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This paper describes a procedure for estimating the market’s perceived
probability distribution of future exchange rates from the prices of risk
reversals, strangles and other currency options, and uses the procedure to
estimate the risk neutral ex ante probability of a realignment of the
pound sterling. The procedure for estimating the realignment probabili-
ties relies on the jump-diffusion model of exchange rate behavior and the
resulting option pricing formula. By fitting this model to market option
price data, I retrieve the unobserved parameters of the jump-diffusion
process. I then use these parameter estimates to estimate the ex ante
probability distribution of exchange rates and thus the realignment
probabilities. (JEL F31, F33). Copyright © 1996 Elsevier Science Ltd

The use of derivatives prices to draw conclusions about future asset prices is
common. The forward exchange rate can be interpreted as the risk-neutral first
moment of the future spot rate. Analogously, implied volatilities calculated
from currency options have been interpreted as the market estimate of the
future second moment. In the same spirit, the prices of certain options can be
interpreted as indicators of the market view on the kurtosis and skewness in
the distribution of future exchange rates.

Options are frequently sold in combinations. Among the most common in
over-the-counter currency option markets are risk reversals and strangles, both
consisting of an out-of-the-money call and out-of-the-money put. The exercise
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responsible for errors. The suggestions of an anonymous referee were very constructive. The
views expressed in this paper are those of the author and do not necessarily reflect those of
the Federal Reserve Bank of New York or the Federal Reserve System.
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price of the call component is higher than the forward exchange rate, and the
exercise price of the put is lower. In a risk reversal, the dealer buys one of the
options from the counterparty and sells the other option to the counterparty.
As we shall see, the prices of risk reversals indicate market sentiment concern-
ing the likelihood of exchange rate moves in a particular direction. In a
strangle, the dealer sells both options to or buys both options from the
counterparty. The prices of strangles indicate market sentiment concerning the
likelihood of large moves in the exchange rate.

This paper describes a procedure for estimating the market’s perceived
probability distribution of future exchange rates from the prices of risk rever-
sals, strangles, and at-the-money currency options and uses this procedure to
estimate the risk-neutral probability of a realignment of the pound sterling in
the European Monetary System (EMS). Bates (1991, 1996a,b) applies a jump-
diffusion model of asset price behavior to the prices of exchange-traded
options to extract the asset price’s risk-neutral probability density function. The
model described here is similar, but uses a simpler procedure made possible
with over-the-counter currency option data to estimate the risk-neutral
probability distribution of the pound sterling’s exchange rate against the mark
(‘sterling—mark’). In contrast to previous studies of Exchange Rate Mechanism
(ERM) exchange rates, it is possible with this procedure to identify both the
risk-neutral probability and magnitude of a realignment.

L. The Crisis of the EMS!

The ERM, which began operations on March 12, 1979, consists of (i) a grid of
bilateral central parities; (i) rates for compulsory intervention, or fluctuation
limits, set until August 2, 1993, at 2.25 percent or 6 percent above and below
the parities; and (iii) the obligation of central banks on both sides of a currency
pair to purchase or sell unlimited amounts of currency at the fluctuation limits.
Bundesbank concemns about the potential for the ERM to undermine its
control of the German money supply were addressed by a public commitment
from the German government to shield it from a potential conflict between the
intervention obligations and monetary stability either by means of a realign-
ment or a temporary suspension of the intervention obligations. The unilateral
Bundesbank reservation has remained in effect throughout the existence of the
ERM.? Figures 1 and 2 summarize exchange and interest rate developments
for the pound sterling in the ERM.

Until 1987, realignments in the ERM were frequent, and the system relied
heavily on capital controls to counter selling pressures on weak currencies.
From 1987 until 1992, there were no EMS realignments.> This period also
witnessed a burst of political activity aimed at establishing a currency union,
the European Monetary Union (EMU), by the end of the 1990s. The UK
brought the pound into the ERM, with a 16 percent fluctuation band, on
October 8, 1990. Several European countries outside the ERM pegged their
currencies to the mark or to the European Currency Unit (ECU). Investors
began to pour funds into assets denominated in non-mark European currencies
in the conviction that further realignments were unlikely. Persistent but dimin-
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ishing interest rate differentials vis-d-vis mark-denominated assets were seen
as more than adequate compensation for the dwindling exchange rate risk.

In 1991 and early 1992, ‘convergence trading’ was undermined by economic
and political shocks. German unification was financed by borrowing from the
public. The Bundesbank tightened monetary policy to thwart the perceived
threat to monetary stability: two-thirds of the DM 108 billion swing in the 1991
current account was financed by short-term funds attracted to mark deposits by
rising interest rates. The difficult Maastricht summit in December 1991 and the
Danish public’s rejection of the draft Treaty on European Union on June 2,
1992, highlighted the obstacles to EMU. Interest rate differentials vis-a-vis the
mark had diminished, so the buffer which might have absorbed part of the
Bundesbank’s interest rate hikes was thinner, and the return for bearing
realignment risk had fallen. By late August 1992, positions in non-mark
European assets were being liquidated and ERM central banks were interven-
ing in currency markets on a large scale.’

The lira was devalued by 7 percent on September 13 and the Bundesbank
announced a 25 basis point reduction in the Lombard rate on Monday,
September 14, briefly calming trading in the exchange markets. By the next
day, sterling and the lira came under renewed pressure. That night, Bundes-
bank President Schlesinger was reported to have told an interviewer he favored
a sterling devaluation.® On September 16, the Bank of England responded to
the unprecedented pressure on sterling by raising its minimum lending rate,
first from 10 to 12 percent and three hours later to 15 percent. That evening,
the UK suspended its participation in the ERM and rescinded the second
interest rate increase.

Italy also withdrew from the ERM and several currencies were devalued
once or several times over the next eight months. By mid-1993, calm appeared
to have returned. Abruptly, in July 1993, provoked by an aggressive attempt by
the Banque de France to cut interest rates to sub-German levels, the crisis
flared again. On August 1-2, 1993, the fluctuation margins for all currency
pairs other than mark~-Dutch guilder were widened to + 15 percent, but the
parities were left unchanged.

I1. Measuring the credibility of ERM parities

Empirical assessments of the credibility of ERM parities have relied heavily on
interest rate differentials and the open interest parity hypothesis, which sets
expected appreciation Els,,, —s,|0,], where s, is the logarithm of the ex-
change rate (German marks per foreign currency unit), equal to the forward
premium of the foreign currency vis-a-vis the mark. Forecasts of exchange rate
changes in n years can be written as a probability-weighted average of
forecasts conditional on current information and the occurrence or non-occur-
rence of a realignment:

(1) Els,,, ~s,10,1= n]Els,,, —s,0,, realignment]
+(1—7w")Els

++n — 5,19, no realignment],
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where 7" is the subjective probability of a realignment during (¢, t + n) and O,
is time-¢# information.

In this framework, Collins (1985, 1992) treats E[s,, , — s,|0,, no realignment],
the anticipated appreciation in the absence of realignment, as an iid normal
variate. The probability = is assumed to be determined by the foreign
exchange reserves of the non-German central bank and the domestic interest
rate. More recent work has used target zone models incorporating realignment
risk. These interpret Els,,, —s,10,, no realignment] as the exchange rate
movement within the fluctuation limits. This component of expected exchange
rate changes is a mean-reverting function i.a. of the exchange rate’s position in
the band and can be large relative to the interest rate differential.®

Recent work has attempted to use option price data to study target zone
exchange rates. In the Dumas et al. (1993) model of option values in a credible
target zone, the volatility of the exchange rate is greatest at the center of the
band, where it has the most room to wander towards the fluctuation limits, and
lowest at the limits. Campa and Chang (1996) test this relationship using
sterling—mark options and find evidence against credibility of the target zone.
They also use model- and preference-free restrictions on option prices to
estimate lower bounds for #'Els,, , —s,10,, realignment].

This framework, closely related to the ‘peso problem’ approach to the
forward exchange rate prediction bias, assumes that only zero or one realign-
ment can occur between times ¢ and ¢+ n, corresponding to the infrequent
changes in ERM parities prior to September 1992. The withdrawal of sterling
and the lira from the ERM, the repeated devaluations of the peseta and
escudo, and the widening of the bands do not fit perfectly into a two-state
model. The realignment model is nonetheless a viable approximation, since
these discrete events resulted in immediate, large changes in exchange rates.

II1. The stochastic behavior of nominal exchange rates

The Black—Scholes model, the benchmark model for pricing and managing the
risks of options, rests on the assumption that nominal exchange rate returns
follow a random walk. To extract information about realignment expectations
from option prices, I use an alternative model of option values based on the
jump-diffusion model of exchange rate changes. To motivate the model, I
sketch the present state of knowledge about the statistical properties of
exchange rates.’

Floating exchange rates, it is generally agreed, are unit root processes, and
daily log price relatives or nominal returns are stationary and serially uncorre-
lated. Beyond that the results are less conclusive, in part because of the wide
range of hypotheses about the process the returns follow. The hypothesis that
they are normal iid is widely rejected. The distribution of nominal returns is
kurtotic or ‘fat-tailed’, that is, large values occur too often to be consistent with
normality. The distribution appears to be skewed, so positive and negative
returns of a given size are not equally likely. Finally, the distribution appears to
be time-varying. The lack of autocorrelation in nominal returns indicates that
the variance rather than mean varies; the volatility of returns ‘clusters’, with
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large absolute values of nominal returns often followed by large values. Thus,
returns are not both iid and normally distributed, suggesting two approaches:
non-normal distributions and time-varying distribution parameters.

There is strong evidence that flexible exchange rate returns follow jump-dif-
fusions, that is, a sum of iid normal and Poisson-distributed jump components,
which can account for both the kurtosis and the skewness in nominal returns.®
If jumps in either direction are equally likely, then kurtosis, but no skewness
will be apparent. If jumps in one direction are larger or more frequent, the
distribution will also be skewed. Time-varying parameters can be represented
by autoregressive conditional heteroscedasticity (ARCH) models, which can
account for kurtosis as well as for the time variation of volatility.’

ERM currencies should display rather different stochastic properties from
flexible exchange rates. Models of credible target zones as well as target zones
with realignment risk imply that the exchange rate is mean-reverting, tending
to return to the central parity. However, the implied distribution of nominal
exchange rates as well as returns depends crucially on how the monetary
authorities are assumed to maintain the target zone and on the way realign-
ment risk is modeled.”® Nieuwland et al. (1991, 1994) find little evidence of
mean reversion but strong evidence of jumps in ERM exchange rates. How-
ever, they also find that allowing for kurtosis diminishes the presence of jumps.
Ball and Roma (1993) find that processes incorporating both jumps and mean
reversion fit ERM currencies well.

IV. Over-the-counter currency option price conventions

The data used in this study are drawn from the over-the-counter markets in
which most currency option dealing takes place. These markets use conven-
tions based on the Black—Scholes model to express the terms and prices of
currency options.'' Although option dealers are well aware that exchange rate
behavior does not conform precisely to the model, they use it as a benchmark
for valuation, and draw their terminology and metrics from it. The mode!’s key
assumption is that the logarithm of the forward exchange rate follows geomet-
ric Brownian motion, resulting in the risk-neutral process for the spot rate

(2 ST=s0+(r—r*)[0Ts,dt+afoTs,dW,,

where W, denotes a standard Brownian motion, S, the level of the exchange
rate, o the variance rate or volatility, and r (r*) the domestic (foreign)
risk-free interest rate; o, r and r* are assumed constant. The model results in
the Black—Scholes formulas for the values of European currency options. Let
us for concreteness take sterling—mark (marks per pound) as the underlying
currency. Then r and r* are the German mark and pound sterling risk-free
rates, the value of a sterling call denominated in marks is

(3) (S, 7; X, 0,r,r*)=8,e"""®(d + oV7) — Xe " ®(d),
and the value of a put is
(4) w(S,m; X,0,r,r*)=Xe "®(—d) - S,e”""®(~d — av7),
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where 7= T —¢ is expressed in years, ®(-) represents the standard cumulative

normal distribution, and
S 2
ln(j(i) + (r—r* - -gz—)'r

Exchange-traded currency options are priced in currency units.'? Alternatively,
one can replace the model value on the left-hand side of equations (3) or {4)
with an observed option price v, or w, and extract volatility as an implicit
function of v, or w,, S,, 7, X, r and r*. In this context, o is called the
Black—Scholes implied volatility. The Black—Scholes values increase monotoni-
cally in o, so the implied volatility is a unique inverse function of v(S,, 7; X,
o, r,r*)or w(S,, 7; X, o, r, r*).

In over-the-counter currency option markets, dealers quote implied volatili-
ties or ‘vols’ rather than option prices denominated in currency units."
Exercise prices of over-the-counter currency options are generally set equal to
the forward exchange rate of the same maturity as the option, in which case
the option is called at-the-money forward. A dealer asked to quote a one-month
call option on sterling—mark (the value of the pound in German marks) might
say ‘one-month at-the-money forward calls are 5 at 5.5’, meaning that he buys a
one-month at-the-money sterling—mark call option with an exercise price equal
to the current forward exchange rate for 5 volatility points (5 vols) and sells
them for 5.5. When a deal is struck, the agreed price is translated from vols to
currency units via the Black—Scholes formulas.'

The over-the-counter option markets also have a special metric for express-
ing the moneyness of options, that is the degree to which they are in- or
out-of-the-money: the option delta, or the derivative of the Black—Scholes
option value with respect to the spot rate. The delta of a currency call is

(5 d=

) 808,73 X, 7,1, ) = LS _ eyt oy,
t
and that of currency put is
D 8 Sari Koo r =200 15,1 X, 0, r, ).
t

The delta of an at-the-money forward option is approximately 50 percent. In
interbank dealing, exercise prices are often set to an exchange rate such that
delta is equal to 25 or 30 percent. If a counterparty buys, say, a 25-delta
sterling—mark call, the exercise price is calculated by setting the left-hand side
of equation (6) equal to 0.25 and solving for X."

A property of delta which makes it a convenient metric for moneyness is the
following. Consider a 25-delta call and a 25-delta put with the same maturity
and the same implied volatility. The exercise prices of the two options are then
an equal percentage distance from the current forward exchangc rate. Denot-
ing the forward exchange rate by F,,,, and the exercise prices of the 25-delta
call and gl;t by X*° and X ™°, we can express this property as X *°/F,,, =

t,t+ n/ X
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V. Kurtosis, skewness and option prices

The Black—Scholes model implies that all options on the same currency have
identical implied volatilites, regardless of time to maturity and moneyness.
However, out-of-the money options often have different implied volatilities
from at-the-money options. This phenomenon is evidence that market partici-
pants view exchange rates as kurtotic. Out-of-the money call options often have
different implied volatilities from equally out-of-the money puts, indicating
that the market perceives directional bias in exchange rates. The market refers
to these phenomena as the wvolatility smile, because of the characteristic shape
of the plot of implied volatilities of options of a given maturity against delta.'

Two instruments actively traded in over-the-counter currency option mar-
kets, risk reversals and strangles, summarize the shape of the prevailing
volatility smile. A strangle consists of an out-of-the-money put and call with the
same delta, usually 25 or 30 percent; the dealer sells or buys both from the
counterparty. Dealers usually quote strangle prices by stating the average
implied volatility at which they buy or sell the out-of-the-money options and
record strangle prices as the spread of the strangle volatility over the at-the-
money forward volatility; this measure indicates the degree of curvature of the
volatility smile.

A risk reversal also consists of an out-of-the-money put and call. In a risk
reversal, the dealer exchanges one of the options for the other with the
counterparty. Because the put and the call generally have different implied
volatilities, the dealer pays or receives a premium for exchanging the options.
The premium is expressed as the implied volatility spread at which he ex-
changes a 25-delta call for a 25-delta put and indicates the skewness of the
volatility smile. For example, if sterling-mark is expected to fall sharply
(sterling depreciation), an option dealer might quote sterling—mark risk rever-
sals as follows: ‘one-month 25-delta risk reversals are 0.7 at 1.3 mark calls
over’, meaning he stands ready to pay a net premium of 0.7 vols to buy a
25-delta mark call (sterling put) and sell a 25-delta mark put against the pound,
and charges a net premium of 1.3 vols to sell a 25-delta mark call and buy a
25-delta mark put."’

The midpoint of the time ¢ strangle price can be expressed as str, =
0.5(0,*® + 0,%%)-atm, and the risk reversal price as rr, = 0,°° — ¢,/°°, where
str,, rr,, and atm, denote the strangle price, risk reversal price, and at-the-mo-
ney volatility, and ¢,? and 0,°° refer to the implied volatilities of the 25
delta call and the 25 delta put. Using these definitions, the market quotes for
the strangle price, risk reversal price, and at-the-money volatility can be solved
for 0% and o,”%:"® 255

0,”° = atm, + str, + 0.5,
(8) 0, = atm, + str, — 0.5m,.

Figure 3 attempts to convey some intuition for the relationship between risk
reversal and strangle prices and the risk-neutral distribution of the future
exchange rate. The first two panels display the terminal payoffs of one-month
25-delta sterling—mark risk reversals and strangles on August 31, 1992. The
bottom panel displays two density functions. If the Black—Scholes model were
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correct, the n-year forward exchange premium and vn times the market
implied volatility could be interpreted as the risk-neutral first and second
moments of (S,,, — S,)/S,. The thin line in Figure 3 is the lognormal density
based on the August 31 sterling—mark one-month forward rate (DM 2.7913)
and at-the-money forward volatility (6.2 percent). The second density, esti-
mated with the jump-diffusion model described in the next section, is consis-
tent with the out-of-the-money volatilities as well as the at-the-money volatility.

On August 31, the exercise price of the sterling put component of the
25-delta risk reversal and strangle was DM 2.7543 and that of the sterling call
DM 2.8243. The risk reversal price, —1.00 vols, indicates that the market
considered the expected value of exchange rate realizations on September 31
below DM 2.7543 to be greater than that of realizations in excess of DM
2.8243. The strangle price, 0.25 vols, indicates that the market considered the
expected value of exchange rate realizations outside the range {2.7543, 2.8243)
to be greater than consistent with a lognormal distribution.

Correspondingly, the density based on the jump-diffusion model has fatter
tails than the lognormal, and the left tail is fatter than the right, particularly for
the extreme exchange rates which make the greatest contribution to the values
of the 25-delta put and call. The risk reversal price would be zero if the market
believed that the tails of the density function of percent changes in the forward
rate were symmetrical, that is, increases or decreases in the forward rate of a
given magnitude were equally likely.'

VI. Currency option prices in the presence of realignment risk

VI.A. Option pricing formulas for jump-diffusions

The evidence from option prices on skewness and kurtosis in expected future
asset prices suggests that one might improve the Black—Scholes estimate of the
perceived probability distribution using simultaneous observations of option
prices with different strike prices. Breeden and Litzenberger (1978) pointed out
that the second derivative of European call option prices with respect to the
exercise price is the risk-neutral probability density of the time T asset price.
This result has motivated attempts to numerically reconstruct a distribution
consistent with observed option prices.*’

Skewness and kurtosis also suggest alternative option pricing models based
on alternative distributions to the lognormal iid. Bates (1991, 1996a) fits option
prices with varying exercise prices to a jump-diffusion option valuation formula
to estimate the parameters of the jump-diffusion.

Following Bates, I explain the option skewness and kurtosis using an asym-
metric jump-diffusion model of the stochastic process for the exchange rate,
the risk-neutral process for which can be written

9y Sp=S,+ [ (r—r* — AEIKDS,dt + [ 5, 8,aW, + ['S,kdg, .
0 0 0

where o, denotes the diffusion volatility of the exchange rate, g,  is a Poisson
counter over the interval (¢,T) with average rate of occurrence of jumps A, and
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k is the possibly random jump size. The option valuation formulas for this
model are derived by Merton (1976) and Bates (1988, 1991).! The parameters
are those of the risk-neutral distribution and are not in general equal to the
true parameters.?

For the mark cross rates in the ERM, it seems more appropriate to employ a
simplified version of the jump-diffusion model, in which %k is non-stochastic
and there is either zero or one jump in the exchange rate over the life of the
option. Ball and Torous (1983, 1985) refer to this as the Bernoulli distribution
version of the model. The formula for a call is

(10)
c(S,,7;X,0,,r,r*, A, k)

)‘7)[1+)\k ®(dy+ o, V7) - Xe " D(d )]

*

S - —rr
+)‘T[1+/\k (1+k)®(d, + o,V7) — Xe " D(d, )]
=(1-—)\)vL ; X,0,,r,r* +Av———S—'———(l+k) ; X,0,,r,r*
T 1+AkT’T, ,U'W, H T 1+AkT aTa ’o-wa ’ ’

and that of a put is
(11)
p(Sl’T;X:a'wJ',r*,A,k)

S —r*r
=(1- M’)[Xe""¢>(—d0) - %/\k‘rq)(_do - O'WV/;):I

—r*f

+)\1-[ e "(1+k)P(—-d,)) — 1+)\k

o(-d —o;v\/_‘r—)}

S S
= (1 - AT)W(W,’T;X,O‘W,I',I'*) + ATW[T—_F—R—k—;(l +k),T;X,0’W,r,r*:|,

where
<12> do _ ln(S,/X) - ln(l + /\k;)_-{- (r_r* _ o_w2/2)1_
g.VvT
and
a3 d - In(S,/X) — In(1 + Ak7) +In(1 + k) + (r—r* — 0,;/2)7.

oVt

Each formula is an average of the Black—Scholes option value given a jump,
weighted by the probability of a jump, and the Black—Scholes value absent a
jump, weighted by the probability of no jump.

The spot exchange rate is divided by the expected value of a jump (1 + Ak7)
in the formulas. Intuitively, sterling—mark must already have appreciated by,
say, 5 percent, to reflect a jump with an expected value of 5 percent. Otherwise,
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the weighted average of the zero-jump and one-jump future spot rates would
not equal the current forward rate and the option price would not be risk-neu-
tral. The (1 + Ak7)™! term implies that if there is no jump, the exchange rate
will depreciate by (1 + Ak7); if there is a jump, the exchange rate will
appreciate by (1+ kX1 + Ak7)~'. In either case, one also adds the forward
points S,[e" """ — 1] to arrive at the risk-neutral first moment of the distribu-
tion.

The jump-diffusion model captures the widespread market view that the risk
for sterling was that a realignment would bring about a single sharp change in
the currency’s value, but that the diffusion volatility ,, would remain constant,
implying no change in the band width. The model does not capture the sense
among at least some market participants by September 1992—and the actual
outcome—of a suspension of participation in the target zone or no realign-
ment plus widening of the band.

VI.B. Normalized Black—Scholes and jump-diffusion option price
formulas

The conventions of the over-the-counter currency option markets permit a
simplification of the valuation formulas used in estimating the jump-diffusion
parameters from Black—Scholes prices. Data on the spot exchange rate, the
foreign and domestic interest rates, and the exercise prices of the options are
not needed.” The data pertain to one-month options, so 7 is set to 1/12
throughout. Dividing equation (3) through by X,e " yields the simplified
Black~Scholes formula for the value of a call

(18 u(R,0) Ee’v(R,,l ! ,0',0,0) —R®(d+0) - (),

12
where R, =F, .\ ,2/X, F, 11/12= S,e~"/12, and
In(R,)) o
(15) d= —— 5.

The simplified Black—Scholes formula for a currency put is
(16) w(R, )= e’w(R,,l; %,0’,0,0) —®(~d)—R®(—d— o).

The jump-diffusion formulas can be similarly normalized. The formula for a
call is

a7y c(R,,aw,/\,k)Ee’c(R,,l;%,o-w,O,O,/\,k)

, R .1
=@ [(1 - A)U(m’l’ﬁ’%’o’o)

1
1+ k),l;ﬁ,(fw ,0,0)]

R, (
+)‘U(1+Ak

R, R,
= (1~ /\)U(m,ﬂw) + /\U[mz(l +k),0‘w],
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and for a put

8) p(R,,o-w,/\,k)Ee’p(R,,l;%,aw,O,O,)\,k)

R, R,
=(1- )\)W(m,dw) + Aw[m(l +k),0'w .

The normalized prices are future values rather than being discounted back to
the present, and are expressed as a fraction of the exercise price of the option.

VIIL. Estimates of realignment probabilities using option prices

VIIA. Data

While options on currencies and currency futures are traded on several
exchanges, liquidity in currency option trading is centered in the over-the-
counter markets. Mostly American options are traded on the exchanges, while
primarily European options, which are simpler to evaluate, are traded over-
the-counter. Exchange-traded options mature on fixed dates, so that prices on
successive days pertain to options of decreasing maturity. In over-the-counter
markets, a fresh option for standard maturities can be purchased daily, so a
series of prices of options of like maturity can be constructed.

Trading in dollar options is particularly liquid, but much trading also takes
place in options on German marks against other European currencies and the
yen. In 1992, the markets in European cross-rate options were less developed
than today; sterling—mark options were dominant, accounting for over 80
percent of European cross-rate option transactions.

Price data for out-of-the-money over-the-counter European cross-rate op-
tions are difficult to obtain for the narrow-band ERM era. One major dealer
has recorded prices of sterling—mark one-month at-the-money forward options,
and one-month 25-delta risk reversals and strangles data since March 31, 1992.
The data were entered daily at noon London time by the option traders.”

Liquidity in major European cross-rate options such as sterling—mark and
mark-French franc was generally good in 1992 in the sense that, at least for
such standardized products as at-the-money forward options, straddles, risk
reversals and strangles, there were at most times prices in the interbank
market which dealers could easily discover and at which they could adjust their
positions without significantly moving prices. The growing crisis in the ERM
strained option market liquidity in some of the smaller currency segments by
the end of August. Liquidity held up longer for mark-French franc and
particularly for sterling—mark. However, by September 15, and certainly on
September 16, 1992, the prices recorded by traders may not have reflected
actual transactions, which had become infrequent. Sterling—mark at-the-money
implied volatilities are displayed in Figure 4.

VIIL.B. Estimation procedure

The task is to estimate the risk-neutral parameters ¢,, A and k in the
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jump-diffusion option valuation formulas (17) and (18). The data are the
prices, in volatilities, of at-the-money forward one-month options, one-month
25-delta risk reversals, and one-month 25-delta strangles.

It is worth reviewing several implicit assumptions made here. The jump-dif-
fusion model postulates that the parameters o,, A and k are constants.
However, extracting daily parameter estimates implicitly assumes that the
market views the parameters as constant over the one-month maturity of the
options, but revises its estimates of the parameters each day.® It is also
assumed that one-month implied volatilities, although quoted at an annual
rate, are in fact monthly volatilities scaled up by \/1_2g , SO rescaling them to a
monthly basis in the formulas imposes no additional structure.

The estimation procedure is as follows. I first calculate the option prices
from the at-the-money volatilities and risk reversal and strangle prices ex-
pressed in vols. To do so:

e I find 0,*° and 0,°°, the implied volatilities of 25- and 75-delta calls, from
the at-the-money volatilities and risk reversal and strangle prices via equa-
tion (8), and set ¢,°% = atm,.”’

e Next, I use these volatilities and equation (6) to solve for the forward
rate /exercise price ratio at which the call option delta is 25, 50, or 75
percent.

o Using the implied volatility and the forward rate/exercise price ratio, I
transform the volatilities into option prices using the normalized
Black—-Scholes formulas.

3

Next, I estimate the parameters by finding argmin ) (u!)?, with the u!
{A k0, i=1

defined by

v(R;"S’S, 0',255) = c(R,255, G, 1 A,,k,) + u}
(19) v(R??,0°)=c(R®, 0, ,, A, k) + u?
W(RZSB’ 0175) =p(Rt758’ Ty 15 )‘r’kt) + u?’

where R®%, R3°® and R7*° refer to the forward rate /exercise price ratio of the
25-delta call, the 50-delta call, and the 25-delta put.®

It is difficult to estimate all three parameters simultaneously. If o, , in the
jump-diffusion formula is close to the Black—Scholes implied volatility, A, and
k, become small and difficult to distinguish, so o, , needs to be held constant
while searching over values of A, and k,. I therefore employed a two-step
procedure, holding ¢, , constant while estimating A, and %,, repeating the
pgocedure for a grid of o;,, values, and selecting the estimate which minimized

Z (U£)2.29

-1
"It is difficult to distinguish sharply between the contribution of A and k to
the observed volatility, since they generally appear paired as Ak in equations
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(17) and (18). As a check of robustness, I estimated both A, and k, jointly,
and A, alone, with k, set to a constant value of —0.05. This is somewhat below
the general range of estimated k, values and well below the depreciation in the
month after the suspension of participation in the ERM, but permits a
comparison with Rose’s (1993) target zone model estimates of the realignment
probability.* The results are displayed in Tables 1 and 2. Figure 5 displays
estimates of A k,, the expected value of a jump over the next month. The
sterling—mark exchange rate is expressed in marks per pound, so a sudden
depreciation of the pound means a negative jump in the rate.’!

The estimates of Ak, are plausible, near zero before the onset of the crisis
but falling modestly after the Danish referendum and dramatically from the
end of August 1992. The estimates of k, are about 3 to 4 percent on the days
of acute selling pressure, quite different from the ex post value of about 0.125,
suggesting the market was surprised by the extent, if not the timing, of
sterling’s depreciation.

As an indicator of the accuracy of the estimated parameters, Figure 6
compares the actual with the fitted option values.” The fit is generally quite
good, with the out-of-the-money sterling calls somewhat, but not dramatically,
underpriced. The fit is poor on the last day of sterling’s participation in the
ERM, a day on which, as noted above, trading in sterling—mark options had
fallen off considerably and the recorded prices may be inaccurate. The poor fit
on that day may also reflect model misspecification.

VIL.C. The implied distribution of future exchange rates and
realignment probabilities

If the exchange rate follows the geometric Brownian process represented in
equation (2), as assumed by the Black-Scholes model, the risk-neutral dis-
tribution of S, is lognormal. Substituting F,,,.=S,e"~"" for notational
convenience, we can write its cumulative probability distribution function as

1 X +a—2
NF..) 27
ot '

{20y prob {S; <X} =

If S, follows the jump-diffusion process represented in equation (9), the
risk-neutral distribution of S is

21)
2
e ot 1n(FL)+(Ak+"TW)T—n1n(1+k)
prob {S; <X} = ¥ £ (,M) @ Lt T
n=0 n o'w‘/:;

In the Bemoulli distribution model, the Poisson counter g, is zero with
probability (1 — A,) and unity with probability A,, and equation {21) describes a
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mixture of two lognormals with distribution function

(22)

2

X o,
ln(Fm+1 ) +1In(1 + Ak) + -

prob{S,; <X} =(1-AN)d

g

W

2
a,

) +1In(1+ Ak) —In(1 +k) + 2

F,

e+l

+Ad

o,

The probability density function of sterling—mark corresponding to the
distribution in equation {22) is plotted in Figure 7. It is calculated for each day
by substituting for A, k,, o, ,, and F,,,, their estimated or observed values.
The distribution is tight and centered at high values of F,, . in spring of 1992.
As sterling weakens and the credibility of the target zone dissolves, the
distribution becomes more dispersed and its center moves lower. For days on
which the market price of protection against realignment risk was high, the
distribution is bimodal.

Another perspective on the estimation procedure can be gained by returning
for a moment to the volatility smile. Figure 8 displays the sterling—mark
volatility smile on August 31, 1992, implied by the jump-diffusion model,
together with a volatility smile drawn from the same data by interpolation and
the volatility smile implied by the Black—Scholes model—a constant equal to
the at-the-money volatility.

The interpolated volatility smile does not incorporate a distributional hy-
pothesis regarding the exchange rate. Similar interpolated volatility smiles can
be drawn for flexible exchange rates such as dollar—mark and dollar—yen which
have active over-the-counter option markets, and for which strangle and risk
reversal prices are easily obtained. The interpolated volatility smile can in turn
be used to extract numerically an associated risk-neutral probability distribu-
tion.** The volatility smile based on the jump-diffusion model incorporates the
distributional hypothesis that sterling—mark follows a jump-diffusion. Its shape
corresponds to the bimodal probability density function implied by the esti-
mated parameters.

The risk-neutral realignment probability is the likelihood that S;<S§.,
where S, denotes the lower fluctuation limit, and is calculated by substituting
S, for X in equation (22): w!/12= 7, = prob{S; < §.). Figure 9 displays =,
with A,, g, , and k, estimated and with A, and o, , estimated and k, set to
—0.05, ¥t. The series based on option prices are compared with one based on
the target zone (Svensson—Rose) model.*

The estimated realignment probabilities conform closely to narratives of the
ERM'’s unraveling. The probabilities were zero in the spring of 1992 and rose
sharply in the second half of August, peaking on September 16. Expectations

735



Realignment probabilities in the EMS: A M Malz

SLTO0  €8100— 9220 769NV 8T SLTO0  v0T00—  8€S0O0 ¢6 unf g SLZO0  TSTO0—  9LIT0 CZ6idv /g
06200 80T00—  PIEE0 T6E3NV LT SLT00  86S0°0—  T8OOO Z6 unf €7 SLZO0  €IT00—  8S0€0  T6Idv #C
00€0'0  TOT00—  LLYEOD 76380V 41 SLZO0  v0T0'0—  8€SO0 76 unf zg SLZO0  6TI00—  TOSE0  T61dv €27
SLTO0  SSTO0—  8SOTO  T639nV ¢l SLTO0  L9S00—  LTIOO o unf 61 SLTO0  STIO0—  LYI90 T61dv T
SLTO0  LLIOD—  LY6TO T6IMV TI SLTO0  9L200—  0OVE00 ¢6 unf g1 SLTO0  STIO0—  OL6¥'0 61V 1T
SLZO0  LLIOO—  LY6TO 6By 1 SLC00  8TCO0—  L8SOO counf /| SLZO0  STIO0—  0L6Y'0  T61dV 91
SLZO0  LLTIOO—  LP6TO 7680V QT SLT00  98T00—  9S80°0 o unf 91 SLZO0  vPI00— 9660  T61dv ST
S6200  66100—  ¥8YE0  T69nV L0 SLTO'0  62100—  ¥00T0 counf ¢ SLZO0  LYTOO—  866V0  T61dV T
S8T00  90Z00—  TTEED  T6 3NV 90 SLT00  86S00—  TV000 counf 71 0T€0°0  TI8T00~  LO0SO  Z6Idv gl
SLTO0  €810°0—  92T€0 7630V G0 SLZO'0  6ST00—  9THT0 counf 17 S0E00  T0ZO0—  SOEk0  TeIdv o1
08200 ¥610°0—  ¥0SE0  T6 3NV 40 SLT00  6Y100—  T6LTO c6 unf o1 Obv0'0  THZ00—  ¥8IE0  Z61dV 60
08200 ¥8100—  ¥eLE0 T6 3nv €0 SLZ00  6STO0—  9TvT'0 26 Unf 60 SEVO'0  L9Z00—  €9¥E0  TeIdv 80
GLZO0  T9T00—  290£0 [ LU W £ SLZ00  0020°'0— 08800 Z6 unf ¢p STYO'0  6LT00—  6VLED  T61dV L0
SLZO0  TLIO0—  €9%£°0 26 1nf 0t SL2O0  PvSTO0—  €evT0 26 unf 0 S6V0'0  LLTO0—  9€IE0  T61dV 90
SLZO0  LLTOO—  €T9¢€°0 6 INf 62 SLZ00  vI200—  SES00 76 unf ¢ 00¥0'0  6ST00—  906£0  T61dV €0
08200 ¥81I00—  vELED 26 Inf 8T SLZ0'0  60T00—  LETOO <6 unf 70 S6£0'0  6£T00— L8670 614V 20
00€00  €0T00—  8€SE0 ZoInf LT SLZO0  €1€00—  ¥S00°0 Z6 unf [0 0SE00  9€200—  9€8€0 T6MdV 10
Sve0'0  61C000—  LESEO 6 Inf $2 SLTO0  96000—  8EHO0 76 AeN 67 SLED'0  €£T00—  T20€0 76 fBIN I¢

u.\xb G\ r« ared N.\xb G\ ~< are(q n,\xb ;\ h< e

areumss ““o pue 'y ‘v Jopour uorsnyp-dumn( oY) 10 $OJEWNSS IS1oWRIR T TIGV
p I pue °y [°p Isnyyrp 1 oyy 101 I d T L

736



Realignment probabilities in the EMS: A M Malz

01,00
01L00
01900
01900
S¥s0'0
$870°0
Sev0o
0¥+0°0
SeEP00
Svs0'0
§Ts0°0
0Ly0°0
0600
0s¥0°0
S6v0°0
sev0o
SLEDO
0€€00
§ceno
SLTO0
SLTO0

29L0°0—
0cy00—
LECO0—
ee00 -
60£0°0—
L8TO0—
0000 —
Y0€0'0—
00€0°0 -
ee00—
92€00—
0820°0—
20€00—
yL200—
10£0°0—
L9200
00—
S1200—
€1200—
0610°0—
LLIOO0—

LESTO
9661°0
S6£T0
PLSEO
Pree0
60S¢°0
£60¢°0
9¢1¢’0
£60¢°0
797¢°0
¥8C¢°0
SLYE0
$s6T0
L6ve0
ovee o
£9e0
6CPe’0
LSSE0
£96¢°0
Lyye0
Lv6T0

76 43S 91
6 dos g1
26 das ¥1
6 das 11
76 43S 01
26 d9S 60
76 doS 80
26 d9s L0
76 d9S $0
z6 49S €0

Z6d9S 70
76 d3S 10
763y 1¢
76 30y 87
26 80y L7
26 3nv 97
76 90V 67
76 80V ¥7
26 80V 17
76 80V (7
76 S0y 61

05€0°0
05€0°0
09¢0°0
$620°0
0L£0°0
Sve0'o
$8¢0°0
$SE00
SLTO0
06200
SLTOC
SLTO0
SLTO0
SLTO0
SLTO0
SLT0°0
SLTO0
SLTO0
SLTO0
SLTO0
SLTO0

1200 -
€100 —
61200—
16100~
ec00—
61200 —
€00~
6000 —
G8100—
8100 —
8S10°0—
86100—
SY100—
8¢100—
¢S100—
€100 -
8¢100—
Y0200
LTy00—
S610°0—
0L100—

618¢°0
618¢°0
658¢°0
PLLED
8T9¢°0
LESE0
810¥°0
y56£0
13404l
$98¢°0
LSHE0
geeeo
€970
gT810
9LIT'O
80ST°0
§T81°0
8¢50°0
L2000
y6v0°0
Ly80°0

76 IS €T
76 Inf ¢C
6l 1T
26 Inf 0¢
oL LY
76 I0f 91
6 Inf S
6 L vl
6 Inf €1
76 Inf 01
26 Inf 60
76 I 80
6 I LO
26 Inf 90
26 Inf €0
6 Inf 20
6 1L 10
Z6 unf o¢
76 Unf 6¢
6 unf 9z
6 unf 5z

SLZO0
SLT00
SLTO0
SLTO0
SLTO0
SLTO0
SLT00
SLTO0
SLT00
SLTO0
SLCO0
SLTO0
§LTO00
§L20°0
SLTO0
§L20°0
SLTO0
SLTO0
SLTO0
SLTO0
SLTO0

e00 -
96000 —
0P0°0 —
y120°0—
6¢100—
SCI00—
¥0¢00—
0200 -
Ts100—
90100
1600°0—
7800°0—
100 -
$800°0 —
100 -
(450
78000 —
61100~
78100 —
11060 —
€1100-

9600°0
8¢¥0°0
$900°0
§es00
9691°0
§20T0
8¢50°0
8¢60°0
9LIT0
Ss61°0
LO6V°0
S06v°0
06¥8°0
£L8Y0
9881°0
98¢cT’0
So06v°0
1ILvT°0
€9v0'0
66£C°0
S61L°0

76 K&BIN LT
76 KeN 9T
26 Ae N ST
76 KN 7T
76 KB 1T
26 AN 0T
76 KB 61
76 ABIN 81
76 e ST
76 AN 1
26 AeN €1
76 e T1
6 ARBN 1T
76 K2\ 80
26 ABIN L0
76 &8N 90
76 A2 SO
76 e $0
76 1dv ¢
26 1dv 67
76 1dv g2

737



Realignment probabilities in the EMS: A M Malz

TABLE 2. Parameter estimates for the jump-diffusion model; A, and o,,, estimated, &, set to
-0.05

Date A, g, Date A G,

w,t

Date A, G,

w.t

31 May 92 0.0920 0.0280 29 May92 0.0040 0.0275 24Jul92 0.0839 0.0275
01 Apr92 0.0917 0.0295 01Jun92 0.0046 0.0275 27Jul92 0.0844 0.0275
02 Apr92 0.0960 0.0295 02Jun92 0.0084 0.0275 28Jul92 0.0669 0.0275
03 Apr92 0.1046 0.0345 03Jun92 0.0162 0.0275 29Jul92 0.0548 0.0275
06 Apr92 0.1215 0.0390 04Jun92 0.0224 0.0275 30Jul92 0.0499 0.0275
07 Apr92 0.1158 0.0370 05Jun92 0.0228 0.0275 31Jul92 0.0466 0.0275
08 Apr92 0.1122 0.0355 09Jun92 0.0233 0.0275 03 Aug92 0.0401 0.0275
09 Apr92 0.1010 0.0335 10Jun92 0.0334 0.0275 04 Aug92 0.0548 0.0275
10Apr92 0.0702 0.0275 11Jun92 0.0233 0.0275 05 Aug92 0.0586 0.0275
13Apr92 0.0615 0.0275 12Jun92 0.0115 0.0275 06 Aug92 0.0504 0.0275
14 Apr92 0.0387 0.0275 15Jun92 0.0211 0.0275 07 Aug92 0.0640 0.0275
15Apr92 0.0370 0.0275 16Jun92 0.0199 0.0275 10Aug92 0.0636 0.0275
16 Apr92  0.0255 0.0275 17Jun92 0.0182 0.0275 11 Aug92 0.0455 0.0275
21 Apr92 0.0255 0.0275 18Jun92 0.0154 0.0275 12 Aug92 0.0455 0.0275
22 Apr92 0.0274 0.0275 19Jun92 0.0146 0.0275 13 Aug92 0.0455 0.0275
23 Apr92 0.0250 0.0275 22Jun92 0.0151 0.0275 14 Aug92 0.0394 0.0275
24 Apr92 0.0216 0.0275 23Jun92 0.0115 0.0275 17 Aug92 0.0652 0.0275
27 Apr92 0.0187 0.0275 24Jun92 0.0151 0.0275 18 Aug92 0.0657 0.0275
28 Apr92 0.0198 0.0275 25Jun92 0.0169 0.0275 19 Aug92 0.0504 0.0275
29 Apr92 0.0181 0.0275 26Jun92 0.0131 0.0275 20 Aug92 0.0455 0.0275
30 Apr92 0.0110 0.0275 29Jun92 0.0037 0.0275 21 Aug92 0.0553 0.0275
04 May 92 0.0146 0.0275 30Jun92 0.0151 0.0275 24 Aug92 0.0773 0.0275
05May 92 0.0141 0.0275 01Jul92  0.0221 0.0275 25Aug92 0.0791 0.0275
06 May 92 0.0167 0.0275 02Jul92  0.0204 0.0275 26 Aug92 0.0977 0.0300
07 May 92 0.0184 0.0275 03Jul92  0.0187 0.0275 27 Aug92 0.1122 0.0355
08 May 92 0.0151 0.0275 06Jul92  0.0221 0.0275 28 Aug92 0.1347 0.0410
11 May 92 0.0146 0.0275 07Jul92  0.0308 0.0275 31 Aug92 0.1169 0.0370
12May 92 0.0141 0.0275 08Jul92  0.0399 0.0275 01Sep92 0.1251 0.0320
13 May 92 0.0169 0.0275 09Jul92  0.0407 0.0275 02Sep92 0.1203 0.0390
14 May 92 0.0221 0.0275 10Jul92 00562 0.0275 03Sep92 0.1547 0.0435
15May 92 0.0187 0.0275 13Jul92  0.0554 0.0275 04Sep92 0.1633 0.0445
18 May 92 0.0151 0.0275 14Jul92  0.0836 0.0275 07Sep92 0.1281 0.0355
19May 92 0.0151 0.0275 15Jul92  0.0898 0.0310 08Sep 92 0.1299 0.0365
20 May 92 0.0201 0.0275 16Jul92  0.0844 0.0275 09Sep92 0.1281 0.0355
21 May 92 0.0184 0.0275 17Jul92  0.0926 0.0295 10Sep92 0.1253 0.0405
22May 92 0.0162 0.0275 20Jul92  0.0614 0.0275 11Sep92 0.1458 0.0455
25May 92 0.0089 0.0275 21Jul92  0.0869 0.0285 14Sep92 0.1759 0.0500
26 May 92 0.0040 0.0275 22Jul92  0.0839 0.0275 15Sep92 0.1677 0.0450
27May 92 0.0076 0.0275 23Jul92  0.0858 0.0275 16Sep92 0.2861 0.0435

were unstable during the ERM crisis: in a few days in late August, the market
price of protection against realignment risk surged dramatically, supporting
Eichengreen and Wyplosz’s (1993) and Obstfeld’s (1994) interpretation of the
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FIGURE 7. Probability density function of the sterling—mark exchange rate.

ERM crisis as a shift from one self-fulfilling set of expectations to another.
Sterling’s two brief respites from pressure, following the UK’s announcement
of plans to borrow ECU 10 billion to defend sterling on September 3, and
following the lira devaluation on September 13, are also clearly reflected.®

The target zone model estimates tell much the same story. However, the
target zone model estimates are negative, i.e. show a positive probability of a
devaluation of the mark, from mid-April to mid-July 1992, while the estimates
based on option prices are bounded below by zero. During the acute phase of
the crisis, the target zone model estimates are implausibly low, ranging from 5
to 20 percent. The estimates for September 14, a day of relief for sterling, are a
case in point: all three estimates fall on that day, but those based on the target
zone model fall almost to zero.*

The target zone model estimates are low because they are based on interest
rates and on the position of the exchange rate in the fluctuation margins. In
the short run, permitting money market rates to rise is only one possible
central bank response to exchange rate pressures. Alternative and complemen-
tary responses include intervention in exchange markets, public declarations of
resolve, and formal and informal attempts to curb speculative techniques.
These central bank responses may transitorily keep interest rates of currencies
under selling pressure from rising as the perception of realignment risk
mounts, but will not prevent option prices from adjusting to reflect those risks.
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VIIIL Conclusions

This paper argues that option prices are a useful indicator of the risk-neutral
probability distribution of future exchange rates and presents an application to
the ERM crisis of 1992. The resulting estimates of the probability of realign-
ment differ considerably from previous estimates based on interest rate differ-
entials and sterling’s position in the ERM bands. Although we can only
estimate risk-neutral parameters and realignment probabilities using this
method (i.e. not true subjective probabilities), the information revealed is
potentially quite useful. A central bank, for example, could safely interpret
implied realignment probabilities as reflecting the market price of protection
against realignment risk.

The results have implications for the defense of target zones against specula-
tive attack. It has been recommended that central banks counter foreign
exchange crises by raising interest rates early and gradually. Failing to ward off
the crisis at the start may make realignment unavoidable if foreign exchange
reserves are finite, since raising interest rates sharply once the crisis is well
under way may be counterproductive.’’ However, the initial stages of a crisis
are difficult to recognize. As we have seen, interest rate differentials appear to
react slowly and incompletely to speculative pressure. Reserves may fluctuate
widely for reasons unrelated to the credibility of the peg. Option prices offer
central banks an additional indicator of these pressures.

Notes

1. The history and institutions of the ERM are surveyed in Giavazzi and Giovannini
(1989), Ungerer et al. (1990), and Gros and Thygesen (1992).

2. See Emminger (1986, pp. 361f.).

3. The January 7, 1990, realignment of the Italian lira was a technical step to ease entry
into the narrow +2.25 fluctuation bands.

4. The crisis of the ERM through early 1993 is reviewed by Eichengreen and Wyplosz
(1993), Group of Ten (1993), and Goldstein et al. (1993).

5. Peter Marsh and Quentin Peel, ‘Bundesbank chief in row over ERM alignment,’
Financial Times, September 16, 1992, p. 16.

6. Krugman’s (1991) early model was of a credible target zone maintained by infinitesi-
mally small interventions at the band limits. Bertola and Svensson (1993) present a
model of a target zone with a Poisson-distributed realignment probability. Rose and
Svensson (1991) and Rose (1993) estimate the probability of realignment for the French
franc and pound sterling assuming a fixed realignment size. Svensson (1993b) surveys
models and empirical research on target zones.

7. See Boothe and Glassman (1987), Hsieh (1988), Baillie and McMahon (1989), and de
Vries (1994) for surveys.

8. See Akgiray and Booth (1988), Tucker and Pond (1988), and Jorion (1988).

9. See Hsieh (1988, 1989) and Baillie and Bollerslev (1989) for applications to currencies.

10. Chen and Giovannini (1992) discuss these issues and estimate the distributions of EMS
exchange rates.

11. The original exposition of the Black—Scholes mode! is Black and Scholes (1973). An
identical model was developed independently by Merton (1976). The application of the
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model to foreign currency options is also called the Garman-Kohlhagen model, after its
publication by Garman and Kohlhagen (1983). Merton (1982) provides an introduction
to the two stochastic processes, geometric Brownian motion and jump-diffusion, on
which this paper focuses.

A domestic currency call is also a foreign currency put. If 1 write a sterling call option
stipulating that I agree to sell one pound in exchange for DM 3.00 in one month, I have
also written a mark put, agreeing to buy DM 3.00 against the pound at a price of £0.33
per mark.

‘Vol’ refers to both implied volatility and its unit of measure (percent per annum).

For example, on August 31, 1992, the sterling—mark spot rate was DM 2.7922, the
at-the-money forward volatility was 6.2 percent, one-month forward sterling—mark
traded at a discount of 9 points (DM 0.0009), and the one-month German mark
Eurodeposit rate was 9.75 percent. A one-month at-the-money forward call option on
one pound would have cost 1.98 pfennig, or 0.7 percent of the underlying value.

Continuing the example of Note 14, the implied volatility of a 25-delta sterling—mark
call was 6.95 on August 31, 1992, so its exercise price was DM 2.8243, or 1.1 percent
higher than the spot rate. The delta of an at-the-money forward option on August 31,
1992 would have been 49.93 percent. A sterling call with an exercise price of DM 2.7918,
slightly higher than the forward exchange rate DM 2.7913, would have a delta of exactly
50 percent.

Cookson (1993, pp. 24ff.} and Murphy (1994) discuss the option smile and skewness from
a market viewpoint. Shastri and Wethyavivorn (1987) discuss the implied volatility
patterns associated with alternative stochastic processes for the exchange rate.

The risk reversal price is similar to Bates’ (1991, forthcoming) x-percent skewness
premium. A positive (negative) risk reversal price corresponds to a value of the skewness
premium greater (less) than x percent.

Continuing the example of Notes 14 and 15, the risk reversal price on August 31, 1992
was —0.1 vols and the strangle price was 0.25 vols. The implied volatility of the 25-delta
put, 6.95 percent, was thus significantly different from that of 25-delta calls (5.95
percent). The average volatility of the out-of-the-money options was 6.45 percent, higher
than the at-the-money volatility (6.20 percent).

Asymmetry in the tails is not, however, a sufficient condition for a non-zero risk reversal
price. The expected value of exchange rate changes beyond the 25-delta points might be
equal, even if the tails are not mirror images of one another.

Shimko (1993), Derman and Kani (1994), Dupire (1994), Rubinstein (1994), and Malz
(1996) present numerical techniques for recovering distributions from options prices.

See also Ball and Torous (1983, 1985) and Jarrow and Rudd (1983, pp. 164ff.). An
important issue in deriving the option value is that the risk to a seller of options of an
increase in the option price following a jump in the asset price cannot be managed by a
continuous-adjustment hedging stragegy. The option might jump further in-the-money,
in which case the writer will be underhedged. If he attemps to hedge in advance of
jumps, he will be overhedged unless a jump occurs. Therefore, in contrast to the
Black—Scholes model, the jump-diffusion model does not permit risk-neutral pricing
techniques without additional assumptions.

The risk-neutral parameter A might be greater than the true parameter if the jump size
k is negative, and agents are risk-averse and willing to pay a premium for, say, a
sterling—mark put to protect themselves against a relignment. The risk-neutral A might
be smaller, however, if agents can hedge partially by selling currency to the central bank,
which then takes on part of the currency exposure.

The dimension reduction is similar to that of Merton (1973, p. 166). The volatilities are
converted from the standard annual basis on which they are quoted to a monthly basis
by dividing by V12. To avoid clutter, I do not incorporate this change of units in the

notation, but take it into account in estimation. The jump parameter A, however, is a
monthly rate.
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According to Bank for International Settlements (1993), daily turnover in foreign
exchange options averaged US$37.7 billion equivalent in April 1992, of which US$31.0
billion took place over-the-counter. Daily turnover in over-the-counter sterling—mark
options was US$2.2 billion equivalent, out of a total of US$2.5 billion in options on the
mark against other EMS currencies.

Data on exchange-traded European cross-rate options are unavailable, as the first such
option was the Philadelphia Stock Exchange’s sterling—mark contract, introduced on
September 25, 1992. Data on at-the-money forward implied volatilities are more widely
available than out-of-the-money implied volatilities, so it was possible to check that part
of the data against three other commercial and investment bank sources. Except for
September 15-16, 1992, the differences among sources were nil or extremely small. On
September 15, differences were 1 or 2 vols, and on September 16, 3 or 4 vols. Part, at
least, of the differences may be attributable to the time of day at which option prices
were recorded.

This, assumption, although logically inconsistent, is standard practice in the literature on
option pricing models and their empirical tests.

As noted, the delta of an at-the-money forward option is not exactly 50 percent,
introducing an insignificant error into the calculation of R}%%.

This step is similar to the technique outlined in Manaster and Rendleman (1982). 1
carried out the estimation procedure using TSP 4.3. T spot checked some calculations
using Mathcad 6.0 and obtained numerically identical results.

The grid begins with 0.0270, the lowest recorded at-the-money forward volatility, and
increasing in increments of 0.0005. The termination criterion was L7, (¢/)* <0.001.
The average value of the left hand side variables in equation {(19) is approximately 0.3.
The pound closed at DM 2.4301 on October 5, 1992, some 12.5 percent below its floor of
DM 2.7780.

Two other sets of estimates are not reported here. In one, a,,, was set to a constant
value of 0.0275, approximately equal to the lowest value of atm, observed in the sample.
In another, the constant value of g,, was permitited to double in the event of a
realignment. In the first set of estimates, the implicit values of A, were somewhat higher
than with a varying ¢, while in the second set, A, was somewhat lower. In both cases,
the implied realignment probabilities did not change by much.

As Bates (1995, p. 32) points out: ‘A major problem with implicit parameter estimation
is that we have no associated statistical theory.’

The interpolation method is described in detail, along with a procedure for extracting
the risk-neutral probability distribution for flexible exchange rates, in Malz (1996).

. The Svensson—-Rose series is based on a regression of one-month changes in

sterling—mark’s position in the fluctuation margins 12*(x,, , ,;» —x,) on its logarithmic
position in the band (x,), and the sterling (r}) and mark (r,) one-month Eurodeposit
rates at the beginning of the month (see Rose, 1993). The results of the regression are:

Xee112=—1.61—2.86 x, +4.80 r* + 10.86r, + v,.

(-1.65) (325 (1.57)

The regression is based on daily data, introducing the familiar overlapping observation
problem. The #-statistics in parentheses are consistent.

See, for example, Goldstein et al. (1993) and Eichengreen and Wyplosz (1993).
Estimates of the realignment probability based on open interest parity and a 5 percent
realignment size show the one-month probability of realignment remaining below 5
percent through September 16.

Market participants may interpret ‘shock’ interest rates as a signal of imminent devalua-
tion, especially for countries such as the UK in which ‘innocent bystanders’ or financial
stability are seen as particularly exposed to collateral damage from high interest rates.
Market strategies such as buying mark call options or synthetically creating such options
by delta hedging can induce automatic sales of a currency under attack in response to
increases in interest rates (see Garber and Spencer, 1995).
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