/ = &, (1 — ni) dt + am/n{dBj where Bf;t and Bj;t are mutually independent which

nty

are also independent of the other Brownians. I maintain the original A\Y—process with the verification that adding
1

stochastic central tendency to A{ has little impact on the implied matches. In calibration, I set £, = 3 and o, = 1

so that i) central tendency factors are more persistent than disaster rates; ii) central tendency factors are subject to
significant amounts of time variations. Fixing A{ at its long-run average, I back out from option prices the time series

of {;\?7 5\5, f]i‘, f;{} which I then use to compute BF's implied from the extended model.
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5.2. Currency pricing

5.2.1. The first two moments of carry trade returns

Pursuing the strategy described by (27), I first present formulas of instantaneous expectation
and variance of model-implied carry trade returns. Next, I discuss the empirical implementation
of (27). Finally, I report quantitative implications both under complete symmetry and an asym-
metric generalization that allows the foreign disaster magnitude to be different from its domestic
counterpart.

In (27), taking expectation on both sides and substituting (23) and (21) for rf’* — 7% and

$
Ey (dséé dt) , I obtain the instantaneous expected return of carry trade as follows:
t

B (r8) = B (0 — 1) (boy)? + e 7% — 1} (Af - A{)

+ (y0)? (1 - p’gf) + % (0 —1)2 %02 (A{L + A{) (37)

F (7 —1—AZ) Nt (777 =14+ 72) N + 0.

To compute the second moment, note that both r;™* and 7¥ are short-term interest rates which can

be treated as constants over an instant of time. The instantaneous variance of carry trade is thus

ds$ /dt

¢« which equals
St

completely determined by that of

Var,(f) = 2(10) (1 - pe) + (0= 1) (bo) + (77 — 1) A

+ [(0 — 1% (bon)? + (677 — 1)2} A + 202, (38)

where I've used the independences between dBj; and dBy; and that between dNth and dNtf .

Egs. (37)-(38) formalize that carry trade is subject to crash risks. The same result holds for
the aggregate stock, as indicated by (61)—(62) which give the model-implied equity premium and
the stock return volatility. Empirically, Burnside (2012) concludes that “a unifying explanation of
stock market and carry trade returns based on observed fluctuations in measures of risk remains
elusive”. He conjectures that an alternative explanation should pursue investors’ concerns about
out-of-sample events, which is formalized in this paper.

To implement (27) empirically, consider the following strategy: i) borrow one unit of the home
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currency; ii) convert it into the foreign currency and lend it out at the foreign risk-free rate; iii)

convert the earnings back to the home currency one period later. The implied payoff is given by:

(1 + rf’*> S;él - (1 + rf) ; (39)

which is the empirical counterpart of (27). Based on the covered interest rate parity,

1—1—7“;3 _FtSB

L+r" Ch

where F¥ denotes the (nominal) forward exchange rate. Using (40), Eq. (39) can be equivalently

(1 + rf) (i{? - ) . (41)

Empirically, I focus on the one-month carry trade returns which are computed using the practical

rewritten as:

version of (41) that accounts for the transaction costs.!3

I compute the unconditional mean and volatility of model-implied carry trade returns by ex-
ploiting (37)—(38) over the stationary distributions of <)\?, A ) . From discussions in Section 3.3,
E; (ry) = E;(7])+convex adjustment, where F; (7{) denotes the currency risk premium whose
(unconditional) average is zero under complete symmetry. Accounting for the convex adjustment
component, the model generates an average carry trade return of 0.485%. From (38), variations of
carry trade returns arise from i) the unshared home- and foreign-specific disaster rates which evolve
stochastically and independently; ii) the unshared consumption diffusions and nominal shocks. On
average, the model produces a return volatility of 11.3%.

Empirically, I perform computations with respect to fixed country pairs for which the average
levels of )\f and )\{ tend to converge. Specifically, I choose five currency pairs, AUDUSD, USDJPY,
AUDCHF, GBPJPY, and GBPCHF, that are usually used for carry trade. The data are monthly

from January 1985 to January 2012. I find that the implied average returns are 3.42%, -0.493%,

: .. ) 580 .
3 Taking into account the transaction costs, (41) becomes (1 + rf) <Ft$f; - 1> , where the superscripts “bj and “aj
t

denote the bid rate and the ask rate, respectively. Interest rate quotes are computed as averages of the bid rates and
ask rates. In terms of magnitude, accounting for bid/ask differentials for interest rate has a very small impact on the
implied carry trade returns.
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0.432%, 0.840%, and -0.765%, while the implied volatilities are 11.7%, 11.5%, 12.9%, 12.7%, and
8.77%. To summarize, my model under complete symmetry generates the key features of empirical
carry trade returns based on fixed currency pairs: low expected returns and volatilities ranging from
9% to 13%.

As reported by Bakshi and Panayotov (2013), carry trade is more profitable when implemented
on a dynamic rebalancing basis, under which investors always short the low-interest currency and
long the high-interest currency. Correspondingly, on the model side, I need to break the complete
symmetry so as to produce positive expected returns for carry trade. One simple way to do that is to
maintain the base case jump size (20%) for the home country, but assume a lower jump magnitude
for the foreign country. In this case (with all other parameter values remaining at their base levels),
the foreign country pays the higher interest rate due to less precautionary saving, and the strategy
of shorting the home currency and longing the foreign currency yields positive returns, on average.

To illustrate the above mechanism analytically, again I resort to the currency risk premium and

expand Eq. (29) into

1 1 -
B (7f) = 2(91)2(b®)2+6_721+74 A — [2 (0 =12V 0r)>+e 77 —1+7Z"| N,

(42)
where b* is the foreign counterpart of b controlling the sensitivity of the log W/C ratio to the
disaster intensity at the home country (see Eq. (13)). Although E ()\;) = E (\}) = A, the average
E{*Y (7€) is positive for two reasons. First, |b] > [b*| when |Z| > |Z*|. Intuitively, at the lower
disaster magnitudes, W/C ratio reacts less to the changes of their arrival probabilities. Second,
f(x) = e — 1 — x is increasing in = so that e % — 1 +~vZ > 74" — 1 + vZ*. The convex
adjustment component further raises the average carry trade return relative to the average currency
risk premium.

Quantitatively, I combine data on spot and forward contracts of five major currencies (excluding
the euro for its shorter history) under independent floating schemes, which are quoted against the
USD. The currencies involved are: AUD, CAD, CHF, GBP, and JPY. I then design two strategies
that short and long the five currencies which are rebalanced at the end of each month between

January 1985 and January 2011. Currencies are included according to their interest rate differentials
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inferred from the forward discount. The first strategy buys the highest-yielding currency and sells
the lowest-yielding counterpart, while the second strategy buys the second highest-yielding currency
and sells the second lowest-yielding counterpart. Based on these two strategies, the implied average
carry returns are 4.64% and 4.43% while the implied return volatilities are 11.5% and 10.7%.

On the model side, I choose various foreign disaster magnitudes }eZ - 1} ranging from 15% and
19.5%, which are reported in column 1 of Table 5. Correspondingly, columns 2-3 of the same table
report the unconditional mean and volatility of carry trade returns. Consistent with intuition, the
implied average return increases as ‘eZ - 1‘ decreases signaling the greater degree of asymmetry.
In terms of levels, the average carry trade returns range from 0.816% to 5.77%. Simultaneoulsy, the
model generates volatilities ranging from 10.7% to 15.2%. In conclusion, by introducing asymmetry
in disaster magnitude, the present model is able to replicate the first two moments of empirical

carry trade returns based on dynamically rebalanced currency pairs.'4

5.2.2. The UIP anomaly

I next turn to the UIP anomaly. If the currency risk premium FEj (7§) is a constant, Eq. (30)
implies a one-to-one relation between ¥ — rf ™ and Ey (d In St$> /dt which is sometimes referred to

as the uncovered interest parity (UIP). If UIP holds, the slope coefficient in the regression

In Sfﬂ —In Sf =a1 + ag (rf — rf"‘) + residual
should be close to one. Since Fama (1984), however, people have found that ag, referred to as the
UIP coefficient, is consistently less than one and usually negative: high interest-paying currencies
tend to appreciate instead of depreciating, which indicates that F; (7f) is time-varying.

In my setup, the time-varying E; (7{) arises from the unshared disaster risks as discussed in

" The introduction of asymmetry in disaster magnitude leaves the model matches of currency option pricing largely
intact. Take the three-month 10-delta RR, for example. The model-implied RR standard deviation is 11.2% at

‘ez* — 1‘ = 15% which is still comparable to its data counterpart (e.g., 13.4% from GBPUSD). The lower standard
deviation relative to that under complete symmetry (18.6%) is attributed to the higher ATMV against which RR is
normalized. Indeed, the implied RR standard deviation at ‘ez* — 1| = 15% would be 19.7% if we still use the base

case level of ATMV for normalization. Furthermore, allowing for smaller foreign disaster magnitudes facilitates the
matches of average skewness observed during my sample period. Taking implications at the three-month horizon, for

example, the average RR10 and RR25 at ‘ez* — 1‘ = 15% are -30.4% and -15.2%, respectively, as compared to -33.2%
and -17.8% from JPYUSD, -9.75% and -5.36% from GBPUSD, and -35.1% and -17.6% from GBPJPY.
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Section 3.3. To explore the quantitative implications, I run the UIP regressions at the monthly
frequency based on the simulated data of nominal exchange rates and the one-month nominal bond
yields, where I have used the closed-form bond pricing formula given by (64). As reported in
Panel A of Table 6, the model-implied UIP coefficient is -2.0 with the standard deviation of 1.2.
Both numbers are in line with their empirical values documented in previous studies (e.g., Bansal
and Shaliastovich, 2009; Verdelhan, 2010). The basic intuition is that the home investor requires a
positive premium for holding the foreign currency when disaster is more likely at home than abroad.
When the risk aversion 7 is not too low (at a level greater than 2.2 conditional on the base case
calibration of the other parameters), the required premium will be able to offset the effect of interest
rate differentials and in addition drives up the appreciation of the foreign currency.

Building on the work of Campbell and Cochrane (1999) and case II of Bansal and Yaron (2004),
respectively, Verdelhan (2010) and Bansal and Shaliastovich (2013) show that habit formation and
long-run risk models are also able to resolve the forward premium anomaly. Time-varying currency
risk premiums arise from variable risk aversions induced by habit formation in Verdelhan (2010),
and from the short-term fluctuations of consumption volatility in Bansal and Shaliastovich (2013).
In this paper, I resort to the disaster story instead because I also aim at pricing currency derivatives:
as implied from studies by Benzoni, Collin-Dufresne, and Goldstein (2011) and Du (2011), neither
habit formation nor long-run risk prices derivative assets well if the underlying asset returns are
not subject to jumps. More evidence on the importance of a jump component to currency option

pricing is provided in Appendix A.4.

5.2.8. Various other regularities on currency pricing

Panel B of Table 6 reports the data-implied currency return skewness and kurtosis under the
physical measure which are based on countries that have experienced financial/economic disasters
from January 1985 to January 2012. Specifically, I choose Indonesia, Korea, Philippines, Mexico,
Thailand, Malaysia, Argentina, and Russia, with their currencies being IDR, KRW, PHP, MXN,
THB, MYR, ARS, and RUB, respectively, which are quoted against the USD. To accomodate the
negative skewness as suggested by the data, I use the similar asymmetry as discussed in Section

5.2.1. At the foreign disaster magnitude of 15%, the model-implied currency return skewness and
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kurtosis are -1.01 and 8.20, respectively. These numbers are close/comparable to their empirical
counterparts as reported in Panel B of Table 6. For example, THB in my sample period has
skewness and kurtosis of -1.08 and 10.7, respectively. Furthermore, the model-implied currency
return volatility equals 15.6% under the same asymmetry, which is comparable/close to 18.9%,
15.3%, 12.4%, 19.0%, 13.5%, 9.39%, 17.1%, and 23.0% implied from IDR, KRW, PHP, MXN, THB,
MYR, ARS, and RUB, respectively.

Panel C of Table 6 reports some additional regularities related to currency pricing, where the data
values are average implications based on multiple currency pairs considered in this paper. Wherever
RRs are involved, I report the numbers for the six-month 10-delta contracts, for example. The model
produces a stark contrast between the low persistence of exchange rates and the high persistence
of interest rates, a positive correlation between RRs and (nominal) interest rate differentials, as
well as a positive correlation between changes in RR and the contemporaneous (nominal) currency

returns.'® All these implications are consistent with the data.

6. Conclusions

This paper presents a consumption-based general equilibrium model featuring i) variable eco-
nomic disasters that are imperfectly shared across borders, and ii) recursive utility under which
disaster risks are directly priced. The model proves useful in capturing i) the moderate exchange
rate volatility and hence the moderate option-implied volatilities when disaster risks are highly
shared; ii) the stochastic skewness when the unshared disaster components evolve stochastically
and independently across time; iii) the sizable expected return of carry trade as compensation for
bearing disaster risks; and iv) the UIP anomaly when risk aversion is not too low at which the
demanded risk premium offsets the interest rate differential and in addition drives up the valuation

of the risky foreign currency.

'5The positive correlation between changes in RR and the contemporaneous (nominal) currency returns can be seen
analytically from the lens of my setup. From previous analysis with respect to Fig. 1, RR can be proxied by /\tf — AP

whose (instantaneous) change at period t equals d (/\tf — )\?) =—kK ()\{ - )\f) dt+ox (\ / )\tdeft -V /\deht) , where

I have used (5)-(6). Comparing this equation with (21), the positive correlation follows from 6 < 0 and b < 0 under
the usual calibration that v and 1 are both greater than one. Intuitively, the decrease of /\tf and the increase of A
both add to the potential downward jumps of the foreign currency exchange rate, which leads to its contemporaneous
devaluation.
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Linking back to the literature, previous studies on foreign exchange contingent claims tend
to adopt the reduced-form setting and examine pricing regularities separately. A match between
data and reduced-form models unfortunately only reflects the successful projection of data features
onto the statistical characterization of exchange rates or pricing kernels, and examining regularities
in isolation leaves unanswered an important question on the connections among different pricing
phenomena. A general equilibrium study is thus desirable which provides an economic story for
various regularities of currency and currency option pricing that are determined in a uniform and
internally consistent manner.

The present setup also has rich implications beyond the valuations of foreign exchange contingent
claims. It replicates the aggregate stock market behaviors such as the high equity premium and
return volatility; it matches the first two moments of short-term real bond yields; it also captures
the salient pricing feature of volatility smirk for equity index options in terms of both levels and
time-series variations. The details are provided in Appendix B. Taken together, the present model
has the potential to unify pricing regularities in various financial markets with a coherent disaster

story.

Appendix A. Proofs, formulas, and further discussions

A.1. Sum of two independent Cox processes

This subsection shows that the sum of two independent Cox processes is still a Cox process if
their intensities are independent of each other. Given a Cox process IV; with the stochastic intensity
A¢, define the o—field

Sy =0{As: 0 <5<t}

which is equivalent to knowing the evolution of A up to period ¢t. The moment generating function

(mgf) for N; can be computed by

o (fy dudu)”

Yy (m) = Ee™™ = E (E (emNt|%t)] =F Zem” e Jo Audu
n=0

n!

where the third equality follows that a Cox process is an inhomogeneous Poisson process conditional

on a particular realization of its stochastic intensity. Evaluating the above formula yields

ot = £ | ( [ t han) @ ) }. (43)
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Next consider two independent Cox processes N/ and N/ whose arrival intensities are A and
M, respectively. The mgf for N + N} is thus

Eem(Nth"'th) — (EemNth> (Eemth>

e[ (o) ] | ([ -]},

where I have used the independence and (43) for the second and the third equality, respectively. In

Ynoynn (M)

the present model, \! and A/ as characterized by (5) and (7) are also independent, which is due to

the independences between dBj; and dBg;. Therefore,

Ynopnn (m) = E {exp K/Ot AZdu) (e™ — 1)] - exp [(/Ot Agdu> (em — 1)] }
- E{exp K/Ot [)\ZJr)\g] du> (em — 1)]}. (44)

It is well known that knowing the mgf is equivalent to knowing the distribution itself. By comparing
(44) with (43), T conclude that Ny + N} is also a Cox process with intensity equaling A + 7.

A.2. Closed-form valuation of ¥ (.)

I first obtain the dynamics of log nominal exchange rate which is used to obtain the closed-form

spot characteristic function ¥ (.) defined by (24). Applying Ito’s lemma with jumps to (21) yields:

1 1
dln (s,?) - [(Af - A{) (69 [e“—ﬂz - 1} +5(0-1) 9b2a§> - wjg] dt
+70 (dBy — dBY) — (6 — 1) boy < A'dByy — /A dBft>
+92 (AN} — AN] ) + op (dBy — dBy) . (45)

The closed-form valuation of ¥ (.) is given by (25), where

a(r)=~B—put 37 (14 0)0” + 0%~ [(10)* (1= pe) + 03] (i -+ 42) (46)
o 271)0 (1 B 6_7767—)
") e - €)@ en) o
ce (1) = —K—);C [(nc —&.)7+2In (1 e —&e (1- 6_7707)>] (48)
oy 2n,.
with 1, = 1/&2 4 2w24, for ¢ = h, f, g;
ba(r) = 22 (1= ) (49)



2
cq () = chc + %0‘7% (?)

R

2
rr (et -y - 2 () -

K2 - 4k, \ Ky

for d = m,7*. In (47)-(48),

—(1—iu) O+ 1 (1 —iu)* (0 —1)%(boy)? ,
wh = [ +€3(1,iu),yz _1 ) é.h =k = (1 - 'L’LL) (0 - 1) bo’%\?
Yy = —iuO — %uZ (0 —1)? (boy)? + e ™% —1, §r=r—iu(0—1) bo3,
1
b, = —@+§(e—1)2 (boy)> +e 7% — 1, €, =kK—(0—1)bo3,
where ) 0_1
O=20(0-1)(bor) + = [eﬂ*wz - 1}
In (49)-(50),
Vv, = wu—1, & =k + (—1+4+iu)opoy
Yoe = —iU, Epr = KgT — WUO PO .

A.8. Cross-currency restrictions

In the literature, many papers on currency pricing often start by exogenously specifying the
exchange rate dynamics for an underlying currency pair. These papers essentially treat the specified
dynamics on a standalone basis, and thus have ignored restrictions on the cross exchange rate.
Below, I use JPYUSD, AUDUSD, and AUDJPY which form a triangular relation as an example to
show that the cross rate restrictions are automatically satisfied in my setup. The analysis is based
on (45) which gives the exchange rate dynamics for a generic currency pair.

Applying (45) to the case where the US and Japan are treated as the home and the foreign

country, respectively, we have
din (SP7PYUSP) = (S = N[P) 0 + 7S — 7{P] db + 9o (dBYS — dBYT) (51)

—(0—1)boy ( A\VSaBUS — A{PngP> +7Z (dNF® — dN/T) + op (dBL® — dB;))

where © = % [6(1*7)2 —1] + % (0 — 1) 0b%0%; S¥ denotes the nominal exchange rate. If instead

the US and Australia are treated as the home and the foreign country, respectively, we have
aln (SPAUPYSP) = (WS = AM) @ + 7S — wtV) db + 9o (aBYS — dBAY) (52)

— (0 —1)boy ( AUSGBUS —\ JAAU dBtAU> +7Z (dNFS — dANAY) + op (dBL — dBiY) .
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The cross rate AUDJPY has to satisfy the triangular arbitrage relation which implies:
din (S;&AUDJPY) — dn (Stss,JPYUSD) —dln (SE,AUDUSD) . (53)
Substituting (51)—(52) into (53) gives
aln (SPAUPI) = (00 = NP) 0 + 7V — 7]P] dt +yo (dBAY — dBIT) (54)

—(0—1)boy ( MUABAY — A;’PngP> +7Z (dNAY —dN/T) + op (dByY — dBJF) .

It is easy to see that (54) is consistent with (45) when Australia and Japan are treated as the home
and the foreign country, respectively. In other words, my setup guarantees, for any three countries
forming a triangular relation, that the cross rate is redundant and completely determined by the
other two primary currency pairs.

In the literature, BCW are among the earliest to address the issue of triangular arbitrage relation.
They start with the exogenous pricing kernel processes, from which exchange rates are determined
as the ratio of the pricing kernels between any two economies. This way, for any three currency
pairs that form a triangular relation, the cross rate (e.g., AUDJPY) arises naturally as the ratios
of the other two exchange rates (e.g., JPYUSD and AUDUSD). The same logic applies in my setup
if we treat the implied pricing kernels as exogenously given. Due to the general equilibrium that
endogenizes the implied pricing kernels, my approach goes one step forward relative to BCW by
attributing exchange rate dynamics, including the cross rate restriction, to investors’ preference and

economic fundamentals.
A.4. Can stochastic volatility price currency and its derivatives well?

To further illustrate the importance of a disaster component for pricing currency options, I
investigate in this subsection an alternative model that pursues the stochasticity of the (diffusive)
volatility of consumption growth. Using the home country as an example, aggregate consumption
now follows:

d(it = (u+2¢) dt + /QdBe,

where

dxry = —Kpxdt + 0,dBgy;
th = RQ (Q — Qt) dt + aQvV QtdBQt;

Bet, By, and By are mutually independent. Under the recursive preference of (10)—(11), ; and €,
which capture, respectively, the long-run risk and the stochastic volatility, are both directly priced.

As a result, the home pricing kernel M, takes the form

t -0
Mt = exp <—/O [59 + M] dS) C;’YI (Qt,ﬂ?t)eil . (55)
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Similar models have been studied by Bansal and Yaron (2004), and Bansal and Shaliastovich (2013),
but neither touches on the subject of currency option pricing or carry trade.

Using the log-linear approximation
I (Qta l't) — ea—l—th—I—cmt’

it follows that M;

dM,
Wt = —Ttdt — YV QtdBct + (9 - 1) bO’Q\/ QtdBQt + (0 - 1) CO'dea;t,
t

where 7; denotes the short-term interest rate at home. On the nominal side, the consumption
price index P; still follows (17)—(18). To facilitate comparison, again I assume complete symmetry
between the home and the foreign country. Furthermore, I follow Bansal and Shaliastovich (2013)
by assuming that i) the long-run growth prospects across two countries are identical in that x; is
perfectly shared; and ii) there are short-run differences captured by the independent evolutions of
consumption volatility between countries. Again, By and B}, are correlated by phf .

By Ito’s lemma with jumps, the implied nominal exchange rate follows:

sy (@ -9 (16~ 10(bo0) + Iy (— 1)) 71— B
St +37° (Qt +QF - QPZf\/TQZ‘) +3(0—1)% (bo)® (Q + Q) + 0%

+ (VOB ~ OB ) — (0~ 1)boq (VudBar — /By, ) +op (dBy — dBy) . (56)

where innovations due to imperfectly shared risks are driven by v (v dBy — 1/QfdB}y) for con-
sumption shocks, by — (0 — 1) bogq (@dBQt — ﬁngt) for stochastic volatility, and by o p (dBpt — dB;t)
for nominal shocks. The log nominal exchange rate follows a similar process except that the convex
adjustment component in the second line of (56) is missing. Next, I compute the implied currency
option prices using the same procedure as that for the variable disaster model which exploits the
Fourier inversion with respect to the spot characteristic function. Finally, I derive formulas of the
return moments associated with the carry trade strategy of (27). Specifically, the instantaneous

expectation and variance of carry trade returns under the stochastic volatility model are given by:
1 1
Bf) = (-9 (500~ 17 Gon)? + 57) 57)
1 1 .
572 (2 + 9 = 20 VUD) + 50— 1) (boa)® (2 + ) + 0.

Var (rf) =7 (Q + 9 — 20 V/AUQF ) + (0~ 1) (boa)? (4 + ) + 2. (58)

I keep the model calibration as close to those of Bansal and Yaron (2004) and Bansal and

Shaliastovich (2013) as possible and summarize it in Panels A-D of Table A.1. Panel E presents
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model implications on currency option pricing, where I use the six-month contracts as an example.
The implied standard deviations of RR and BF are no more than 0.01%, far below their empirical
levels. This is the case even though the diffusive risks as captured by €2; and €2} are not shared at all.
On the other hand, the lack of sharing in consumption volatility risks implies an unconditional carry
trade volatility of 44.1%, as reported in Panel F of Table A.1, which appears too high compared
with its data values (9-13%). These results provide direct evidence that stochastic volatility alone

cannot replicate key features in currency and currency option pricing.

Appendix B. Pricing of other assets
B.1. Aggregate equity and government bonds

Restricting our analysis to the home country, the aggregate dividend follows:

dDy /
?t = MDdt +o0p (deBct + 1— P%dBdt> + (GZD - 1) dNt: (59)

where By, is a standard Brownian independent of consumption diffusion (driven by Be;). Consistent
with the US experience during the Great Depression, dividend and consumption jump simultane-
ously upon the economic disaster. To obtain quantitative implications, I set (up,op,pp, Zp) =
(3%,9%,0.1,—0.4) . In an unreported exercise, I have verified that (59) under this calibration is able
to explain the US dividend growth dynamics in terms of the first four moments (mean, volatility,
skewness, kurtosis) and the correlation with the consumption growth.

Denote by PtS the period-t price of the aggregate equity as the claim to all future dividends.
In the spirit of the derivation of the W/C ratio, I express the stock price-dividend ratio by the

log-linear approximation as follows:

S :itS_ ap+bpAt
I ()\t> = Dt =€ 5 (60)

where ap and bp are constants. Using (60), the equity premium and the stock return volatility are

EP, = yppoop — (0 — 1) bbpoi X + A (1 — e77%) (eZ2 — 1), (61)

2
volR; = \/J% + 02503\ + N <6ZD - 1) ) (62)

respectively. In (61), the first and third terms are the usual compensations for bearing risks of
consumption diffusions and consumption jumps; the second term is unique to variable disaster
models which compensates the home investor for bearing the risks of shocks to the disaster intensity.
Similar interpretations apply to (62). By combining (61)—(62) with (37)—(38), my setup provides a

unified framework for carry trade and the pricing of aggregate stock.
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By its definition, the price of a nominal (zero-coupon) government bond is given by

A T
Bip = E? [exp <— / rfds)] : (63)
t

which is a special case of (24) with u set to zero. B;r in (63) can be derived in the following

closed-form:
Bt T = eaB(T)-‘rbB(T)/\z'i‘CB(T)ﬂt, (64)

where 7 =T —t; ap (1), bp (7.) , and ¢ (7) satisfy a series of ordinary differential equations (ODEs).
The price of a real government bond can be calculated in a similar way.

Panels A-B of Table A.2 present the key moments characterizing behaviors of the aggregate
equity and the three-month real government bonds. Both the model implications and their usual
empirical value ranges are reported. The model-implied average price-dividend ratio, average equity
premium, and volatility of the aggregate equity returns are 26, 6.0%, and 16.0%, respectively,
which are all in line with their usual data estimates. These results essentially replicate those
of Wachter (2013) who is the first to show that variability in disaster intensity combined with
recursive preference provides another way to understand behaviors of the aggregate stock. Turning
to government bonds, the implied mean and the standard deviation of bond yields are low and the
first autocorrelation of yields is high in both the model and the data.

Model implications on bond pricing are further examined in Fig. A.1. As plotted in the top left
panel and consistent with empirical findings (e.g., Ang, Bekaert, and Wei, 2008; Verdelhan, 2010),
the model generates a fairly flat and slightly downward-sloping yield curve for real bonds. Turning
to nominal yields, the top right panel plots the data- and model-implied weekly time series of the
three-month bond yields from January 1996 to May 2011. The data values are proxied by LIBOR
rates for the USD. I keep the expected inflation m; fixed when generating the model values. Driven
only by disaster rate shocks {j\t} backed out from the panel data of equity index options (see
descriptions in Appendix B.2), the model-implied series captures 32% of the variations in the data.
For example, the estimated j\t decreases persistently during 2005-2006. From the lens of my model,
bond yields should gradually increase during the same period due to less precautionary savings,

which is supported by the data.
B.2. Equity index options

Index option prices written on the aggregate equity are obtained in the same spirit as currency
options. Specifically, I first compute the spot characteristic function of the stock return under the

home risk-neutral measure Q",

T
U (u;t,T) = E?h [exp (/ rfds) eiulnP7§:| , (65)
t
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which can be derived in the following closed-form:
U (ust,T) =expla(T) +bx(T) A\t +br (7)1 +cx (7) + ¢ (7)], (66)

where a (), b(7), and ¢ (7) satisfy a series of ODEs. I then obtain option prices via fast Fourier
inversion (Carr and Madan, 1999). When calculating Black-Scholes volatility (B/S-vol) from both
the model and the data, I fix the interest rate and the payout ratio as the two arguments for the
inversion of the B/S formula at 5% and 3%, respectively.

Moments for the equity index options are reported in Panel C of Table A.2. Consistent with
the data, the model-implied ATMV is slightly higher than the stock return volatility. The smirk
premium, measured as the difference in B/S-vol between 10% OTM put and ATM, is on average
8.2% in the model, which is in line with the 8-10% data values documented since the 1987 market
crash (e.g., Benzoni, Collin-Dufresne, and Goldstein, 2011).

In the present setup, variations of index option prices are exclusively driven by the home disaster
rate A\; at the given maturity and moneyness. To explore this prediction, I back out the model-
implied weekly time series of A\; using the index option data over the sample period from January 10,
1996 to May 18, 2011. Using the backed-out {j\t} to compute model values, the bottom two panels
of Fig. A.1 plot together the model- and data-implied time series of ATMV and smirk premium,
respectively, for the one-month option contracts.

The model captures a large fraction of variations in both ATMV and smirk premium with
correlations between the model- and the data-implied series being 0.95 and 0.45, respectively. In
the model, as in the data, ATMYV rises monotonically in A\;. This monotone relationship is intuitive
since empirically, ATMV for index options has been called the “investor fear gauge”. From the
lens of the present model, the degree of fear is captured by investors’ perception of the probability
of economic disasters. In contrast, a higher disaster rate has two offsetting effects on the implied
smirk premium. First, it reflects investors’ greater concern about the potential disasters which
gives them stronger incentives to hedge, hence the higher option premium for the given diffusive
stock volatility o%,. Second, it raises o3, which diminishes the relative importance of jumps in
the total stock return variations. As a result, investors have less incentives to use OTM puts as
insurance against disasters which drives down the smirk premium for the given \;. The second
effect dominates leading to the decreasing smirk premium in A;. Taken together, the model predicts
a rising smirk premium as ATMV decreases. The data largely support this prediction (e.g., Du,
2011).
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Three-month RR10 (%)

. . . . 0
Foreign-specific disaster intensity 5 Home-specific disaster intensity

Fig. 1. Risk reversal as the function of country-specific disaster intensities. Fig. 1 plots the model-
implied three-month 10-delta risk reversal as a function of the home- ()\f}) and the foreign-specific

()\{ ) disaster intensities, where the global intensity A/ is fixed at its long-run average Y. Both )\f

and )\{ are quoted as multiples of A (: A ) and vary between zero to five.
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Fig. 2. Time variations of risk reversals (RR) and risk-neutral currency return skewness. The left

three panels plot the model- and the data-implied time series of the three-month 10-delta RRs
for JPYUSD, GBPUSD, and GBPJPY. To compute model values, I use as inputs the time series

of country-specific disaster rates, )\? and )\,{ , which are backed out by minimizing the sum of the

squared option pricing errors for the given trading day. The right three panels plot time variations

of risk-neutral skewness (sk) at the three-month horizon that are spanned from option prices (e.g.,

Bakshi, Kapadia, and Madan, 2003) for the same currency pairs, where the model and the data

prices are obtained at the same discretization of strikes within the empirical ranges of strike prices.

In all panels, the period is from October 1, 2003 to May 18, 2011 at the weekly frequency.
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Fig. 3. The left three panels of Fig. 3 plot the time variations of three-month 10-delta risk reversals
for JPYUSD, GBPUSD, and GBPJPY implied from both data and a degenerated model in which
the country-specific disaster rates, )\? and )\{ , are set to zero. The right three panels of Fig. 3 plot
the time variations of three-month 10-delta butterfly spreads for the same currency pairs implied
from the data and an extended version of variable disaster model. Relative to the base model of the
variable disasters, the extended model generalizes the disaster rate processes by allowing the mean
of both the home- and foreign-specific disaster rates to be stochastic. The details of the extension

are provided in footnote 12.
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Table 1
Base case calibration

Table 1 reports the base case calibration for the variable disaster model. Panel A describes
the calibration of preference parameters, where 3, v, and ¢ denote the subjective discount rate,
the degree of risk aversion, and the elasticity of intertemporal substitution, respectively. Panel B
calibrates non-disaster parameters related to the consumption process, where u, o, and pgf denote,
respectively, the average and the volatility of consumption growth rate conditional on no disasters,
and the correlation between the home and the foreign consumption growths. Panel C reports
disaster-related parameters, where x, oy, and X control, respectively, the degree of mean-reversion,
the volatility, and the average of the variable disaster intensity. The last two parameters, Z and
A /X denote, respectively, the log consumption jump size and the fraction of the global component
in potential disasters. Panel D reports the estimated inflation process using the Kalman filter based
on US inflation data, where 7 and k. control, respectively, the long-run average and the mean
reversion of the expected inflation; and op and o, denote standard deviations of unexpected and

expected inflation, respectively. All parameter values are reported at the annual frequency.

Panel A: Preferences
8 =0.02 v=26 P =2

Panel B: Consumption not related to disasters
p=00243 o =0.009 plf =03

Panel C: Disasters
k=0142 0,=0.09 X=0.017 ¢ —-1=-02 X/A=0098

Panel D: Inflation
7 =0.0354 kr=0.411 o,=0.0055 op=0.013
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Table 2
ATM implied volatility and exchange rate volatility

Panel A reports model implications on the average ATM implied volatility (ATMV) at four
maturities: one/three/six/twelve months, as well as the average exchange rate volatility reported
in the last column, where the model values are computed based on the simulated stationary distri-
butions of variable disaster rates. Panel B reports the same implications from the data which are
based on option prices and exchange rates for three currency pairs that form a triangular relation:
JPYUSD, GBPUSD, and GBPJPY, where the sample period is from October 1, 2003 to May 20,
2011.

Panel A: Model-implied ATMV and exchange rate volatility
ATMV (%) Exchange rate volatility (%)
Im 3m 6m 12m

Base case 8.95 8.80 8.68 8.60 9.51

Panel B: Data-implied ATMV and exchange rate volatility
ATMV (%) Exchange rate volatility (%)
Im 3m 6m 12m

JPYUSD 11.0 10.8 10.7 10.7 10.6

GBPUSD 10.0 10.1 103 104 9.11

GBPJPY 13.7 135 134 13,5 13.2
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Table 3
Moment implications about risk reversals

Panel A reports the model- and data-implied standard deviation for the 10- and the 25-delta
risk reversals which are denoted by RR10 and RR25, respectively. The data values are from option
quotes written on three currency pairs, JPYUSD (JU in short), GBPUSD (GU), and GBPJPY
(GJ), which form a triangular relation. The model values are based on the simulated stationary
distribution of the disaster rates, and the results are reported at various maturities ranging from
one month to 18 months. Panel B reports the ranges of risk reversal variations at the same deltas
and times to maturity as that in Panel A, where the model values are again based on the stationary
distribution of the disaster rates. Due to the space limitation, I report the implied RR ranges only
for JPYUSD and GBPUSD. In both panels, the data sample period is from October 1, 2003 to May
20, 2011.

Panel A: Standard deviations of risk reversals

RR10 (%) RR25 (%)
Model JU GU GJ DModel JU GU GJ
Im  11.2 16.3 10.6 13.8 5.41 8.68 6.03 6.85
2m  15.5 175 12.0 14.0 7.25 9.31 6.69 7.72
3m  18.6 19.0 13.4 153 8.43 9.82 7.40 8.49
6m  24.7 222 149 18.4 103 11.4 8.04 10.0
9m  28.5 26.0 15.0 19.8 11.1 13.2 8.16 10.1
12m 31.3 26.0 159 209 114 13.0 852 11.3
18m 34.8 29.7 148 21.0 114 14.8 7.93 11.0
Panel B: Ranges of risk reversal variations
RR10 (%) RR25 (%)
Model JU GU Model JU GU
lm  -26.3726.8 -82.1718.5 -41.9712.3 -12.7712.8 -44.173.93 -23.176.92
2m  -36.7738.1 -92.0716.6 -45.17124 -17.7718.0 -48.479.20 -24.476.87
3m  -44.3746.8 -100718.2 -46.9713.0 -21.2721.8 -51.87-4.68 -25.177.49
6m  -59.7766.3 -112723.9 -50.5713.1 -27.5729.6 -57.37-1.47 -26.57104
9m  -69.5772.9 -1207-14.0 -51.3710.5 -30.9734.5 -61.07-7.31 -26.876.88
12m -76.5769.8 -127729.8 -52.1712.8 -32.7737.9 -65.17-8.62 -27.376.98
18m -76.8763.3 -1367-17.5 -49.7710.3 -34.2742.3 -69.37-9.27 -25.976.19
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Table 4

Moment implications about butterfly spreads

Panel A reports the model- and data-implied standard deviation for the 10- and the 25-delta
butterfly spreads which are denoted by BF10 and BF25, respectively. The data values are from op-
tion quotes written on three currency pairs, JPYUSD (JU in short), GBPUSD (GU), and GBPJPY
(GJ), which form a triangular relation. The model values are based on the simulated stationary
distribution of the disaster rates serving as the states. Results are reported at various maturities
ranging from one to 18 months. Panel B reports the average butterfly spreads at the same deltas
and maturities as those in Panel A for the same currency pairs, where the model values are again

based on the stationary distribution of the disaster rates. In both panels, the data sample period

is from October 1, 2003 to May 20, 2011.

Panel A: Standard deviations of butterfly spreads

BF10 (%) BF25 (%)
Model JU GU GJ Model JU GU GJ
lm  1.28 2.69 1.97 248 0.315 0.602 0.578 1.45
2m  2.27 295 256 2.58 0.565 0.572 0.715 0.691
3m  3.15 343 3.09 294 0.785 0.586 0.914 0.751
6m 5.34 4.45 4.04 3.70 1.29 0.672 1.09 0.939
9m  7.02 5,79 3.98 4.15 1.61 0.741 1.10 1.06
12m 8.33 6.06 4.59 4.83 1.82 0.743 1.29 1.69
18m 10.2 7.17 7.28 438 2.04 1.18 1.16 3.00
Panel B: Averages of butterfly spreads
BF10 (%) BF25 (%)
Model JU GU GJ Model JU GU GJ
lm  2.83 9.78 7.04 7.64 0.688 259 231 2.03
2m  4.71 10.8 8.03 9.05 1.13 271 255 212
3m  6.20 12.0 9.24 10.2 1.45 2.86 2.76 2.22
6m  9.39 14.3 104 12.6 2.05 3.06 3.07 2.46
9m  11.5 16.2 13.0 13.7 2.34 3.06 3.71 2.39
12m 12.9 17.2 11.8 15.1 2.48 3.34 3.36 2.64
18m 14.7 18.7 14.0 164 2.61 3.58 3.94 3.17
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Table 5
The first two moments of model-implied carry trade returns under asymmetry in disaster magnitude
I consider the following carry trade strategy: i) borrow one unit of the home currency; ii) convert
it into the foreign currency and lend it out at the foreign risk-free rate; iii) convert the earnings
back to the home currency one period later. I break the complete symmetry between the home and
the foreign country as follows: I maintain the base case jump size (20%) for the home country, but
assume a lower jump size (in absolute value) for the foreign country. All other parameter values
remain at their base levels. This way, the foreign currency pays the higher interest rate due to
less precautionary savings, and the carry trade strategy yields positive expected return. Column
1 of Table 5 reports the assumed foreign disaster magnitude ‘eZ - 1‘ . Correspondingly, columns
2-3 report the first two moments, i.e., the unconditional mean and volatility, of the model-implied

one-month carry trade returns.

le” —1| Mean (%) Volatility (%)

-0.195 0.816 11.1
-0.19 1.11 11.0
-0.185 1.40 10.9
-0.18 1.67 10.8
-0.175 1.96 10.7
-0.17 2.51 10.9
-0.165 3.53 11.9
-0.16 4.51 13.2
-0.155 5.20 14.3
-0.15 5.77 15.2
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Table 6
UIP anomaly and various other regularities related to currency pricing

Panel A reports the UIP coefficient and its standard deviation based on the regression from
the monthly changes of the log nominal exchange rates onto the one-month nominal bond yield
differential between the home and the foreign country, where the data values are the usual ones
reported in the literature. Panel B reports the data-implied currency return skewness and kurtosis
under the physical measure which are based on eight countries that have experienced financial/ eco-
nomic disasters since 1985. Specifically, I choose Indonesia, Korea, Philippines, Mexico, Thailand,
Malaysia, Argentina, and Russia, with their currencies being IDR, KRW, PHP, MXN, THB, MYR,
ARS, and RUB, respectively, which are quoted against the USD. Panel C reports some additional
regularities related to currency pricing, where Aln S%, r%, r%* RR, and ARR denote, respectively,
changes in the log nominal exchange rate, the nominal interest rates at home and abroad, risk
reversal, and changes in risk reversal. The autocorrelations are reported on an annual basis, and
the data values are average implications based on multiple currency pairs considered in this paper.

For computations that involve risk reversals, I use the six-month 10-delta contracts for an example.

Panel A: UIP anomaly

Model Data
UIP coefficient -2.0 -2.87-0.9
Standard deviation for UIP coef. 1.2 0.671.0

Panel B: Skewness and kurtosis of "disaster currencies”

Currency IDR KRW PHP MXN THB MYR ARS RUB
Skewness -2.24 -0.808 -1.08 -1.30 -1.08 -3.09 -1.48 -1.63
Kurtosis 9.32  6.03 4.53  3.93 10.7  14.5 4.05 4.89

Panel C: Other regularities related to currency pricing

Autocorrelation of A ln S% -0.07 -0.08
Autocorrelation of % 0.75 0.73
Correlation between RR and r® — r%* 0.35 0.17
Correlation between ARR and Aln S% 0.44 0.26
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0.02
0.06
0.018f
0.04¢
0.016} 1
0.021
0.014¢ : |
| L
0.012¢ Data )
0.02 ¢ - - —Model l
0.01 : : :
0.5 1 1.5 2000 2005 2010
Time to maturity (month) Time
ATM implied volatility Smirk premium
‘ ‘ ‘ 0.14f, | ‘ )
0.6 — =— —Data 7 | — — —Data
0.12
Model 01 | . Model
gL R
0.08}) (0 e [ :L 1’
0.06
0.04f
0.02
! ! ! 0 ! !
2000 2005 2010 2000 2005 2010

Time Time

Fig. A.1. Bond pricing and equity index option pricing. The top left panel plots the model-
implied yield curve for real bonds. The top right panel plots the weekly time series of the three-
month nominal bond yields implied from both the model and the data, where the model values
are calculated at the disaster rates backed out from the panel data of equity index options. The
bottom two panels plot the time series of ATM implied volatility (ATMV) and the time series
of smirk premium for equity index options implied from both the model and the data. The smirk
premium is calculated as the volatility difference between 10% OTM options and ATMs. The model
values are calculated at the disaster rates backed out from the panel data of equity index options
by minimizing the sum of the squared pricing errors for each trading day. Except for the top left
panel, the time period in the other three panels is from January 10, 1996 to May 18, 2011 at the

weekly frequency.
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Table A.1
Calibration and implications of a stochastic volatility model

I investigate the implications of a stochastic volatility model, where the consumption process
is subject to both the long-run risk component in its expected growth and stochastic volatility.
Panels A-D report the model calibration, where I keep the numbers as close to those in Bansal
and Yaron (2004) and Bansal and Shaliastovich (2013) as possible. Panel E reports implications
on currency option pricing. Specifically, columns 1-2 report the standard deviation of risk reversals
(RRs); column 3 reports the standard deviation of butterfly spread (BF). I use six-month contracts
as an example, and the numbers following RR and BF denote the option delta. Panel F reports the

unconditional mean and volatility of one-month carry trade returns implied from the model.

Panel A: Preferences
8 = 0.0264 ~v=10 =15

Panel B: Consumption volatility
VQ =0.0312 Ko = 0.156 oq=08x107°

Panel C: Consumption growth
1 =0.018 Ky = 0.252 oy = 0.0012 ol =0

Panel D: Inflation
7 =0.033 Ky = 0.812 or = 0.0004 op = 0.0107

Panel E: Implications on currency option pricing
Std of RR10 (%) Std of RR25 (%) Std of BF10 (%)
<0.01 <0.01 <0.01

Panel F: Implications on carry trade
Mean (%) Volatility (%)
9.75 44.1
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Table A.2
Moments of aggregate equity, government bonds, and equity index options

Table A.2 presents moment implications for various other assets including the aggregate equity
(Panel A), government bonds (Panel B), and equity index options (Panel C). More specifically, Panel
A reports the average price-dividend ratio, the equity premium, and the return volatility; Panel B
reports the average, the standard deviation, and the first-order autocorrelation of short-term yields
from real bonds. Panel C reports the average volatilities implied from ATM and deep OTM equity
index options, as well as the average smirk premium calculated as their difference. The data values

in the last column are the usual ones reported in the literature.

Panel A: Aggregate equity

Model Data
Average price-dividend ratio 26 25735
Average equity premium (%) 6.0 678
Volatility of the aggregate equity returns (%) 16.0 14717
Panel B: Real yields of short-term government bonds
Average (%) 1.8 171.5
Standard deviation (%) 1.7 1715
First order autocorrelation 0.77 0.770.8
Panel C: Equity index options
ATM implied volatility (%) 16.7 15718
Implied volatility at moneyness equaling 0.9 (%) 24.9 24727
Smirk premium (%) 8.2 8-10
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