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Relations between foreign exchange risk premia, exchange rate volatility, and the
volatilities of the pricing kernels for the underlying currencies, are derived under the
assumption of integrated capital markets. As predicted, the volatility of exchange
rates is significantly associated with the estimated volatility of the relevant pricing
kernels, and foreign exchange risk premia are significantly related to both the
estimated volatility of the pricing kernels and the volatility of exchange rates. The
estimated foreign exchange risk premia mostly satisfy Fama’s (1984) necessary con-
ditions for explaining the forward premium puzzle, but the puzzle remains in several
cases even after taking account of the pricing kernel volatilities.

In an influential paper, Fama (1984) reports a negative association
between the forward premium in the foreign exchange market and the
subsequent change in the spot exchange rate. This unexpected finding,
which has become known as the forward premium puzzle, prompted
Fama to emphasize the importance of time variation in the foreign
exchange risk premium. In particular, Fama (1984) points out that the
forward premium puzzle implies that the foreign exchange risk premium
must be more volatile than, and negatively correlated with, the expected
currency depreciation rate.

In this article, we relate foreign exchange rate risk premia and foreign
exchange rate volatility to general variation in risk premia for returns
denominated in different currencies, by examining the co-variation
between risk premia in different national capital and foreign exchange
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markets. The basic theoretical framework relies on the principle that the
absence of arbitrage implies the existence of a pricing kernel for any
numeraire that prices payoffs denominated in that numeraire, and the
volatility of the pricing kernel is the maximum Sharpe ratio for returns
denominated in that numeraire. Under the assumption that correlations of
interest rates, exchange rates, and other rates of return, with pricing
kernels, are constant over time, variation in risk premia is associated with
variation either in the volatility of the risks themselves or in the overall level
of risk premia that is captured by the volatility of the pricing kernel for
returns denominated in a given currency. In a multiple currency setting,
there is a separate pricing kernel for each currency and, with perfectly
integrated capital markets, a simple relation obtains between the pricing
kernels for different currencies and the exchange rates between them.

We show that no-arbitrage in integrated international markets implies
not only Covered Interest Parity but also a cross-currency Risk Premium
Restriction which relates risk premia for returns denominated in different
currencies. When the pricing kernel correlations are constant, this Risk
Premium Restriction specifies a linear relation between the volatilities of
the pricing kernels for returns denominated in any two currencies and the
volatility of the exchange rate between the currencies. In this setting, the
foreign exchange risk premium can be expressed in two equivalent fash-
ions. First, the arithmetic risk premium can be expressed as the sum of the
covariance of the domestic price level innovation with the nominal
exchange rate innovation and a term that is proportional to the product
of the volatilities of the exchange rate and of the domestic pricing kernel.
Second, the logarithmic risk premium can be expressed as a quadratic
function of the volatilities of the pricing kernels of the two countries.

The theoretical setup of our article is closely related to recent papers
by Ahn (2004), Backus, Foresi, and Telmer (2001), Bansal (1997), and
Nielsen and Saa-Requejo (1993) that link interest rates and foreign
exchange rates using reduced-form term structure factor models. All of
these papers are based on complete affine models of the term structure of
interest rates. These models impose certain constraints on the relation
between the interest rate and the risk premium which, as shown by
Backus, Foresi, and Telmer (2001), severely limit the ability of the models
to capture the forward premium anomaly. The analysis in this article on
the other hand is based on an essentially affine model of the term struc-
ture which allows for independent variation in risk premia and interest
rates.' This additional model flexibility allows us to generate reasonable
estimates of interest rates and to obtain estimates of bond market risk

The distinction between a completely affine and an essentially affine model is that the compensation for
interest rate risk can vary independently of interest rate volatility in an essentially affine model but not in
a complete affine model. See Duffee (2002) for more details.
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premia that are significantly related to the excess returns on foreign
currency investment. We report the first extensive empirical tests of
the relations between, first, foreign exchange risk premia and the risk
premia in the corresponding two bond markets and second, between
foreign exchange risk and the risk premia in the corresponding two
bond markets.

To generate testable implications about market integration, we use only
domestic bond yields to estimate the volatility of the pricing kernel for each
currency. As a result, our estimates of the pricing kernel volatility do not
rely on a specific hypothesis about market integration. We assume that
both the drift and the volatility of each pricing kernel, as well as the
corresponding expected rate of inflation, follow simple Ornstein-Uhlenbeck
processes: this assumption gives rise to an essentially affine Gaussian model
of the term structure of interest rates in which yields on default-free
zero-coupon nominal bonds are linear functions of the real interest rate,
the expected rate of inflation, and the volatility of the pricing kernel.? This
allows us to estimate the unobservable volatility of the pricing kernel for
each currency up to a constant of proportionality, from data on domestic
zero-coupon government bond yields and inflation rates.

The empirical analysis is conducted using monthly bond yield and
inflation data for the U.S. Dollar (USD), Canadian Dollar (CAD),
Deutsche Mark (DM), British Pound (BP), and Japanese Yen (JY), and
the exchange rates between these currencies, for the period from January
1985 to May 2002. The term structure model provides a reasonable fit to
bond yields for all currencies, although the prolonged decline in the real
interest rate for the JY during the 1990s does not accord well with the mean-
reverting assumption underlying the model, and the estimate of the mean
reversion parameter for the real interest rate in Japan is close to zero.

Empirical investigation of the cross-currency Risk Premium Restriction
reveals strong comovement of the estimated pricing kernel volatilities for
all currencies except the JY. Country pairs with closer geographic proxi-
mity tend to have stronger comovement. Moreover, the comovement is
stronger in the second half of the sample period, which suggests that
capital market integration may have improved—the R? for regressions
of monthly changes of one pricing kernel volatility on another and on the
change of exchange rate volatility, for the period October 1994 to May
2002, range from 18 to 49% except for currency pairs that include the JY.

Motivated by the first specification of the foreign exchange risk pre-
mium, the excess return to foreign currency investment was regressed on
estimates of the product of the domestic pricing kernel volatility and the
exchange rate volatility and on the estimated exchange rate volatility. The
coefficient of the product term was found to be significant at the 10% level

2 This model was developed in Brennan, Wang, and Xia (2004). See also Brennan and Xia (2003).
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or better in seven out of the twenty regressions. In the regressions that
involved the volatility of the USD pricing kernel, this product term was
significant at the 5% level in three out of four cases, whereas for the CAD
pricing kernel volatility, the term was insignificant in every case. The
coefficient of the exchange rate volatility was significant in twelve out of
the twenty regressions.

To evaluate the predictive power of the second expression for the
foreign exchange risk premium, the difference between the log spot
exchange rate at the end of the month and the one-month log forward
rate at the beginning of the month was regressed on linear and quadratic
terms in the estimated volatilities of the pricing kernels for the two
currencies in a GARCH(1,1) framework in which a quadratic function
of the two estimated kernel volatilities was included in the variance
equation as the Risk Premium Restriction specifies. The pricing kernel
volatilities were significant at the 6% level or better in eight out of the ten
regressions with the R? ranging from 6 to 39%. Moreover, the coefficients
of the pricing kernel volatilities were jointly significant in the variance
equation for nine out of the ten regressions. However, the lagged squared
error was significant in four out of the ten variance equations, suggesting
that our estimates of the pricing kernel volatilities are not perfect instru-
ments for the exchange rate volatility as the cross-currency Risk Premium
Restriction implies.

Taken together, these three sets of results provide both significant
evidence of comovement of risk premia for claims denominated in differ-
ent currencies and support for the hypotheses that the foreign exchange
risk premium can be expressed as a function either of the domestic pricing
kernel volatility and the volatility of the exchange rate or as a quadratic
function of the volatilities of the pricing kernels associated with the two
currencies.

Given this success, it is natural to ask whether the variation in the
estimated pricing kernel and exchange rate volatilities can account for
the forward premium puzzle identified by Fama (1984). First, we show
that when we calculate the foreign exchange risk premium using para-
meter estimates derived from bond yields (as well as the time series of the
estimated pricing kernel volatilities), the variation in the foreign
exchange risk premium and the correlation of the premium with the
expected change in the exchange rate satisfy the Fama (1984) necessary
conditions for a risk premium-based explanation of the puzzle. How-
ever, when we include the forward premium in the regression of log spot
minus forward rates on the pricing kernel volatilities, the coefficient of
the forward premium is significant (and negative) in four out of the ten
regressions. Two of these regressions involve the JY for which we have
reason to believe that our estimates of the pricing kernel volatility may
be especially poor. The other two involve the CAD, and for these we
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have no explanation. Thus, our empirical analysis supports Fama’s
diagnosis of the forward premium puzzle in that it finds strong evidence
of the time variation in risk premia that is required to explain the puzzle,
although the puzzle remains evident for four exchange rates associated
with CAD and JY.

The rest of the article is organized as follows. Section 1 derives the
theoretical relations between the pricing kernels for different curren-
cies and the exchange rate between them and relates the foreign
exchange risk premium to the pricing kernel and exchange rate
volatilities. Section 2 discusses the details of data construction and
reports descriptive statistics. Section 3 describes the estimation pro-
cedure for the term structure model and discusses the time series of
state variable estimates for the different currencies. Section 4 com-
pares the empirical relations between pricing kernel and exchange
rate volatility estimates with the theoretical predictions and assesses
the relations between the volatility estimates and the foreign
exchange risk premium and the ability of the volatility estimates to
account for the forward premium puzzle. Section 5 summarizes and
concludes.

1. Asset Pricing in a Multi-Currency Setting

In the absence of arbitrage, there exists a pricing kernel for any numeraire
that prices all payoffs in terms of that numeraire. Consider a world in
which asset prices follow diffusion processes.® Let m and m* denote the
(real) pricing kernels corresponding to the domestic and foreign con-
sumption bundles as numeraire, and write the dynamics of these pricing
kernels as:

dm

= —r(X)dt = n(X)dz, (1)

= —r"(X)dt — ' (X)dz". 2)

with my = mj = 1. Tt is understood that the diffusion and drift coeffi-
cients of Equations (1) and (2) may depend on a set of unspecified state
variables denoted by X.

The definition of the pricing kernel implies that any real return

process % with volatility o has an instantaneous expected return given
by:

3 See Huang (1985) for sufficient conditions for this setup.
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dv dm dm dV
5(7) =-£() - ()
= rdt + noypymdt

where, py;, is the correlation between innovations to the asset return and
the pricing kernel. It then follows that » (r*) is the domestic (foreign)
instantaneous real risk-free rate and, because |py,,| < 1, n(n*), the vola-
tility of the pricing kernel for the domestic (foreign) economy, is the
maximum Sharpe ratio for returns calculated using the domestic (foreign)
consumption basket as numeraire.

Let s denote the real exchange rate expressed in units of domestic
purchasing power (units of U. S. consumption basket) per unit of foreign
purchasing power (units of UK consumption basket), and write the
stochastic process for the exchange rate as

D ey + 0,(x)d, (3)

where, again the dependence of the drift and diffusion coefficients on X is
to be understood.

The definition of the foreign pricing kernel implies that for any real
foreign gross return realized between time 7 and time ¢+ 7, z;,, ., the
following relation holds

m; = E/(m;_.x;,.) (4)

Moreover, expressing the return on the foreign asset in terms of domestic
purchasing power, the definition of the domestic pricing kernel implies
that if foreign real returns can be freely converted into domestic purchas-
ing power:

w Sttr
m; = E[ (mt+7-xt+7_s— . (5)
t

A sufficient condition for (4) and (5) to hold simultaneously is that

m" = ms.

This condition is also necessary if markets are complete so that both m
and m" are unique and one of the three variables, m,m*, and s, is
redundant. If markets are incomplete, there is an infinite number of
pricing kernels m and m™ satisfying Equations (4) and (5), but the mini-
mum-variance pricing kernel for each numeraire derived from the projec-
tion of the pricing kernels onto the space of all (domestic and foreign)
asset returns in that numeraire is unique and satisfies the above
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condition.* In what follows, m and m" are to be understood as minimum
variance pricing kernels. The relation m* = ms thus implies that

—rdt — U*dZ* = —rdt + edt — nasps')11dl - UdZ + dezs' (6)

Equality of the two stochastic processes in (6) requires that their drift and
volatility coefficients be the same:

E(%> = edr = (r— r+ nospsm)d, (7)

532
(77 ) = 772 + 0? - zno—spsm' (8)

Equation (7) expresses the drift of the real exchange rate as the sum of the
real interest differential and a risk premium which is equal to the instan-
taneous covariance of the real exchange rate with the domestic pricing
kernel, whereas Equation (8) relates the squared volatility of the two
pricing kernels to the variance of the real exchange rate and the co-
variance of the exchange rate with the domestic pricing kernel.

Let s = 1/s denote the real exchange rate expressed in terms of the
number of units of foreign purchasing power per unit of domestic pur-
chasing power (e.g., “U.K. goods per unit of U.S. good”); then
ds*/s* = (—e + 02) dt — 0sdzs. Symmetry then implies that

)= (")’ + 02 + 20" Oy ponr 9)

which, combined with (8), yields the following relation between the
volatility of the pricing kernels for two currencies and the volatility of
the exchange rate between them:

Psm* 77* = Psm?T] — Os- (10)

Because 7 (n"), the volatility of the minimum variance pricing kernel, is
equal to the maximum Sharpe ratio or risk premium per unit of risk for
returns denominated in the given consumption numeraire, (10) is a con-
dition on the maximum risk premia in the two countries which we refer to
as the (cross-currency) Risk Premium Restriction. The restriction implies
that if there is any uncertainty associated with the exchange rate, that is
os # 0, then the exchange rate uncertainty must be priced by the domestic
or the foreign pricing kernel or by both: that is, if o # 0 then 0" pg,+ # 0
or Npsm # 0, or both. This is a consequence of Siegel’s paradox, which

4 See Backus, Foresi, and Telmer (2001), Brandt et al. (2003), and Saa-Requejo (1993).
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says that foreign exchange risk cannot be priced at zero from both
domestic and foreign perspective because of Jensen’s inequality.

Finally, combining Equations (7) and (8) leads to the following sto-
chastic process for the log exchange rate:

.1 1, .
dlns = r—r*—i—inz—z(n*)z dt + odz;. (11)

To extend the analysis to nominal exchange rates, let P,(P;") denote the
domestic (foreign) price levels, and assume that the stochastic processes
for P, and P; are of the form:®

P
d? = 7dt + opdzp, (12)

where 7, the expected rate of inflation, will in general depend on the
unspecified vector of state variables X.

Let S, denote the nominal spot exchange rate expressed in terms of
domestic currency per unit of foreign currency (e.g., “dollars per pound”).
Note that one unit of the foreign consumption basket, which is equivalent
to P/ units of foreign currency, can be exchanged for s, units of the
domestic consumption basket or equivalently for s, P, units of domestic
currency. The absence of arbitrage then implies that the real and nominal
exchange rates are related to the foreign and domestic price levels by
S\ P} = s, P,. As shown earlier, the real exchange rate s, is determined by
the pricing kernels m and m* by m" = ms if the domestic and foreign
economies are fully integrated. Therefore, the nominal exchange rate can
be directly related to the domestic and foreign pricing kernels by:

£

m; m,
S;—t=—L.
"P, P

Applying Ito’s Lemma to the above equation leads to the following

nominal foreign exchange rate process:

dFS = Edt + ogdzs.

where the drift and innovation are given by:

Edt = (R — R" +nospsm + osp) dt, (13)

> Similar equations also appear in Ahn (2004), Backus, Foresi, and Telmer (2001), Bansal (1997), and
Brandt and Santa-Clara (2002).

© Similar to Solnik (1974) and Adler and Dumas (1983) but in contrast with Grauer, Litzenberger, and
Stehle (1976), we do not assume Purchasing Power Parity in our setting.
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osdzs = ndz,, — n'dz,, + opdzp — opdz)p, (14)

Oy = 0,0y4psy denotes the covariance between the innovations to vari-
ables x and y, and the domestic (foreign) instantaneous nominal risk-free
rate, R (R"), is given by

REV+7T*T}O’pme70'%>.

Equation (13), which is the nominal counterpart of the real relation (7),
expresses the expected change in the nominal exchange rate as the sum of
three terms: the nominal interest rate differential, R — R*; the covariance
of the nominal exchange rate with the domestic price level, ogp; and a
time varying exchange rate risk premium, nogpg,,, which is equal to the
covariance of the nominal exchange rate with the real domestic pricing
kernel. A direct implication of Equation (13) is that the exchange rate risk
premium, defined as the risk premium on an unhedged position in an
investment that is riskless in terms of foreign currency, £ — (R — R*), is a
function of the volatility of the domestic pricing kernel, 7, and the
volatility of the nominal exchange rate, os:

E— (R— R") = oppspos + psm(osn). (15)

Equation (15) shows that time variation in the exchange rate risk pre-
mium can arise from time variation in the covariance of price changes with
the nominal exchange rate and from time variation in the covariance of the
nominal exchange rate with the pricing kernel. In our empirical work, we
shall treat the volatility of the price level, op, and the correlations between
the price level and the exchange rate, and between the nominal interest rate
and the pricing kernel, psp and pg,,, as constant, and seek to explain the
variation in the exchange rate risk premium in terms of variation in the
volatility of the exchange rate, og, and of the pricing kernel, 7.

From Equations (13) and (14), it is easy to derive the nominal counter-
parts to equations (10) and (11):

os = npsm — 1 psm + (Oppsp — o psp+), (16)

. 1 1 1 1 . 5
dinS = |:(R — R) + (EUZP — EUZPV) +i7]2 - 5(77 )2+O'Pme77 - UP*pP*m*n. dt

+ osdz, (17)

The advantage of analyzing the stochastic process for the log exchange
rate as in Equation (17) is that the volatility of the nominal exchange rate
cancels out of the drift term so that the expected change in the log
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exchange rate depends only on the interest rate differential, which is equal
to the forward premium due to Covered Interest Parity and on the
volatilities of the domestic and foreign pricing kernels. The corresponding
expression for the (log) exchange rate risk premium is then

(1, 1 1,1,
E@InS) - (R-R) = (30} =303 ) 437 =3 07 +orom
— P PP - (18)

Following Fama (1984), we decompose the forward premium under
this log specification into two terms:

lnFm- - ln S[ = [ln Fl‘,‘l‘ - El (ln S[+7—)] + [E[ (ln S[+7—) - ln S[] Ep[ + ql7

where F}; denotes the 7— period forward rate at time ¢, p; denotes the
negative of the risk premium at time #:

1 1 1 1, .2 *
Pr=— [(EU% - EU%r) +§77,2 - E (77,) +opppmNe — P PPN, | T, (19)

and ¢, is the expected change in the exchange rate:
Q[: I:(R[_R;k)T_p,]T. (20)

The expressions for p; and ¢; follow directly from Covered Interest Parity
and equation (17).

The forward premium puzzle is the empirical finding of a negative correla-
tion between the current forward premium, In £} - — In S, and the subsequent
change in the spot rate, In Sy, —InS;. Fama (1984, p. 327) shows that
the forward premium puzzle implies that the (negative of the) foreign
exchange risk premium, p;, must satisfy the following two Fama conditions:

(F1) Var(p,) > Var(q,),
(F2) Cov(ps,q:) < 0.

That is, the variance of the risk premium must exceed the variance of the
expected rate of change in the exchange rate, and the risk premium (the negative
of p;) must be positively correlated with the rate of change in the exchange rate.

When unexpected inflation is unpriced (pp,, = pp+m» = 0), the expres-
sions for p; and ¢ reduces to

pi=c—3 i - )],

0= [+ m) = 7 + 7]+ 5 [0 - ()]
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Then, the two Fama conditions are satisfied if § |77 — (; )2] is more
volatile than, and negatively correlated with, the nominal inferest rate
differential [(r 4+ m) — (r* 4+ 7*)]. As Backus, Gregory, and Telmer (1993)
point out, this condition cannot be satisfied in a complete affine term
structure model, because such a model requires that 7> be an affine func-
tion of () if 7(7) follows a square root process or that 7> be constant if
both r and 7 follow Vasicek processes. Thus, the complete affine model is
not able to deliver the high volatility of risk premia in conjunction with low
volatility for interest rates that is required to account for the forward
premium puzzle with realistic interest rate behavior. In contrast, this
requirement is easily satisfied in an essential affine model in which 7 follows
a separate process from r and 7. Such a model will be estimated in Section 3
and in Section 4, we shall show that the resulting estimates of the risk
premia satisfy these two conditions for most currency pairs.

The empirical tests that we shall report below rely on estimates of the
domestic and foreign pricing kernel volatilities or maximum Sharpe ratios,
n and n". If these were computed using the returns on both domestic and
foreign assets converted into a common currency, then the Risk Premium
Restriction (16) would hold by construction because, in the absence of
arbitrage, it is always possible to find m and m™ such that m* = ms, and the
restriction is a direct consequence of this relation. Therefore, to derive
testable implications of market integration, we shall assume that the corre-
lations between domestic (foreign) bond returns and the domestic (foreign)
currency pricing kernel are constant. This assumption, which implies that
domestic (foreign) bond risk premia are proportional to 7(n"), enables us
to estimate 7(n*) up to a constant of proportionality using only domestic
(foreign) bond yields without making any assumption about market
integration, and these independent estimates of 7 and n* will satisfy the
linear Risk Premium Restriction only if the markets are integrated.

In Section 4, we report estimates of the empirical counterpart of the
nominal Risk Premium Restriction (16) and examine the ability of our
estimates of the pricing kernel and exchange rate volatilities to account
for time variation in the foreign exchange rate risk premium as implied by
(15) and (18). The data and the estimation of n and n* are discussed in the
following two sections.

2. Data Construction and Description

The basic data used to estimate the pricing kernel volatilities consist of
estimated zero coupon Treasury bond yields on the second day of each
month from January 1985 to May 2002 for the United States, United
Kingdom, Germany, Canada, and Japan. The sample period and the
number of countries are limited by the availability of government bond
data for a sufficient period.
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Data on bond prices, coupon rates, and coupon, issue, and redemption
dates for all available government bonds outstanding on the given date
were taken from Datastream. Most bonds in the United States, United
Kingdom, Canada, and Japan pay semi-annual coupons: those that did
not were eliminated from the sample. In Germany, most bonds pay annual
coupons and those that did not were also excluded. Finally, all stripped
zero-coupon and floating-rate bonds and bonds that were callable or
extended to dates beyond the original redemption dates were excluded.

For each country, a cubic spline was fitted each month to the yields on all
of the sample bonds with maturities up to twenty years.” No extrapolation
was used in the estimation, so that the longest possible extracted zero-
coupon bond yield for a given month is always less than or equal to the
longest maturity bond available for that month. For the United States, the
United Kingdom, and Canada, zero-coupon bond yields for maturities of
six months, 1, 2, 3, 5, 7, and 10 years were obtained for each month, whereas
for Germany and Japan, the maximum maturity of the zero-coupon bond
yields was only, respectively seven years and eight years for each month. The
cubic spline approach has been used previously by McCulloch (1975) to fit
the U.S. term structure and by Litzenberger and Rolfo (1984) (LR) to study
tax effects on yield curves in different countries. The procedure used here
follows LR but ignores capital gains and income tax effects, because the
model developed in Sections 2 and 3 assumes no taxes or other frictions.®

Where possible, the estimated zero-coupon constant maturity bond yields
were compared with data from other sources. For the United States, our
estimated yield curve was compared with the Fama—Bliss bond yields from
Center for Research in Security Prices (CRSP) which are available only for
maturities of one, two, three, four and five years up to December 2001 and
also with bond yield data provided directly by Bliss for all maturities up to
December 2000. Our estimates have sample means and standard deviations
that are very similar to those of these two data sets. The correlations of bond
yields between the two data sets are above 0.95 for maturities of one, two,
three, four, and five years but are only 0.7 for 10-year yields. For the U.K.
yield curve, our estimates were compared with those published by the Bank
of England for the same sample period for maturities of 1, 2, 3, 5, 7, 10, and
15 years: the correlations are all above 0.9, but the sample means of our
estimates are slightly higher. Because the data from the Bank of England are

Bliss (1996) tests and compares five different methods for estimating the term structure. He finds that the
unsmoothed Fama-Bliss method does the best but that differences between this and the cubic spline
approach are small. The cubic spline approach seems to be the approach most widely used in empirical
studies of U.S. yields.

We also estimated the term structure by specifying a capital gain tax rate of 0% and an income tax rate of
33%. The estimated after-tax yield curve was highly correlated with the before-tax curve but with lower
sample means. LR found that the minimum absolute standard error of estimate does not vary much with
the assumed capital gains tax rate.
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available for the whole sample period, we used this data set to estimate the
U.K. state variables.

Table 1 reports summary statistics for the estimated zero-coupon bond
yields for the different currencies. The yield curves for USD, CAD, JY, and
DM are on average upward-sloping. For example, the average zero coupon
yield for the USD increases from 6.07% per year for the six-month bond to
7.41% for the 10-year bond. The sample standard deviation decreases with
maturity, from 1.64% for the six-month bond to 0.82% for the 10-year
bond. On the other hand, the average yield curve for the BP is slightly
hump-shaped and almost flat: increasing from 8.02% for the one-year bond
to 8.14% for the seven-year bond and then decreasing to 7.88% for the
15-year bond. The sample standard deviation also decreases slightly with
maturity. Overall, JY bonds have the lowest average yields at around
3 — 4%, whereas the BP has the highest average yields at around 8%.

Table 1
Summary statistics of fitted zero-coupon constant maturity bond yields

CP1 Excess
Bond maturity (year) 0.5 1 2 3 5 7 10 inflation  market return

The United States
Mean (% per year) 6.07 6.14 627 641 669 696 741 3.08 9.97
Standard deviation l.64 159 158 1.61 153 1.19 0382 0.77 15.04
(% per year)
Autocorrelation 098 098 098 098 098 098 0098 0.34 0.00
Canada
Mean (% per year) 699 7.09 718 745 770 7.84 8.01 2.78 5.50
Standard deviation 253 243 226 214 199 183 1.82 1.13 14.84
(% per year)
Autocorrelation 098 098 098 098 098 098 0098 0.09 0.09
The United Kingdom (from Bank of England)
Mean (% per year) 8.02 8.03 806 811 814 810 7.88 3.80 6.16
Standard deviation 265 235 221 213 212 210 197 1.63 16.73
(% per year)
Autocorrelation 099 098 098 098 098 0.99 0.99 0.24 0.03
Germany
Mean (% per year) 525 5359 569 567 584 6.17 1.96 7.45
Standard deviation 190 1.64 150 145 138 1.24 0.91 19.87
(% per year)
Autocorrelation 097 098 098 099 099 0.98 0.26 0.07
Japan

Mean (% per year) 298 292 295 312 352 392 0.84 1.67
Standard deviation 237 236 232 223 205 1.89 1.46 20.31
(% per year)
Autocorrelation 099 099 099 099 099 0.99 0.18 0.10

This table reports summary statistics for fitted zero-coupon constant maturity bond yields. The bond
yields are estimated from government coupon bonds using a cubic spline. The raw government coupon
bond data are collected from Datastream. The sample is from January 1985 to May 2002.
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The bond yields are highly persistent with first-order autocorrelations
of 0.98 or above. Yields for different maturities are also highly correlated
(not reported here), particularly for nearby maturities. The shortest and
the longest maturity bond yields have a correlation of 0.74 for the USD,
0.80 for the BP, 0.87 for the CAD, and 0.63 for the DM. For the JY, the
six-month and eight-year yields have a correlation of 0.96, and the corre-
lations between other yields are even higher, suggesting either that a single
factor model may capture the dynamics of the JY term structure or more
plausibly that the level of rates in Japan has shifted down by so much that
slope effects appear small in comparison.

Table 1 also reports summary statistics for monthly inflation rates and for
excess equity market index returns for the countries corresponding to each
currency. Inflation rates were calculated from Consumer Price Index data
obtained from Datastream. The equity market excess returns were calculated
from the Datastream total market index returns. For our sample period, the
estimate of the equity premium for Japan is only 1.7%, although the estimate
doubles if the data from 1980 to 1985 are included. On the other hand, the
U.S. equity premium estimate during this period is almost 10%, reflecting the
bull market of the 1990s. Average inflation rates range from a low of only
0.84% per year in Japan to a high of 3.8% in the United Kingdom.

Table 2 reports summary statistics for spot and one-month forward
exchange rates and the one-month Treasury-Bill rates for each currency,
all of which were taken from Datastream.’ Cross-rates between currencies
other than the USD were calculated by taking ratios of USD exchange
rates. Finally, following Schwert (1989), the monthly volatilities of the
exchange rates were estimated as the square root of the sum of the squared
deviations of the daily foreign exchange rate changes over the month from
the sample mean change for the month. These “historical” estimates are
available for the whole sample period for each currency pair. As a robust-
ness check, we also collected the one-month implied volatilities calculated
from over the counter (OTC) foreign exchange options on the last day of
each month and published on the website of the Federal Reserve Bank of
New York; the average of the bid and ask implied volatility was used. The
implied volatilities are available only for the period October 1994 to May
2002 and for the currency pairs between the USD and the BP, DM,'* JY
and CAD, and the pairs between the DM and the BP or the JY."

Since one-month Treasury Bill rates for the JY are available from Datastream only from December 1993,
one-month bill rates from the Bank of Japan were used for the earlier period.

The implied volatility of the DM against USD, JY, or BP was replaced by the corresponding implied
volatilities for the Euro starting from January 1999.

The ex post estimated conditional volatility from a GARCH(1,1) model was also used as an alternative
estimate of exchange rate volatility as a further robustness check. Jorion (1995) reports that, despite their
limitations, implied volatility estimates outperform those from GARCH models even with “ex post”
parameter estimates.
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Table 2
Summary statistics of foreign exchange rates and interest rates
Std

Currency Mean deviation Autocorrelation

1. Change in the spot rate: S,+1/S,_; (% per month)
Canadian Dollar/German Mark 0.33 3.56 0.010
Canadian Dollar/Japanese Yen 0.48 3.90 0.014
Canadian Dollar/British Pound 0.25 3.17 —0.007
Canadian Dollar/U.S. Dollar 0.09 1.38 —0.061
German Mark/Japanese Yen 0.20 3.37 0.015
German Mark/British Pound —0.04 2.48 0.109
German Mark/U.S. Dollar —0.13 3.36 0.014
Japanese Yen/British Pound —0.14 3.60 0.053
Japanese Yen/U.S. Dollar —0.26 3.63 0.031
British Pound/U.S. Dollar —0.07 3.13 —0.070

2. Forward premium: 100 x (In F, — In S,) (% per month)
British Pound/U.S. Dollar 0.23 0.21 0.744
Canadian Dollar/German Mark 0.16 0.28 0.629
Canadian Dollar/Japanese Yen 0.33 0.26 0.092
Canadian Dollar/British Pound —0.14 0.21 0.139
Canadian Dollar/U.S. Dollar 0.09 0.21 0.470
German Mark/Japanese Yen 0.17 0.22 0.496
German Mark/British Pound —0.31 0.26 0.821
German Mark/U.S. Dollar —0.04 0.29 0.746
Japanese Yen/British Pound —0.47 0.22 0.322
Japanese Yen/U.S. Dollar —0.24 0.26 0.494

3. One-month Treasury-bill rates (% per year)
British Pound 8.34 3.16 0.985
Canadian Dollar 6.78 2.96 0.977
German Mark 5.19 1.91 0.989
Japanese Yen 2.99 2.69 0.995
U.S. Dollar 5.27 1.55 0.886

4. Historical volatility of exchange rates (% per month):
British Pound/U.S. Dollar 2.63 1.06 0.571
Canadian Dollar/German Mark 3.12 0.94 0.291
Canadian Dollar/Japanese Yen 3.18 1.18 0.382
Canadian Dollar/British Pound 2.86 0.90 0.461
Canadian Dollar/U.S. Dollar 1.27 0.47 0.477
German Mark/Japanese Yen 2.86 1.19 0.625
German Mark/British Pound 2.09 0.83 0.448
German Mark/U.S. Dollar 2.92 0.96 0.379
Japanese Yen/British Pound 3.08 1.15 0.506
Japanese Yen/U.S. Dollar 2.95 1.11 0.366

5. One-month implied volatility of exchange rates (% per month):
British Pound/German Mark 245 0.58 0.735
British Pound/U.S. Dollar 2.40 0.44 0.603
Canadian Dollar/U.S. Dollar 1.68 0.46 0.824
German Mark/Japanese Yen 3.48 0.98 0.834
German Mark/U.S. Dollar 3.07 0.64 0.718
Japanese Yen/U.S. Dollar 3.47 0.91 0.716

Summary statistics are reported for one-month spot exchange rate changes, S;1/S; — 1, one-month
Treasury-bill rates, R, and one-month forward premia, In F;, — InS;. Forward and spot exchange rates
are calculated from beginning of month U.S. Dollar rates taken from Datastream. The sample, which
starts in January 1985, ends in May 2002 for British Pound, Canadian Dollar, and Japanese Yen and ends
in December 1998 for the DM due to the introduction of the Euro. The DM Treasury-bill rates are from
Bloomberg and the JY treasury bill rates are imputed from other treasury yields. All other data except for
implied volatilities are as of the beginning of the month and are from Datastream. Implied volatilities are
measured at the end of the month from October 1994 to May 2002 and are from the Federal Reserve

Bank of New York.
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Consistent with previous studies, changes in spot rates for all four
country pairs are highly volatile and have very low autocorrelation. The
lowest monthly standard deviations are for CAD-USD (1.38%) and for
DM-BP (2.5%). The standard deviations for all other rates are in excess
of 3% per month, and the highest is 3.90% for CAD-JY. The autocorre-
lation of the changes in spot rates is negative in three out ten cases, but in
all cases the absolute value is less than 0.1. In contrast, forward premia
exhibit low sample standard deviations and much higher autocorrela-
tions: for example, the forward premium for the DM against the BP has
a monthly standard deviation of only 0.26% but an autocorrelation of
0.82.

The table also reports summary statistics on the historical and implied
volatilities for exchange rates. The mean implied one-month volatilities
range from 1.68% per month for the CAD-USD rate to 3.48% for the
DM-JY rate, whereas the corresponding numbers for the historical vola-
tilities are 1.27% for the CAD-USD and 2.86% for the DM-JY rates.
Although the historical volatilities have larger sample standard devia-
tions, their autocorrelations, from 0.36 to 0.57, are generally much smal-
ler than those of the corresponding implied volatilities, which range from
0.60 to 0.82; this may reflect greater measurement errors in the historical
estimates.

. Estimating Pricing Kernel Volatilities

3.1 A simple essentially affine model

To estimate the pricing kernel volatility, 1, and related parameters for
each country from panel data on bond yields, it is necessary to place some
further structure on the dynamics of the pricing kernel and the inflation
rate. We follow Brennan, Wang, and Xia (2004) (BWX) in assuming that
the real interest rate, r, and the maximum Sharpe ratio, 7, follow
Ornstein-Uhlenbeck processes, so that the stochastic process for the
pricing kernel may be written as:

dm

— = —rdt — ndz,, 21

" v~ na: @)
dr = k,(F — r)dt + o,dz, (22)
dn = k(7 — n)dt + 0,dz, (23)

The expected rate of inflation, 7, is also assumed to follow an Ornstein-
Uhlenbeck process:
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dr = k(T — m)dt + 0,dz;. (24)
T

Although the Gaussian process assumptions for r, 7, and 7 are simple
and are made mainly to facilitate the estimation, the fact that r and 7
follow two separate processes distinguishes the current model from the
complete affine term structure models that have been considered pre-
viously in the international finance literature.'? As discussed extensively
in Backus, Foresi, and Jelmer (2001), the conditional means and var-
iances of the log pricing kernels in complete affine models are linear in
the same set of state variables, which introduces a constraint on the
behavior of the short rate and the variability of the risk premium in the
economy. In contrast, our model allows the short rate, r, and the risk
premium of the economy as captured by 7, to vary separately. This
additional flexibility can potentially yield better estimates of the interest
rate and the risk premium.

3.2 Estimation procedure
Under the above assumptions, the nominal yield on a zero-coupon
(default-free) bond of maturity 7 is a linear function of the state variables,
r, m, and n:
InN A(r) B(r C(r D(r

=- ()-i- ()r—i- ()7?—&- ()77 (25)

T T T T T

where the coefficients, A(7), B(r), C(r), and ﬁ(T) are functions of the
parameters of the joint stochastic process for the pricing kernel (21, 22,
and 23), realized inflation (12), and the expected rate of inflation (24), as
given in BWX.

In principle, it is possible to estimate the parameters of the system (21—
24) by Maximum Likelihood using equation (25) and yields on three
bonds of different maturities. However, the choice of bonds to use in
the estimation is arbitrary, and there is no guarantee that the estimates
will be consistent with the yields of other bonds. Therefore, to minimize
the consequences of possible model mis-specification and measurement
errors in the fitted bond yield data, we allow for errors in the pricing of
individual bonds and use a Kalman filter/MLE method to estimate the
time series of the unobservable (latent) state variables r, w, and 7, and
their dynamics, from data on bond yields."?

12 See, for example, Backus, Foresi, and Telmer (2001) and Saa-Requejo (1993).

13 The Kalman filter/MLE is one of the two most widely used estimation approaches in the empirical term
structure literature. See Duffee and Stanton (2002) for a detailed examination of term structure estima-
tion methods.

769



The Review of Financial Studies | v 19 n 3 2006

In summary, there are three transition equations for the unobserved
state variables, r, 7, and 7, that are the discrete time versions of Equations
(22), (23), and (24). There are n + 1 observation equations based on the
yields at time 7, y,, ;, on n bonds with maturities 7;, j = 1, - -, n. The first n
observation equations are derived from Equation (25) by the addition of
measurement errors, e :

_InN(1t+1)
j

A(t,75) B(7

_ (7T/)+ (T;)rth

Tj Tj Tj

Yot =

€@, ﬁf) m+ e (). (26)

The last observation equation is based on the realized inflation rate at
time #:

AP
T = At + GP(I).

This final observation equation is used to identify » and = which enter the
bond yield Equation (26) symmetrically.

The measurement errors, . (t), are assumed to be serially and cross-
sectionally uncorrelated, and to be uncorrelated with the innovations in
the transition equations. To reduce the number of parameters to be
estimated, the variance of the yield measurement errors was assumed to
be of the form: 0'2(67—7) = cf%, where o, is a single parameter to be esti-
mated. This is equivalent to the assumption that the measurement error
variance of the log price of the bonds is proportional to the bond matur-
ity." In addition, it was assumed that the errors in the observation
equations are uncorrelated with the innovations of the state variables,
that is, pi = 0, pix =0, and py,; =0 (i = €1, -, €,, and ep).

The long run means of the state variables were set exogenously to facil-
itate identification and estimation. More specifically, 7@ for each currency
was set equal to the sample mean of the corresponding CPI inflation rate,
which is 3% for the USD, 3.8% for the BP, 2.8% for the CAD, 2% for the
DM, and 1% for the JY; 7 was set equal to the difference between the
sample means of the one-month Treasury-bill rate and the CPI inflation
rate, which is 2.6% for the United States, 4.6% for the United Kingdom,
4% for Canada, 3% for Germany, and 2.5% for Japan;'> and 7 was set
equal to 1.2 times the sample mean of the country’s equity market Sharpe
ratio, which is 0.62 for the United States, 0.58 for the United Kingdom,

Brennan, Wang, and Xia (2004) estimate the system by assuming that o”(e, ) = 07 /7; so that the
measurement error variance of the log price is independent of maturity.

Strictly speaking, 7 = R — m + nopppn + 0% in our model. Because we impose pp,, = 0 in the estimation

and 0% is negligible, we use 7 ~ R — 7 to derive the long run mean of the real interest rate.
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0.44 for Canada, 0.46 for Germany, and 0.21 for Japan.'® 7 was set 20%
higher than the realized equity market Sharpe ratio to allow for the fact
that the equity market is only one component of the investment opportu-
nity set. Note that for any asset 7, only the product p;,,,n is identified in the
estimation—therefore errors in the predetermined values of 77 will be offset
by errors in the estimated correlations. On the other hand, when we relate n
to foreign exchange risk premia in Section 5, we must acknowledge that our
estimates of 7 for any currency are empirically identified only up to a
(positive) multiplicative constant, so that no restrictions can be placed on
the magnitudes of the coefticients of 7. Finally, o(ep) was set to the sample
standard deviation of realized CPI inflation rates, and p,,p was set to zero
to reduce the number of parameters to be estimated.

3.3 Estimation results

Table 3 reports estimates of the standard error of the bond yield measure-
ment error, o,, and of the parameters of the stochastic processes for the
real interest rate, the expected inflation rate, and the real pricing kernel
volatility for each of the five currencies. In all five currencies, o} is highly
significant, falling in the range of 1848 basis points, which is comparable
to values found in previous studies of the U.S. term structure.

The volatility of the real interest rate innovations, o, is in the range of
63-92 basis points per year for the CAD, the DM, the JY, and the BP; for
the USD, on the other hand, it is 277 basis points. The high volatility of r
for the USD is offset by strong mean reversion: the estimate of the USD
%, (0.290) is more than twice as high as that of the next highest currency
(the BP) and implies a half life for innovations of about 2.4 years, as
compared with almost five years in the BP, almost six years in the CAD,
and more than 10 years in the DM where the mean reversion parameter is
not significant.'” As we shall see below, there is evidence of mean rever-
sion in the estimates of r for all currencies except the JY, whose estimated
value of r declines fairly steadily from 1990 so that there is little evidence
of mean reversion in this sample period. It is then not surprising to find
the estimate of JY &, close to zero and insignificant; the Ornstein-
Uhlenbeck assumption clearly fails to capture the behavior of the real
interest rate in Japan during this sample period. The estimated correlation

Note that the sample means of the ex post equity market Sharpe ratios and the Treasury bill rates
reported here differ from those reported in Tables 1 and 2, because these means are calculated using data
starting from January 1980 instead of January 1985. The longer sample period was chosen to improve the
efficiency of the estimates for 7, 7, and 7. The estimates for 7, 7, and 7 are similar in the long and the
shorter sample for the CAD, BP, and DM. For the JY and the USD, the estimates of 7 and 7 are also
similar but the estimates of 7 are significantly different in the two samples. The estimates for 7 based on
the sample from January 1985 are 0.80 for the USD and 0.10 for the JY.

'7 The estimates of the USD &, (o,) of 0.290 (2.77%) compare with values of 0.069 (0.966%) reported by

Brennan and Xia (2006) for the (similar) sample period 1983-2000 but with a different set of zero-coupon
yield estimates, and by Brennan, Wang, and Xia (2004) of 0.074 (1.11%) for the period 1952-2000.
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Table 3
Parameter esti of the simple term structure model
The United States
o) a, Ty oy Ky Ky Ky
Estimate 0.48% 2.77% 0.81% 0.193 0.290 0.002 0.292
t-ratio (52.82) (10.92) (5.15) (1.88) (1.97) (0.70) (3.84)
Prn Pry Prm Py Prem Pum
Estimate 0.027 —0.413 —0.801 —0.199 —0.276 0.919
t-ratio (0.11) (0.54) (6.22) (0.69) (1.66) (2.57)
r T 7 ap Pprm ML
Pre-set value 2.62% 3.00% 0.62 0.77% 0.00 9334.6
Canada
ayp o o oy K, Ky Ky
Estimate 0.38% 0.78% 0.74% 0.196 0.119 0.000 0.073
t-ratio (50.65) (6.77) (4.64) (1.48) (3.35) (0.68) (2.44)
Prr Pry Prm Prn Prm Pum
Estimate —0.080 —0.181 —0.865 —0.254 0.122 0.915
t-ratio (0.37) (0.70) (2.51) 0.91) (1.23) (2.09)
r T 7 ap Pprm ML
Pre-set value 4.00% 2.78% 0.44 1.33% 0.00 8561.5
The United Kingdom
oy o o oy K, Ky Ky
Estimate 0.44% 0.63% 0.92% 0.207 0.143 0.000 0.104
t-ratio (49.74) (10.35) (12.94) (2.45) (4.68) (0.76) (1.89)
Prr Pry Prm Prn Prm Pym
Estimate —0.104 —0.234 —0.714 —0.191 0.178 0.833
t-ratio (0.75) (1.14) (3.49) (0.78) (1.93) (4.38)
r T 7 ap Pprm ML
Pre-set value 4.56% 3.78% 0.58 1.63% 0.00 8522.2
Germany
o) a, oy oy, K, Kn Ky
Estimate 0.34% 0.83% 1.15% 0.281 0.067 0.799 0.002
t-ratio (44.14) (5.93) 4.91) (0.75) (1.17) (4.44) (0.68)
Prr Pry Prm Prn Prm Prm
Estimate —0.101 —0.217 —0.984 —0.142 0.257 0.939
t-ratio (0.33) (0.65) (3.41) (0.54) (0.51) (2.12)
r T 7 op PPm ML
Pre-set value 3.02% 2.45% 0.46 0.98% 0.00 7405.9
Japan
Tp o [o oy Ky Ko oy
Estimate 0.18% 0.92% 0.40% 0.065 0.001 0.119 0.048
t-ratio (44.78) (4.52) (1.42) (1.76) (0.75) (1.86) (1.35)
Prr P Prm pm Prm Pum
Estimate —0.154 —0.259 -0.979 —0.237 0.343 —0.146
t-ratio (0.27) (1.05) 9.16) (0.42) (0.39) (0.23)
r 7? 7 op PPm ML
Pre-set value 2.54% 1.14% 0.21 1.62% 0.00 7969.4

This table reports estimates of the parameters of the stochastic process of the investment opportunity set,
Equations (22-24), obtained from a Kalman filter applied to inflation rates and bond yields. The state
variables are r, the real interest rate, 7, the expected rate of inflation, and 7, the volatility of the pricing
kernel or the Sharpe ratio of the economy. In the table, m denotes the pricing kernel, and P is the price
level. Asymptotic r-ratios are in parentheses.
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between innovations in the real interest rate and the pricing kernel, p,,,, is
negative and highly significant for all five currencies, suggesting that there
is a significant real interest rate risk premium, and long-term bonds
command a positive premium in all five currencies.

The estimated volatilities of innovations in expected inflation rates are
highly significant and are in the range of 74 to 115 basis points except for
the JY where the point estimate of 40 basis points is not significant.
Consistent with previous findings that expected inflation follows almost
a random walk, the estimates of x, are very small and insignificant for the
Anglo-Saxon currencies, the CAD, the USD, and the BP. In contrast, the
estimate for the DM is much larger and significant, perhaps reflecting the
strong anti-inflationary bias of the Bundesbank. We place little weight on
the JY estimate because it is clear that expected inflation, like the real
interest rate, does not conform to the O-U assumption underlying the
estimation during the sample period. Finally, none of the estimates of p,,,
is significant so that there is no evidence of a risk premium associated
with expected inflation.

The point estimate of the volatility of the innovation in 7, o, is in the
range of 0.19 to 0.28 for all currencies except the JY where it is only
0.06—we conjecture that this reflects the generally poor fit of the model to
the JY yields during this sample period. The point estimate is highly
significant only for the BP; the lack of significance and the point estimate
of 0.193 for the USD are a little surprising, because the stochastic nature
of risk premia in the USD has been widely documented, and Brennan,
Wang, and Xia (2004) and Brennan and Xia (2003) both report highly
significant estimates of o, of 0.424 and 0.301 for the periods 1952-2000
and 1983-2000. Just as for the real interest rate, the estimate of the mean-
reversion parameter, k,, is highest for the USD and lowest for the DM
and the JY for which the model does not fit so well. The half life of
innovations in 7 is almost 9.5 years for the CAD, around 6.7 years for the
BP, and about 2.4 years for the USD. Finally, p,, is positive and
significant for all currencies except the JY for which, as mentioned earlier,
the model does not fit well. It is interesting to note that, with the excep-
tion of the JY, the signs of p,, and p,,, are opposite and are consistent
across currencies, so that the risk premia for these fundamental invest-
ment opportunity set risks are priced in a consistent fashion across
currencies.

In summary, the estimation results display an encouraging consistency
across currencies except for the JY where the post-bubble economy has
not conformed well to the model assumptions about the real interest rate
or inflation.

Table 4 reports summary statistics on the time series of the estimated
state variables, r, 7, and 7, that are obtained from the Kalman filter for
each of the currencies. Note first that the sample mean of a state variable
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Table 4
Summary statistics for state variable estimates
Standard Auto
Currency Mean deviation correlation
1. Instantaneous real risk-free rate: r
U.S. Dollar 3.21% 1.70% 0.964
Canadian Dollar 3.15% 2.72% 0.992
British Pound 4.34% 2.40% 0.989
German Mark 2.91% 1.54% 0.987
Japanese Yen 1.12% 2.40% 0.986
2. Expected Inflation: n
U.S. Dollar 2.79% 0.71% 0.970
Canadian Dollar 3.69% 1.94% 0.986
British Pound 3.52% 2.10% 0.984
German Mark 2.34% 0.96% 0.974
Japanese Yen 1.70% 0.46% 0.974
3. Maximum Sharpe ratio: 5
U.S. Dollar 0.145 0.450 0.989
Canadian Dollar 0.754 0.940 0.995
British Pound 0.686 0.711 0.992
German Mark 0.468 0.803 0.994
Japanese Yen 0.306 0.186 0.995

This table reports summary statistics for the state variables r, m, and 1, estimated from government bonds
in the five countries. A cubic spline was used to estimate zero-coupon yields for maturities of 0.5, 1, 2, 3,
S, 7, and 10 years from bond prices taken from Datastream. The state variables were estimated from these
yields using the Kalman filter algorithm. The sample is from January 1985 to May 2002. All data are as of
the beginning of the month and are in annual terms.

estimate reported in Table 4 may be quite different from the pre-set long
run mean reported in Table 3, because the Kalman filter trades off the
model fit to the time series of the state variables against the cross-
sectional fit to bond yields of different maturities. Particularly noticeable
are the sample means for 7 of 0.145 for the USD and 0.754 for the CAD
as compared with our pre-set estimates of 77 of 0.62 and 0.44, respectively.
The standard deviation of the estimated real interest rates, ranging from
1.5% per year for the DM to 2.7% for the CAD, is slightly smaller than
those of their respective one-month Treasury-bill rates except for the
USD. The standard deviation for the n series ranges from 0.19 for the
JY to 0.94 for the CAD, indicating a large variation in the volatility of the
pricing kernel. All state variable estimates exhibit strong persistence with
the autocorrelation in every case being above 0.96. This is inconsistent
with the few large  estimates reported in Table 3 and again is because of
the competing demands of fitting the time series of state variable esti-
mates and the cross-section of yields.

The state variable estimates are plotted in Figures 1 to 3. The time
series of real interest rate estimates shown in Figure 1 display consider-
able volatility for all five currencies, ranging in all cases from a high of
between 6 and 8% to a low of between 0 and minus 2%. All the series
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Figure 1

Time series of real interest rate estimates

The figure plots the estimated real interest rate for the United States (a), the United Kingdom (b), Canada
(c), Germany (d), and Japan (e) from January 1985 to May 2002. The series are filtered out from the bond
yield and Inflation data.

except that for the JY display strong mean reversion. Although there are
common elements in the series, currency-specific factors are clearly rele-
vant also. Thus, although the patterns for the USD and the CAD rates
are broadly similar after 1990, the USD rate drops steeply from about 8%
in the early part of the sample period, whereas the CAD rate is rising
sharply from an initial value of around 2%. The BP rate generally tracks
the USD rate after about 1985 but with a lag: the rates in both currencies
rise strongly in the late 1990s only to fall after 2000 with the decline in the
stock markets. The DM rate displays a broadly similar pattern but with a
period of elevated rates following the German re-unification in 1990 and
with an earlier decline toward the end of the 1990s reflecting the sluggish-
ness of the German economy during this period. The JY interest rate
shows the most anomalous pattern, declining almost monotonically from
around 5% in 1990 to minus 2% by the end of the sample period.
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Figure 2

Time series of expected inflation estimates

The figure plots the estimated expected Inflation for the United States (a), the United Kingdom (b),
Canada (c), Germany (d), and Japan (e) from January 1985 to May 2002. The series are filtered out from
the bond yield and Inflation data.

Figure 2 plots the time series of expected inflation estimates for the
period of January 1985 to May 2002. The expected inflation estimates for
the USD, the JY, and the DM exhibit much lower volatility than the real
interest rates: they vary only from around 0.5 to around 4%. On the other
hand, the expected rate of inflation for the BP moved around in a tight
range between 3 to 6% until 1997 when it fell rapidly to below zero and
then moved up to less than 2%; expected inflation in the CAD has long
swings in the much larger range of 0.5 to over 7%.

Figure 3 plots the time series of estimated pricing kernel volatilities for
the five currencies. The pricing kernel volatilities for the USD, the BP,
and the DM all reach their lows at the peak of the stock market boom in
the 1999-2000 period with the USD decline starting around 1993, the BP
decline around 1995, and the DM decline around 1996. The three pricing
kernel volatilities then all rise rapidly in the post stock market boom
period toward the end of the sample. The CAD and the JY pricing kernel
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Figure 3

Time series of maximum Sharpe ratio estimates

The figure plots the estimated Sharpe ratio for the United States (a), the United Kingdom (b), Canada (c),
Germany (d), and Japan (e) from January 1985 to May 2002. The series are filtered out from the bond
yield and Inflation data.

volatilities also decline in the second half of the 1990s but not as drama-
tically as those of the other three currencies. For both the CAD and the
JY, the lows (in both cases below zero) are reached in 1990. In the first
half of the 1990s, pricing kernel volatilities for all currencies are generally
high and increasing.'® Finally, in contrast to the unrelated movements in
the CAD and the USD real interest rates up to 1990, the pricing kernel
volatilities for the corresponding currencies display significant comove-
ment, first rising sharply, then declining from 1986 to 1990, and finally
rising at the end of the sample period.'’

This is consistent with Bekaert and Hodrick (1992), who report large Hansen-Jagannathan bounds for
the pricing kernel volatility inferred from foreign exchange and equity returns.

Ilmanen (1995) reports very high correlations between the estimated excess returns on bonds in different
currencies that are obtained by projecting the excess returns on the bonds on a common set of
instruments.
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To assess how well the simple Gaussian term structure model fits the
domestic interest rates, we calculate the theoretical instantaneous nom-
inal interest rate, R=r+ 7 — noppp, — a?,, from the estimated state
variables as well as the parameter estimates reported in Table 3. The
estimated nominal interest rates R, which are nonnegative for all five
currencies throughout the sample period, are plotted along with the
thirty-day Treasury-bill rates for each currency in Figure 4. Because the
thirty-day Treasury-bill rate is not used in the estimation (the shortest
maturity yield used is a six-month yield), this provides an out-of-sample
assessment of the goodness-of-fit of the model. Although there are a few
large mispricings, the figures show that the model implied nominal inter-
est rate tracks the corresponding Treasury rates closely during most of the
sample period in all five currencies, suggesting that the simple Gaussian
term structure model provides a reasonably good fit for the data.?

Empirical Analysis

4.1 Comovement in risk premia

The Risk Premium Restriction (16), which holds in an integrated capital
market, is an exact linear relation between the volatility of domestic and
foreign real pricing kernels and the volatility of the nominal exchange
rate. Although it is unrealistic to expect the restriction to hold exactly
when pricing kernel volatilities are estimated from separate sets of
national bond yields, it is of interest to see how closely the pricing kernel
volatilities that we have estimated for the different currencies are related
to each other and to the volatility of the exchange rate between the
currencies. Thus consider the following empirical specification corre-
sponding to Equation (16):

Nt = €0+ C1Miy + €205, + €, (27)

where, n;; (1;,) is the estimated pricing kernel volatility for currency j (i),
and og; is the volatility of the exchange rate between currencies i and ;.
The theoretical values of the coefficients in (27) are

_ 0PPSP=0p*Psp* ¢ = Lom — 1

C Cyg = ———.
0 Psm* ’ Psm* 2 ‘

Although the Kalman filter estimates of the parameters of the
Ornstein-Uhlenbeck processes for # imply that these variables have sta-
tionary distributions, the estimated time series 7's have first order auto-
correlations that are close to unity, and unit root test fails to reject the
null of a unit root for all five series. A Johansen cointegration test,

See Tang and Xia (2004) for a detailed examination of the goodness-of-fit of different affine term
structure models in these five countries.
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Figure 4

Time Series of Nominal Interest Rate Estimates and the Thirty-day Treasury-bill rates

The figure plots the thirty-day Treasury-bill rates together with the estimated instantaneous nominal
interest rate for the United States, Canada, the United Kingdom, Germany, and Japan from January
1985 to May 2002. The nominal interest rate series are calculated from the estimated state variables r, 7,
and m, whereas the thirty-day Treasury bill rates are from Datastream. Solid line represents estimated
interest rate and dashed line represents the Treasury-bill rates.

however, fails to reject the null of no-cointegration between the ns for all
currency pairs except for the pairs of USD-DM and USD-JY. In this
case, Hamilton (1994) recommends two approaches to avoid the possibi-
lity of spurious results from a simple regression of (27).

The first approach estimates the regression using first differences in
place of levels:*!

Anjy = co+ c1Ani; + 2 Aos, + & (28)

Table 5 reports the results from the above regression for the whole period
and for two subperiods.

2! The regression in levels yields broadly similar coefficient estimates for ¢; but much higher R? than the first
difference regression.
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Table 5

Regression of pricing kernel volatility and exchange rate volatility innovations

Sample period: January 1985-May 2002

Sample period: January 1985-September 1994

Sample period: October 1994-May 2002

No. j i o 2 c RX(%) co ¢ I RX (%) co ¢ I RX(%)

1 CAD DM 0.001 0.269 0.270 6.72 ~0.004 0.231 0.618 0.89 0.007 0.296 —0.250 28.07
(0.14) (4.02) 0.79) (0.25) (1.35) (1.15) (0.86) (5.09) (0.81)

2 CAD JY 0.000 1.030 0.341 4.58 —0.007 1.158 0.798 5.68 0.007 0.833 —0.168 1.85
(0.03) (2.22) (1.57) (0.43) (1.82) (2.38) 0.73) (1.58) (0.83)

3 CAD BP 0.002 0.268 —0.097 6.69 —0.005 0.241 —0.199 3.90 0.013 0.395 0.253 18.23
(0.18) (1.84) (0.23) (0.38) (1.32) (0.34) (1.22) (2.83) 0.57)

4 CAD USD 0.004 1.046 1.807 19.25 0.002 0.905 3.664 12.97 0.005 1.179 —~1.134 49.32
(0.48) (3.58) (1.49) (0.13) (1.75) (2.20) (0.74) (5.36) (1.73)

5 DM CAD —0.002 0.276 0.096 6.59 0.001 0.091 —0.171 0.41 —0.011 1.001 0.690 28.37
(0.25) (2.63) (0.23) 0.12) (1.36) (0.34) (0.74) (3.60) (1.06)

6 DM JY —0.003 0.920 0.225 3.10 —0.001 0.523 0.365 1.71 0.000 2.095 0.078 5.19
(0.26) (2.00) (0.44) (0.08) (1.40) 0.72) (0.02) (1.60) (0.10)

7 DM BP —0.001 0.385 —0.189 14.54 0.000 0.152 —0.142 4.11 0.014 1.059 —0.702 4131
(0.14) (1.97) (0.53) (0.06) (1.13) (0.32) (1.10) (5.00) (1.12)

8 DM USD 0.000 0.652 —0.386 5.95 0.000 —0.151 —0.126 ~0.97 —0.006 1.623 —0.692 26.02
(0.00) (2.60) (1.04) (0.03) (0.76) (0.28) (0.42) (3.95) (1.25)

9 JY CAD 0.000 0.050 0.019 428 0.003 0.053 —0.004 4.51 —0.003 0.047 0.037 1.83
(0.19) (2.21) (0.24) (0.95) (1.69) (0.03) (1.51) (2.23) (0.51)

10 JY DM 0.000 0.043 —0.047 3.09 0.003 0.060 —0.078 1.50 —0.002 0.035 —0.013 5.20
0.27) (2.47) (0.49) (0.87) (1.58) (0.45) (1.48) (1.85) (0.13)

11 JY BP 0.001 0.053 —0.023 5.14 0.002 0.035 —0.010 0.89 —0.001 0.085 —0.020 14.54
0.32) (1.71) (0.31) 0.79) (1.04) (0.09) (0.68) (4.09) (0.20)

12 JY USD 0.001 0.040 0.048 —0.26 0.003 0.017 0.077 —~1.49 —0.003 0.088 0.013 2.83
0.27) (0.96) (0.62) (0.86) (0.25) (0.60) (1.40) (2.05) (0.16)
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13 BP
14 BP
15 BP
16 BP
17 USD
18 USD
19 USD
20 USD

CAD  —0.004
(0.43)
DM ~0.002
(0.34)
IY ~0.004
(0.47)
USD ~0.001
(0.07)
CAD  —0.003
(0.93)
DM ~0.003
(0.77)
JY —0.003
(0.80)
BP ~0.003
(0.81)

0.283
(4.30)
0.398
(4.95)
1.150
2.77)
0.752
(4.36)

0.177
(3.53)
0.105
(3.01)
0.139
(0.96)
0.116
(2.18)

0.318
(1.00)
0.025
(0.06)
0.427
(0.99)
0.361
(0.98)

0.040
(0.11)
0.378
(1.90)
0.117
(1.15)
0.167
(0.95)

6.81 0.009
(0.85)

14.50 0.008
(0.82)

5.49 0.006
(0.59)

8.24 0.012
(1.16)

18.04 ~0.006
(1.17)

7.28 ~0.006
(1.22)

—0.17 ~0.006
(1.22)

8.31 ~0.007
(1.36)

0.231
(3.11)
0.374
(1.98)
0.742
(1.61)
0.641
(2.64)

0.108
(1.73)
~0.043
(0.80)
0.043
(0.25)
0.075
(1.37)

0.560
(1.43)
~0.099
(0.18)
0.776
(1.02)
0.516
(1.12)

0.131
(0.24)
0.355
(1.26)
0.012
(0.10)
0.214
(1.03)

—1.69

4.11

0.508
(3.81)
0.402
(6.03)
1.936
(2.69)
0.979
(4.79)

0.426
(6.75)
0.170
(4.53)
0.556
(1.64)
0.265
(3.54)

~0.392
(0.83)
0.463
(1.10)
0.098
(0.34)
~0.138
(0.36)

0.583
(1.38)
0.382
(1.81)
0.200
(1.33)
0.106
(0.36)

18.34

41.35

14.54

24.23

49.09

26.75

3.55

24.25

BP, British Pound; CAD, Canadian Dollar; DM, Deutsche Mark; JY, Japanese Yen; USD, U.S. Dollar.

The table reports parameter estimates from regressions for

Anjy = o+ 1 Ani + 2Aos, + €

where, An;, = 1;, — 1,1 is the first difference of the currency 7 pricing kernel volatility, and Ao, = o5, — 05,1 is the first difference of the foreign exchange volatility between
currency i and j. Newey-West z-statistics are in parentheses.
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Two features stand out in the regression results. First, the regression R? is
much higher in the second subperiod than in the first; the average adjusted
R? rises from 3.0 to 21.4%. The much stronger results in the second
subperiod are consistent with a significant improvement in market integra-
tion over time. Second, the results are much worse when the JY is one of
the currencies. For the whole period, as well as for the two subperiods, the
regressions involving the JY always have the weakest regression result: for
the second sub-period, the average R? for the regressions that involve the
JY nis 6.2% as compared with 31.3% for the regressions that do not
involve JY. While this is consistent with the finding of Brandt, Cochrane,
and Santa-Clara (2003) that their international risk-sharing index is lowest
for Japan, it also seems likely that the poor fit of the term structure model
to JY yields, and corresponding errors in the JY estimates of 7, are
responsible. For the whole period and the two subperiod regressions the
highest R? is for the CAD-USD pair, and the second highest is for the
BP-DM pair. This is consistent with the earlier observation that geo-
graphical proximity leads to more integrated markets.

In sixteen (eighteen) out of the twenty regressions for the whole sample
period, ¢ is significantly different from zero at 5% (10%) significance
level, implying that pg,,/psm+ 7 0 so that the spot rate is priced by either
the domestic or the foreign pricing kernels: the only two regressions
yielding insignificant ¢; are those between the USD and the JY. All
estimates of ¢; are positive, implying that pg,, and pg,- have the same
sign. However, ¢, the estimated coefficient of Aog,, is insignificant in all
of the regressions. This may reflect the poor quality of our estimates of
exchange rate volatility.

The second estimation approach recommended by Hamilton (1994) is
to include lagged values of both the dependent and the independent
variables in the regression:

Njy = Co+ C1Miy + 205, + €30j -1 + Canis—1 + €, (29)

This regression was estimated using data for the whole period as well as
for the two subperiods. The results, which are omitted for conciseness,
can be summarized as follows. The regression R? is very high for all
regressions because both 7;;, and n;, are highly autocorrelated. The
point estimates for ¢; are very similar to those reported in Table 5 and
the z-statistics are slightly higher. Again, all regressions except for those
between the USD and the JY produce significant estimates of ¢; in both
the whole and the second subperiods, whereas ¢; is mostly insignificant in

In results not reported here, the same regressions were estimated using implied volatilities from currency
option prices and estimated conditional volatilities from the GARCH(1,1) model of Section 5.3 in place
of the historical estimates of the exchange rate volatility. Implied volatilities are available only for BP—
DM, DM-JY and the currencies against USD for the period of October 1994 to May 2002. Results
similar to those summarized in Table 5 were obtained for both of these exchange rate volatility proxies.
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the first subperiod. In this regression, however, the point estimates of ¢,
are quite different from those reported in Table 5, and now four (six) out
of the twenty regressions yield significant (at 5%) estimates of ¢, in the
whole (second) period regression.

In summary, with the exception of the JY, we have found strong
relation between the volatilities of the pricing kernels estimated for the
different currencies and a measure of exchange rate volatility as specified
by the Risk Premium Restriction. In addition, the relation is stronger in
the second subperiod, reflecting the possibility that capital market inte-
gration has improved in the later period.

4.2 The Foreign exchange risk premium

In this subsection, we examine the ability of the empirical counterparts of
expressions (15) and (18) to capture variation in the foreign exchange risk
premium. Although Equations (15) and (18) are theoretically equivalent,
their empirical analogues may differ. In Equation (15), the predicted risk
premium depends on the exchange rate volatility and the volatility of only
the domestic pricing kernel, whereas in Equation (18) the prediction
depends on the volatilities of both pricing kernels but not on the exchange
rate volatility. As we have seen in the previous subsection, the Risk
Premium Restriction (16) which equates the two expressions does not
hold exactly when the empirical estimates of exchange rate and pricing
kernel volatilities are used.

Substituting the realized appreciation, (Si.1 — S;)/.S;, for the expected
appreciation, F;, and using Covered Interest  Parity,
(Fyr — S1)/St = (R— R")T, to replace the interest differential, R — R",
Equation (15) yields the following regression specification:

w = ¢o+ c1(ni05:) + 205, + €, (30)
ijit
where 7 = 1/12 for monthly data, S;,; and F;;,, denote the spot and
7-period (one-month) forward exchange rates between currencies i/ and j
at the beginning of month ¢ measured in units of currency i per unit of
currency j, 7, is the volatility of the pricing kernel for currency i, and og;
is the realized volatility of the exchange rate during month 7. Equation
(15) implies that ¢; = pg,, 7 and ¢cs = oppgpT.

For all country pairs, the unit-root null hypothesis is strongly rejected for the
product term nog, for og, and for (Si;sr — Fijir)/Si s Therefore, regres-
sion (30) was estimated using OLS: the results are reported in Table 6.
Fifteen out of the twenty regressions are significant at the 5% level or
better, providing strong evidence that time variation in foreign exchange
risk premia is associated with time variation in our estimates of foreign
exchange risk and pricing kernel volatility. The weakest results are for the
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Table 6

Regression of excess returns to foreign currency investment on domestic pricing kernel and exchange rate

volatilities

F-statistic

No. i j co c e R2(%) p-value

1 CAD DM —0.001 0.077 0.105 —0.48 0.550
(0.17) (0.87) (0.42)

2 CAD Y —0.026 0.122 0.766 6.25 0.000
(2.85) (1.17) (2.49)

3 CAD BP 0.019 0.144 —0.649 3.01 0.016
(1.63) (1.60) (1.48)

4 CAD UsD —0.002 —0.041 0.223 —0.40 0.557
(0.76) (0.52) (0.92)

5 DM CAD —0.003 0.221 —0.137 —0.11 0.406
(0.36) (1.30) (0.47)

6 DM Y —0.019 —0.057 0.761 5.72 0.003
(2.29) (0.25) (2.68)

7 DM BP 0.016 0.466 —1.034 11.66 0.000
(3.86) (2.48) (4.04)

8 DM USD 0.003 0.044 —0.224 —0.82 0.725
(0.36) (0.25) (0.72)

9 Y CAD 0.024 0.733 —0.979 4.97 0.002
(2.95) (1.39) (3.45)

10 Y DM 0.018 0.215 —0.722 3.96 0.013
(2.49) (0.45) (2.47)

11 Y BP 0.028 0.587 —0.987 6.06 0.001
(3.22) (1.15) (2.72)

12 Y USD 0.019 0.965 —0.945 4.74 0.003
(2.63) (1.73) (3.17)

13 BP CAD —0.023 —0.221 0.842 4.18 0.005
(1.78) (1.83) (1.79)

14 BP DM —0.020 —0.206 1.096 9.92 0.000
(3.66) (1.32) (3.09)

15 BP Y —0.030 —0.053 0.942 7.48 0.000
(3.07) (0.39) (2.71)

16 BP USD —0.013 —0.284 0.568 2.24 0.036
(1.25) (1.84) (1.27)

17 USD CAD 0.003 —0.069 —0.176 —0.54 0.645
(0.76) (0.41) (0.73)

18 USD DM 0.003 0.523 —0.134 3.20 0.025
(0.39) (2.84) (0.47)

19 USD Y —0.027 0.701 0.899 10.93 0.000
(3.10) (3.85) (2.74)

20 USD BP 0.025 0.757 -0.974 8.34 0.000
(2.61) (4.29) (2.41)

BP, British Pound; CAD, Canadian Dollar; DM, Deutsche Mark;

The table reports parameter estimates for

— Fijir
Sijie

JY, Japanese Yen; USD, U.S. Dollar.

= ¢y + 105 + 205 + €.

where, S;;, and F. denote the spot and 7-period (one-month) forward exchange rates between currencies i
and j at time 7 measured in currency units of / per currency unit of j, and 7;, is the volatility of the real
pricing kernel for currency i at time 7. Newey-West adjusted r-statistics are in parentheses. Coefficient
estimates significant at the 10% level are reported in bold face. The p-value of the regression’s F-statistic
to test the joint significance of the regressors is reported in the last column. A value less than 0.05 means
that the regressors are jointly significant at 5% level.
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CAD which is associated with four out of the five insignificant regressions;
the other insignificant regression is for the USD-DM risk premium which
is not predicted by the DM 7 regression but is predicted by the USD 7
regression. For the JY regressions og is always significant, but the term
involving the JY 7 is significant (at the 10% level) only in the regression for
the USD.

The estimated coefficient of o is significant at the 5% (10%) level in ten
(eleven) out of the twenty regressions; excluding the regressions involving
CAD, the coefficient is significant in eight (nine) out of twelve regres-
sions. This is consistent with Brandt and Santa-Clara (2002) who found
that the implied volatility from currency option prices predicts the change
in the exchange rate but contrasts with the results in Baillie and Bollerslev
(1989, 1990), Bekaert and Hodrick (1993), and Domowitz and Hakkio
(1985), who found that the conditional exchange rate volatility estimated
from a GARCH model has no or only weak association with the drift of
the exchange rate. The coefficient of the product term 7oy is significant at
5% (10%) in only four (seven) regressions; the proportion rises to four
(six) out of twelve regressions if those involving the CAD are excluded.

Despite the fact that the exchange rate volatility enters both regressors,
these regressions provide general support for the hypothesis that exchange
risk premia are related to time variation in both the exchange risk and the
volatility of the pricing kernel. They also support the view that time
variation in foreign exchange returns is due to time variation in general
risk premia, because the pricing kernel volatility estimate is derived from
the estimated time-varying risk premia in other (bond) markets.

The second specification for the (log) risk premium, given by Equation
(18), involves only the volatilities of the two pricing kernels (n?> and 7).
Because both n? and 7 are highly persistent and the Johansen test rejects
the null of no cointegration between In S —In F' and n;,7;,7;,7; for all
currency pairs, leads and lags of the first difference of the independent
variables are added to yield the DLS regression specification due to Stock
and Watson (1993):*

2
2 2 2
1nSi,f,t+T—1nEJ,z,T=00+cm,~,t+cm,-,[+Cs77i,t+64nj,f+E Cop AN,
p==2

2 2 2
+ Z C7‘])Ani[_p+ Z s pAni—p+ Z Cop A 1—p+€r (31)
p=—2 p==2 p=-2

where, A is the first difference operator, and i denotes the domestic
currency, whereas j denotes the foreign currency. If the true pricing kernel
volatilities were observable, then ¢; = —co = 1/24 under the null. Because

23 OLS regressions yield qualitatively similar results.
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the pricing kernel volatilities were empirically estimated only up to a scale
factor, ¢; and ¢, are not constrained except for their sign: ¢; > 0 and
¢y < 0. If unexpected inflation is priced so that pp, # 0 and pp+,» # 0,
then the model also predicts that ¢3 # 0 and ¢4 # 0.

The Risk Premium Restriction for nominal exchange rates (16) implies
that the variance of the error term in Equation (31) is a quadratic function
of n; and 7; under the no-arbitrage hypothesis in integrated markets: this
suggests the following empirical specification for the variance term of the
above regression:

Ué,z =dy+d, 612—1 + d20?9,l—1 + d377i2,z + d4nﬁ[ +dsn; + denj s+ dimi e, (32)

If Equation (16) held exactly for the empirical estimates of the pricing
kernel and exchange rate volatilities, then we should expect that
dy =dy =0.

Equations (31) and (32) constitute an extended GARCH(1,1) model for
the exchange rate risk premium, which was estimated by maximum like-
lihood.?* The results are reported in Table 7. Because the regression esti-
mates for the two definitions of the exchange rate, S and 1/, are identical
except for the signs of the coefficients, we report the results for only ten
regressions, one for each currency pair. Panel A reports the results for the
mean Equation (31). The Wald test for the mean equation tests the joint
significance of the 1 and 7? terms for the risk premium: the test statistic is
significant at the 5% (10%) level for seven (eight) out of the ten regressions.
The regressions for which the test statistic is not significant at the 10% level
are for the CAD-DM (as in Table 5) and the BP-USD pairs. With the
exception of the BP-USD regression, the R? range from 13 to 26%. The
coefficients of many of the individual 1 and n? terms are insignificant. This
may reflect errors in the measurement of 7 and multicollinearity between 7
and n?. However, eight out of the ten c; estimates satisfy the restriction that
¢; > 0, and seven out of the ten estimates of ¢, satisfy the restriction that
¢y < 0. Overall, these results provide strong evidence that the foreign
exchange risk premium depends on the Sharpe ratios of the relevant
currencies as we would expect in integrated capital markets.

Turning to the variance equation whose estimates are reported in Panel
B, the Wald test for the joint significance of the i and 1? terms rejects the
null of no significance for eight out of the ten regressions, the exceptions
being the CAD-DM and the DM-USD exchange rates. This provides
strong evidence that, despite the general lack of importance of the historical
estimate of the exchange rate volatility found in the regressions reported in
Table 5, a quadratic function of 7; and 7; carries information about

Using Eviews 5.0 software. The Bollerslev-Wooldridge heterosckedasticity-consistent covariance matrix
was used in the estimation.
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Table 7

Regression of log excess returns to foreign currency investment on estimated pricing kernel volatilities

Panel A: Mean equation

Wald test
No. i J Co 1 ) 3 Cy R*(%) p-value
1 CAD DM 0.011 0.003 0.000 —0.001 —0.017 22.77 0.134
(1.56) (1.18) (0.03) (0.20) (0.94)
2 CAD JY —0.016 0.013 —0.154 —0.027 0.120 15.49 0.001
(2.00) (2.67) (2.64) (2.32) (2.36)
3 CAD BP 0.001 0.000 —0.005 0.004 0.009 12.61 0.058
(0.41) (0.14) (1.98) (0.68) (1.95)
4 CAD USD 0.001 —0.003 0.008 0.002 —0.001 26.32 0.000
(1.15) (3.22) (1.66) (1.16) (0.33)
5 DM Y 0.020 0.037 —0.006 —0.054 —0.018 39.38 0.000
(2.59) (4.16) (0.11) (3.87) (0.49)
6 DM BP —0.005 0.003 —0.002 0.010 —0.002 13.47 0.010
(0.74) (0.45) (0.36) (0.82) (0.13)
7 DM USD —0.004 0.011 0.019 —0.003 —0.021 21.99 0.005
(0.46) (1.38) (0.71) 0.21) (0.79)
8 JY BP 0.004 0.210 —0.012 —0.073 0.007 10.05 0.017
(0.79) (2.95) (2.26) (1.90) (0.83)
9 Y USD —0.003 —0.024 —0.020 0.034 —0.003 13.63 0.035
(0.78) (0.42) (1.63) (1.05) (0.44)
10 BP USD 0.002 0.001 —0.017 —0.003 0.001 6.50 0.424
(0.54) (0.34) (1.52) (0.44) (0.07)
Panel B: Variance equation
Wald test
No. i J dy d, d> ds dy ds de dy p-value
1 CAD DM 0.674 14.624 494403  —0.048 —0.182 —0.628 —0.220 0.842  0.980
(0.75) (0.10) 0.77)  (0.50) (0.31) (0.79) (0.48)  (0.79)
2 CAD JY —0.183 —-79.202 1009.736 0.091 —-2.766 —0.303 1.781 0.755  0.000
(510.52) (2.61) (31.21) (167.34) (14.45) (1007.44) (15.06) (604.05)
3 CAD BP 0.055 —65.411 1009.752 0.017 —0.029 —0.018 0.051 —0.030 0.000
(342)  (1.80)  (23.01) (37.32) (1.98)  (0.69) (2.83) (0.97)
4 CAD USD 0.256 —126.279 —677.215 —0.032 —0.027 0.081 —0.205 0.053  0.000
(5.58) (4.08) (5.55)  (1.18) (0.22) (2.83) (3.200 (0.5
5 DM JY 0.074 —24.931 977.948 0.015 0359 —0.048 —0.201 —0.016 0.037
(1.02) (0.91) (17.05)  (0.45) (0.85) (0.58) (2.35)  (0.05)
6 DM BP 0.065 —21.607 923.366 —0.144 —0.150 —0.049  0.131 0.251  0.000
(3.40) (0.82) (30.92) (374 (4.22) (149) (2.05 (43D
7 DM USD 0479 340.446 172.992 0.068 —0.349  —0.135 0.860 —0.459 0.187
(2.29) (2.49) (0.88)  (0.35) (0.62) 043) (1.02) (0.54)
8 JY BP 1.683 20.308 —1008.957 21.786 0.919 —2.866 —0.128 —8.055 0.000
3.71) (0.91) (26.99)  (3.46) (1.52) (0.90) (0.13)  (3.37)
9 JY USD -0.038 —-35407 1004.433 —0.478 —0.036 0428 0.186 —0.600 0.016
(0.89) (0.87) (19.03)  (1.68) (0.39) (1.85) (1.07)  (1.11)
10 BP  USD 1.279 306.562 —116.300 0.018 —0.256 —0.433  1.641 —-1.205 0.001
@426) (241 (0.67)  (0.13) (0.54)  (1.38) (2.80) (1.86)

BP, British Pound; CAD, Canadian Dollar; DM, Deutsche Mark; JY, Japanese Yen; USD, U. S. Dollar. The
table reports the DLS parameter estimates for the GARCH(1,1) regressions given in Equations (31) and (32).
Panel A reports the coefficient estimates for the mean equation except those in front of the leads and lags of
the first difference terms, which are omitted for brevity. Panel B reports the coefficient estimates multiplied by
1000 for ease of presentation. Bollerslev-Wooldridge heteroscedasticity-consistent z-statistics are in paren-
theses. The x> p-value of the Wald test for the null ¢; = ¢y = ¢3 = ¢4 = 0 is reported in the last column of
Panel A, and the p-value of the Wald test for the null d3 = dy = ds = dg = d7 = 0 is reported in the last
column of Panel B. Estimates of coefficients of the terms involving 7s that are significant (at 10% level) are

reported in bold face.
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exchange rate volatility as the theoretical Equation (16) predicts. On the
other hand, the existence of GARCH effects, as shown by the statistical
significance of d; and d, in several of the regressions, implies that our
estimates of 7; and 7); are not sufficient statistics for og as the theoretical
relation implies.

Finally, we estimate the system by regressing In S; 4, —InF; ;. on
the theoretical value of the risk premium, —p;, derived in Section 2. The
estimated coefficient for the risk premium term is significant at 10% (5%)
in eight (six) out of the ten regressions, which is consistent with the results
from the Wald test reported in Table 7. While the point estimates of the
risk premium coefficient are all significantly different from the model-
implied value of unity, eight out of the ten are positive, which is consistent
with the theoretical sign restriction, and we note that the estimated risk
premium depends on 7 and 1* which were estimated only up to a positive
multiplicative constant.

In summary, the results discussed in this subsection are consistent with
the qualitative implications of the theoretical Equations (18) and (16) that
the volatilities of the foreign and domestic pricing kernels carry informa-
tion about both the foreign exchange risk premium and the volatility of
the exchange rate. The rejection of the quantitative restrictions of the
model may reflect the remaining frictions between national capital mar-
kets, which prevents the theoretical no-arbitrage condition from holding
perfectly. It is also likely to be due to errors in the 5 series caused by
estimation error and model mis-specification.

4.3 The forward premium puzzle

Table 8 reports regressions of change in the log spot rate on the log
forward premium for the period January 1985 to May 2002. The slope
coefficients are negative in six (seven) out of the ten OLS (GARCH)
regressions, of which four (five) are significantly different from the theo-
retical value of unity. This is consistent with the evidence of Fama (1984)
and others on the forward premium puzzle.

In this subsection, we consider first whether the risk premia generated
by our estimates of the pricing kernel parameters satisfy conditions, (F'1)
and (F2), which Fama (1984) has shown are necessary for a risk
premium-based explanation of the puzzle. Then, we examine whether
the puzzle remains after taking account of the time variation in exchange
rate risk premia associated with the pricing kernel volatilities.

The Fama conditions. In order to test whether the Fama conditions are
satisfied by our estimates of the pricing kernel parameters, the time series of p;
was calculated for each currency pair using equation (19) from the monthly
estimates of 7, along with the estimates for inflation volatility, op, and the
correlation with the pricing kernel, pp,,, both of which are reported in Table 3.
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Table 8

Regression of log spot rate change on log forward premium

Results from OLS

Results from GARCH(1,1)

No. i j co ¢ RX(%) co ¢ R(%)

1 CAD DM 0.004 0.523 —0.44 0.004 0.120 1.03
(1.14) (0.43) (1.40) (0.13)

2 CAD Y 0.005 —0.396 —0.41 0.013 —~1.929 1.67
(1.36) 0.42) (2.18) (1.12)

3 CAD BP —0.001 —2.438 2.15 —0.004 —4.228 0.96
(0.56) (1.71) (1.56) (2.65)

4 CAD USD 0.001 —0.073 —0.47 0.001 —0.584 2.17
(0.93) 0.17) (1.14) (1.34)

5 DM IY 0.001 0.230 —0.58 0.000 —1.141 3.01
0.21) (0.19) (0.10) (1.36)

6 DM BP —0.001 0.060 —0.60 0.000 0.332 9.15
(0.40) (0.06) (0.03) (0.41)

7 DM USD —0.003 1.179 0.39 —0.001 0.402 6.39
(1.19) (0.98) (0.61) 0.57)

8 IY BP ~0.007 —0.993 —0.13 —0.023 —4.387 3.22
(1.24) (0.98) (3.36) (3.16)

9 Y USD —0.007 —1.461 0.61 —0.008 ~2.670 2.30
(2.25) (1.63) (2.58) (2.57)

10 BP UsD 0.002 —1.224 0.23 0.001 —0.463 —0.51
0.72) 0.91) (0.48) (0.40)

BP, British Pound; CAD, Canadian Dollar; DM, Deutsche Mark; JY, Japanese Yen; USD, U. S. Dollar.
The table reports parameter estimates from regression estimates of

InSijr —InSij; =co+ca(InFijpr —InSi;,),

where, S;;; and F;;;, denote the spot and 7-period (one-month) forward exchange rates between
currencies i/ and j at time ¢ measured in units of currency i per unit of currency j. In the GARCH(1,1)
regression, we use the DLS regression and include the 7 terms in the variance equation to enable an easier
comparison with results in Table 10. Values in the parentheses are the Newey-West-adjusted -statistics
for the OLS regression results and the Bollerslev-Wooldridge heteroscedasticity-consistent z-statistics for
the GARCH(1,1) regression results.

The time series of ¢; was obtained by subtracting the estimate of p; from the
theoretical interest rate differential R, — R;. Table 9 reports the sample
standard deviations of p; and ¢; and the correlations between these variables.

The correlations are all negative (and close to minus one) so that
condition F2 is satisfied for all currency pairs. Moreover, the standard
deviation of p; exceeds that of ¢ as required by condition F'1 for all
currency pairs except the CAD-DM and BP-USD pairs. With these two
exceptions, our estimates of the risk premia that have been constructed
from bond yields and inflation data show sufficient variability to poten-
tially account for the forward premium puzzle.?

25 Attempts to explain the puzzle with general equilibrium models which assume time-varying uncertainty in
fundamentals have met with little success. For example, Bekaert (1996, p. 460) concludes after one such
exercise that “Not a single experiment in all my simulations yields negative correlations (between the
forward premium and subsequent changes in the spot exchange rate).” Engel (1996) provides an extensive
survey of the empirical evidence.
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Table 9
Variability of the foreign exchange risk premium and the expected appreciation rate

Standard deviation Correlation
No. Currency pair )2 q: Corr(p;, q;)
1 CAD-DM 2.2309 2.2373 —0.99995
2 CAD-JY 2.2678 2.2621 —0.99999
3 CAD-BP 2.6042 2.5976 —0.99999
4 CAD-US 1.9970 1.9981 —0.99995
5 DM-JP 0.7294 0.7251 —0.99963
6 DM-BP 1.3301 1.3289 —0.99985
7 DM-US 0.8304 0.8194 —0.99961
8 JP-BP 1.2214 1.2205 —0.99996
9 JP-US 0.4412 0.4354 —0.99847
10 UK-US 1.3617 1.3569 —0.99989

BP, British Pound; CAD, Canadian Dollar; DM, Deutsche Mark; UK, United Kingdom; US, United
States.

This table reports standard deviations of the foreign exchange risk premium, p,, and the expected
appreciation rate, ¢,, and the correlations between p, and ¢,. p, is calculated from Equation (19), using
the estimates for inflation volatility, o p, and correlation with the pricing kernel, pp,,, reported in Table 3,
along with the monthly estimates of 7, - ¢; is equal to the difference between the interest rate differential
and p,.

Regression analysis. We now consider explicitly whether the forward
premium puzzle remains after accounting for the time variation in risk
premia that is captured by the estimated pricing kernel volatilities. For
this purpose, we estimate the coefficient of the forward premium in the
GARCH system examined in Section 5.2 by relaxing the constraint and
moving the forward premium to the right hand side of the mean equation:

NS 117 —InSij0 = co+ ey, + oy, + camig+ canj+ es(InFij - —InSi )

2 2 2
2 2
+ D CopDI Y erp A, Y ey Ay
= p=—2 p=2

2 2
+ Z 9 p A1 i—p + Z c10pA(INFijppa —InSijp) +e,
p=—2 p=-2

O'?g‘,, =dy+dé |+ dzaﬁ,,,l + dzn;«f, + dwf, +dsni+denj .+ dimimje, (34)

Panel A of Table 10 reports the mean equation estimates. The coefficient
of the forward premium, cs, is estimated with considerable error. While its
theoretical value is unity, six out of the ten estimates are negative, and two
of them are in excess of 2. Four out of the ten estimates are significantly
different from unity; these are for the USD-CAD, the BP-CAD, the BP-
JY, and the DM-JY exchange rates. We have already observed that the
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Table 10

Regression of log spot rate change on log forward premium and pricing kernel volatilities

Panel A: Mean equation

Wald test
No. i j co 21 & & 4 cs R*(%)  p-value
1 CAD DM 0.012 0.001 — 0.007 0.003 — 0.013 1.828  29.52 0.030
(1.57)  (0.43) (0.70)  (0.41) (0.78)  (0.80)
2 CAD JY —0.015 0.012 —0.187 —0.026 0.138 0.599 17.53 0.009
(122)  (2.27) Q.71 (2.04) (2.34)  (0.33)
3 CAD BP —0.007 0.000 —0.002 0.005 0.004 —4.043 14.17 0.350
(1.91)  (0.14) (0.48)  (0.68) 0.72)  (2.09)
4 CAD USD 0.006 —0.001 0.004 —0.006 0.008 —2.836 26.05 0.000
(5.15)  (1.46) 0.98)  (2.87) (372)  (4.69)
5 DM JY 0.034 0.037 0.037  —0.072 —0.010 —4.652 44.83 0.000
(3.39)  (3.89) 0.63) (442 0.29) (2.13)
6 DM BP 0.000 0.008 0.001 0.010 —0.011 2.571 18.42 0.016
(0.00)  (0.91) 0.11)  (0.52) 0.65)  (1.58)
7 DM USD 0.004 0.015 0.022 —-0.014 —0.029 —0.685 23.05 0.002
0.63)  (2.03) 0.87)  (1.02) (1.09)  (0.36)
8 Y BP —0.047 0.185 —0.008 —0.050 0.006 —8.656 11.15 0.013
3.12) (24D 121 (1.29 (0.60)  (3.54)
9 JY USD —0.008 0.005 —0.019 0.007 0.010 —2.216 15.64 0.497
(1.50)  (0.08) (1.18)  (0.22) 0.79)  (0.96)
10 BP USD —0.009 —0.003 —0.002 0.009 —0.025 3.447 7.29 0.084
(1.33)  (1.33) 0.22)  (1.78) (2.01)  (1.50)
Panel B: Variance equation
Wald test
No. i J dy d, d> ds dy ds de dy p-value
1 CAD DM 1.793  143.850 —444.376 —0.139 —0.819 —1.328 —0.688 2.230  0.240
(2.68)  (1.92)  (1.09) (1.04) (2.32) (1.94) (L6l) (2.13)
2 CAD JY —0.005 —56.415 947.400 0.017 —1.408 —0.052 0.862 0.298  0.000
(0.04) (1.51)  (11.81) (0.39) (1.98) (0.36) (1.90) (1.08)
3 CAD BP 0.052 5.748 931917 0.024 —0.021 —0.019 0.051 —0.046  0.006
(193)  (0.23) (27.46) (1.68) (1.44) (0.55) (1.52) (1.43)
4 CAD USD 0.257 —172.637 —424.534 —0.052 —0.160 0.070 —0.192 0.145  0.000
(48.45) (4.32) (2.81) (3.03) (1.98) (3.20) (4.44) (2.56)
5 DM JY 0.174 —67.154 544298 —0.104 1475 0.242 —0.227 —0.487 0.072
(0.63) (1.00) (1.03) (1.42) (0.86) (1.21) (0.42) (0.82)
6 DM BP 0.158 14.074  858.793 —0.036 —0.110 —0.218 0.079 0.210  0.000
(1.10)  (0.25)  (15.79) (0.44) (5.11) (1.44) (0.62) (1.90)
7 DM USD 0.538 809.808 31.084 —0.289 —0.001 0.098 —0.028 —0.136  0.000
(5.80) (4.26) (1.18)  (3.78) (0.00) (0.61) (0.06) (0.32)
8 JY BP 0.558  —1.086 —150.220 18.094 0.868 —0.337 —0.003 —7.801  0.937
(1.01) (0.02) (0.14) (1.04) (1.07) (0.19) (0.00) (1.06)
9 JY USD 1.156  —27.963 —148.876 —5.810 1.026 3.249 —2.062 4.849 0.952
(0.76) (0.55) (0.11) (0.85) (0.64) (0.86) (0.58) (0.52)
10 BP USD  0.732  440.798 87.172  0.009 —0.150 —0.267 0.972 —0.739  0.000
(4.02) (3.27) (0.62) (0.12) (0.62) (1.50) (2.89) (1.90)

BP, British Pound; CAD, Canadian Dollar; DM, Deutsche Mark; UK, United Kingdom; US, United

States.

The table reports the DLS parameter estimates for the following GARCH(1,1) regressions given in
Equations (33) and (34). Panel A reports the coefficient estimates for the mean equation except those in
front of the leads and lags of the first difference terms, which are omitted for brevity. Panel B reports the
coefficient estimates multiplied by 1000 for ease of presentation. Bollerslev-Wooldridge heteroscedasti-
city-consistent r-statistics are in parentheses. The x?p-value of the Wald test for the null
¢ = ¢y = c3 = ¢4 = 0 is reported in the last column of Panel A, and the p-value of the Wald test for the
null ds =dy =ds = dg =d; =0 is reported in the last column of Panel B. Significant (at 10% level)
coefficient estimates in front of the terms involving 7s are reported in bold face.
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pricing kernel volatility is likely to be especially badly estimated for the JY.
However, there is no obvious explanation for the CAD results. A Wald test
for the significance of the ns in the presence of the forward premium
variable rejects the null in eight out of ten regressions. Thus, it seems that
the pricing kernel volatilities pick up a component of the foreign exchange
risk premium that is orthogonal to the forward premium variable, and we
conjecture that the remaining explanatory power of the forward premium
is due to errors in our estimated pricing kernel volatilities as well as the
failure of the maintained assumption that the correlations of returns and
exchange rates with the pricing kernels are constant. The evidence of
association between the pricing kernel volatilities and the volatility of the
exchange rate reported in Panel B is slightly weaker than that reported in
Table 7.

Nevertheless, these results taken together support the view that foreign
exchange risk is priced, and that both the risk premia and the risk vary with
the overall level of risk premia for payoffs in a given currency, as measured by
the volatility of the pricing kernel. Although the estimated pricing kernel
volatilities do not ‘solve’ the forward premium puzzle, these terms are clearly
and significantly associated with the dynamics of the foreign exchange rate
and its risk premium. Given the restrictive form of the term structure model
which was used to estimate the pricing kernel volatilities, and the strong
maintained assumptions that inflation volatility as well as all correlations
with the pricing kernel are constant over time, the evidence is supportive of a
rational risk-based explanation of the forward premium puzzle.

. Conclusion

In this article, we have shown that, in the absence of arbitrage in integrated
capital markets, there exists a simple Risk Premium Restriction between the
volatilities of the pricing kernels (or maximum Sharpe ratios) for returns
denominated in different currencies and the volatility of the exchange rate
between them. We have also shown that the foreign exchange risk premium
can be expressed in two alternative but theoretically equivalent forms.
First, the arithmetic risk premium can be expressed as the sum of two
terms: one that is proportional to the volatility of the exchange rate and the
other that is proportional to the product of the volatility of the domestic
pricing kernel and the volatility of the exchange rate. Second, when the
premium is written in logarithmic form, it can be expressed as a quadratic
function of the volatilities of the pricing kernels of the two currencies
without involving the exchange rate volatility.

The volatilities of the pricing kernels (Sharpe ratios) associated with
five major currencies were estimated from (monthly) panel data on zero-
coupon bond yields and inflation using the parsimonious three-factor
essentially affine Gaussian term structure model proposed by Brennan,
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Wang, and Xia (2004) which allows for independent time-variation in the
volatility of the pricing kernel and the real interest rate. This term struc-
ture model implies that bond yields are linear functions of the instanta-
neous real interest rate, the expected rate of inflation and the pricing
kernel volatility, so that the Kalman filter approach yiclded estimates of
these three state variables for each currency/country.

The empirical relations between the estimated pricing kernel volatilities
for the different currencies were investigated by regressing the first differ-
ence of the volatility of the pricing kernel for one currency on the first
difference of the volatility of the pricing kernel for another currency and
the first difference of the estimated volatility of the exchange rate between
the two currencies. With the exception of the JY, strong relations were
found between the pricing kernel volatilities estimated for different cur-
rencies: the relation becomes stronger in the second half of the sample
period, and there is weak evidence that it is improved by the inclusion of
the historical estimate of the volatility of the exchange rate between the
currencies.

Regressions of the realized excess return on foreign currency invest-
ment on the estimated exchange rate volatility and the product of the
exchange rate volatility and the estimated volatility of the domestic pri-
cing kernel were significant in fifteen out of the twenty cases. The term
constructed from the product of the domestic pricing kernel volatility and
the exchange rate volatility was significant at the 10% level in seven out of
twenty regressions and in none of the regressions that involve the CAD
pricing kernel volatility. The exchange rate volatility itself is significant at
the same level in twelve out of twenty regressions. Thus, there is strong
evidence of predictability in the exchange risk premium, but these regres-
sions in which the dependent variable is the excess return to foreign
currency investment frequently fail to identify significant separate con-
tributions to the risk premium from time-varying exchange rate volatility
and from time-varying pricing kernel volatility.

GARCH model regressions, in which the dependent variable is the log
excess return to foreign currency investment, revealed strong evidence
that, as implied by the assumption of capital market integration, the
foreign exchange risk premium is predicted by a quadratic function of
the ns of the two currencies: eight out of ten regressions were significant at
the 5% level. Furthermore, the variance equation of the GARCH model
shows that these same 7s also provide information about the volatility of
the exchange rate as the (cross-currency) Risk Premium Restriction
implies.

It was shown that, for the model parameters estimated from the bond
yield and inflation data, the time series of theoretical foreign exchange
risk premia has sufficient volatility to potentially provide an explanation
for the “forward premium puzzle.” However, when the (log) returns to
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foreign currency investment are regressed on the forward premium and
linear and squared terms in 7; and 7;, four out of the ten coefficients of the
forward premium are negative and significantly different from their the-
oretical value of unity: these significant rejections of the model are asso-
ciated with the JY and CAD. In the case of the JY, the pricing kernel
volatilities are especially likely to be subject to error, because the mean
reverting model of interest rates that underlies our estimation does not fit
the JY data well during this sample period.

Nevertheless, these results support the notion that risk premia in for-
eign exchange markets vary with the general level of risk premia in the
corresponding bond markets as is to be expected in integrated capital
markets. Given the remaining frictions between national capital markets
and the restrictive nature of the essentially affine term structure model
that was used to estimate the pricing kernel volatilities, the results are
clearly supportive of a rational explanation of the forward premium
puzzle. However, further work is required to identify the volatility of
the pricing kernels more precisely and to allow for time variation in the
correlations of state variable innovations with the pricing kernels which
were assumed to be constant throughout the article.
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