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Chapterr 6 

Thee Empirical Analysis 

Ourr empirical analysis focuses on two objectives. First, we validate the structure of our 

generall  equilibrium model. The equilibrium conditions derived in previous chapter yield 

aa number of testable propositions. In this respect we investigate whether the stochastic 

processess derived from our theoretical model provide an adequate description of the time 

seriess properties, i.e. the first and second moments, of the nominal interest rates and 

exchangee rate. In addition, we test the cross-sectional restriction that our theoretical 

modell  imposes on the term structure of nominal interest rate. Second, our empirical 

analysiss shows that our model provides an adequate description of the properties of the 

termm structure of forward premia and accounts for the Fama condition. 

Too derive testable hypotheses we need to determine the exact conditional probability 

densityy function of the processes underlying these variables. For most of the variables 

inn question the conditional densities are characterized by non-central chi-squared dis-

tributions.. The disadvantage of these distribution functions is, as shown by Schroder 

(1989),, that approximating algorithms have to be applied and that the conditional den-

sitiess depend on the unobservable state variables in the model. We solve the problem 

off  the unobservable state variables in two ways. One approach is to invert the three 

statee variables, as in Longstaff and Schwartz (1992), from the set of equations (5.4), 

(5.6),, and (5.7), which form a simple system of three linear equations in the three state 



variables.. Solving this set of linear equations we obtain explicit expression for the three 

unobservablee state variables [see Equations (0.84), (0.82), and (0.83) in Appendix B.3], 

Y(t)Y(t) = ~Cl(Rh(t) - Rf(t) - ( ^  - iC,)) + c2Vdflh (t) - c,VdRf (t), (6.1) 

XXhh(t)(t) = Ci(Rh(t) - Rf(t) - ( ^  - fi* mf)) + cbVdRh (t) + cJ/dRf (t), (6.2) 

XXff(t)(t) = c7(Rh(t) - Rf(t) - (fCh - /£ , )) - csVdRh (t) + *>VdR} (t), (6.3) 

where e 

C22 = 7 h 7 / < / * ' 

c33 = 7/7h3 < / * * 

C44 = 7>a<A;V ; * -

C55 = 7 > ( A J V ; - 7 ^ / ( A ; - A ; ) ) / * -

c»» = 7>AJV;/*« 

c88 = 7;Ajao;/* * 

e**  = ^ A ; 9 * ; + 7ü7j< W - A0) /** 
* **  = ili)  ( - 7 ; < A ; V ; + 7 ; < ( A ; V ; + 7 ; < (A; - A; ) ) ) 

Thiss inversion of the state variables holds provided #*  ^ 0, and therefore we can 

makee a change of variable from Y(t) and Xi(t) to the nominal interest rate differential, 

Rh(t)Rh(t) — R/(t), and the nominal interest rates volatilities, VdRh (t) and VdRf (t). This set of 

reducedd form equations for the state variables introduces a complex non-linearity in the 

modell  parameters. We use this solution methodology for the validation of the structure 

off  our model in Section 6.3. Note that the state variables in the reduced form equations 

dependd on the unobserved volatilities of changes in the nominal interest rates. In this 

context,, we use in Section 6.2 the GARCH framework, introduced by Engle (1982) and 

Bollerslevv (1986), to estimate these unobserved volatilities. To account empirically for 
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thee Fama conditions (Section 6.4), the model parameters have to be determined. In this 

casee we use a second approach to solve for the unobservable state variables. We use the 

unconditionall  moments of these state variables. Since these state variables are stationary, 

thiss approach reduces the degree of non-linearity in the model parameters. 

6.11 The data 

Thee dynamic and cross-sectional restrictions of our cross-country term structure model 

aree tested with monthly data for the United States and United Kingdom. We use a 

numberr of maturity yields drawn from the London Euro-currency market. In particular, 

ourr sample consists of one-month, 6-month, and one-year London Euro-currency interest 

ratess for these countries over the sample period 1981 - 2001. The short-term riskless 

ratee of interest for each of these countries are proxied by their respective one month 

interestt rate. The currency used in this empirical study is the British pound, which 

iss quoted as the dollar price of the foreign currency. We estimate the volatility of the 

nominall  riskless interest rate by using the data for the one month Euro-currency rate. 

Thee observations of Euro-dollar, Euro-pound rates, and the exchange rate were obtained 

fromm the Datastream. The exchange rate was quoted by Bankers Trust and interest rates 

aree middle quotes for Euro-currency deposits at the close of the London market. 

6.1.11 Tim e series properties of the data 

Tablee 1 presents the descriptive statistics for the variables used in this empirical analysis 

ass well as the well-known regression results underlying the currency prices. The uncon-

ditionall  average level of the one-month, six-month, and one year US-yields are 7.21%, 

7.44%,, and 7.64%, respectively, expressed in annualized form. The same statistics for the 

UK-yieldss are on average 9.21%, 9.24%, and 9.31%, respectively, on annual basis. The 

unconditionall  mean of the rate of depreciation of the currency in question is consistent 

withh the well-known empirical result [see, e.g., surveys by Hodrick (1987), Canova and 
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Marrinann (1995), and Engel (1996)], that is the rate of depreciation have means that are 

indistinguishablee from zero. A more striking feature is the very high variability of this 

series,, which exhibit standard deviation of the order of 15 times its mean. The series 

displayss littl e persistence, i.e. auto-correlation. 

Inn contrast, interest rates and interest rate differentials are less volatile - both in 

absolutee terms and relative to their means - but are highly autocorrelated. The standard 

deviationss of the US- and UK-yields are on average 3.3% and 3.1%, respectively. The 

nominall  short-term interest rates of the countries are highly correlated, and the nominal 

yieldss of the longer maturities are more strongly correlated. 

AA number of empirical studies in the economic and finance literature have found that 

high-frequencyy changes in the exchange rates are described by distributions with fatter 

tailss than the normal distribution [see for example Westerfield (1977)]. Saa-Raquejo 

(1994)) put forth two alternative explanations that account for the observed leptokurtosis: 

(1)) that the changes in the logaritms of exchange rates are independently identically 

distributedd drawn from a non-normal fat tailed distribution, or (2) that the changes are 

generatedd by distributions whose parameters vary over time. 

AA glance at the graph of the change in the spot exchange rate clearly shows tranquil 

periodss and periods of volatile behavior (see figure 3). In order to investigate this, 

autocorrelationss are computed for the squared-valued series. Under the null hypothesis 

off  conditional homoskedasticity these autocorrelations should equal zero. This is strongly 

rejectedd by the data, suggesting the presence of time-varying conditional variances. We 

alsoo find evidence on the presence of leptokurtosis and heteroskedasticity in the series. 

AA formal statistical test for this particular pattern of time variation in volatility is the 

Lagrangee Multiplier (LM) test on ARCH(p). The test results indicate the presence of 

ARCHH effects in the dynamics of the spot exchange rate (see Table 1). This is also 

confirmedd by the presence of serial correlation of the first order in the squared residuals. 

Furthermore,, we clearly find proof of a heavy tailed distribution (leptokurtosis). 

Thee fourth moment of the UK-pound equals 4.9, which is larger than the value of 3, 
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thee kurtosis of a normal distribution. This means that the tail of the distribution of this 

exchangee rate is fatter than the tail of a normal distribution, which basically implies that 

largee observations occur more often than normally expected. In addition it should be 

notedd that the series exhibit a small negative skewness, which implies that the left tail of 

thee distribution is slightly fatter than the right tail or, stated differently, large deprecia-

tionn tends to occur slightly more often than large appreciations. Heteroskedasticity and 

leptokurtosiss are stronger for the forward premium than they are for the depreciation 

ratee of the currency. This result is consistent with what is reported by Bekaert (1995) 

andd gives evidence of time varying risk premia. The US-interest rates also displays evi-

dencee of the presence of leptokurtosis. This can be ascribed to the increased idiosyncratic 

variationn in the US-yields since the early 1980s. 

Beforee testing our model it is necessary to establish whether the variables in our 

modell  are integrated or co-integrated in the sense of Granger (1981) and Engle and 

Grangerr (1987). The importance of non-stationarity is that it may affect the estimation 

procedure,, like the correct specification of the testable hypothesis and statistical tests to 

use.. Estimating models with integrated variables may lead to non-stationary errors, and 

thuss to invalid asymptotic inferences. The alternative of making the variables stationary 

byy taking differences may lead to lost of information, such as important long term rela-

tions.. We apply the testing framework developed by Phillips (1987), Phillips and Perron 

(1988),, and Perron (1988,) as it allow us to control for autocorrelation of the unknown 

formm and heteroskedasticity. Their framework allow for the control of serial correlation 

inn the series, by adjusting the test statistics to account for the serial correlation in the 

innovationss of the processes under study. This is the main advantage of their framework 

comparedd with the augmented Dickey and Fuller (1979) tests, which corrects for serial 

correlationn by adding differenced terms as explanatory variables in the regression. 

Tablee 1 presents the results of the Phillips and Perron unit roots tests for the short-

termm riskless interest rates, the six-month and one-year yields for the different countries 

inn the sample, the rate of depreciation of the spot exchange of the UK-pound against 
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thee US-dollar, and the forward premium. All series except the forward premium and 

thee rate of depreciation of the spot exchange rate appear to be integrated and therefore 

non-stationary.. The interest rate series are integrated of order one, 1(1). Therefore, all 

cross-countryy pairs on interest rates with the same maturity are cointegrated. Hence, as 

arguedd by Raquejo (1994), when the interest rates for both countries (e.g. the interest rate 

differential)) are included as explanatory variables in an equation, where the dependent 

variablee is stationary, their influence will enter through their co-integrating relation, 

whichh is stationary by definition. Since the spot and forward exchange rates are integrated 

off  order one, that is non-stationary with a unit root, both the rate of depreciation of the 

spott exchange rate and the forward foreign exchange premium are stationary [as in Baillie 

andd Bollerslev (1989)]. Therefore we can state that spot and forward exchange rates are 

co-integratedd of order one. Based on these results we know that the standard asymptotic 

inferencee procedures for our model are valid. 

Finally,, and most importantly for our purposes, the regression results for the currency 

pricee is in accordance with existent empirical studies of exchange rate [see Engel (1996)]. 

Tablee 1 shows that the data are supportive of the covered interest rate parity (CIP) con-

dition,, since this would otherwise imply the existence of riskless arbitrage opportunities. 

Similarr results were obtained by Fratianni and Wakeman (1982). In addition we note 

that,, in conformity with general empirical findings, the uncovered interest rate parity 

(UIP)) is not supported by the data, that is the estimates of the Fama slope coefficient is 

nott only unequal to one but also negative. Panel II of Table 1 shows the regression re-

sultss for the UIP. The estimated value of the slope coefficient from the forward premium 

regressionn is significantly different from one, namely -2.726 for the UK-pound. 

6.22 The interest rate volatilitie s 

Too obtain estimates of the unobservable volatility of the spot interest rates several 

methodologiess have been used in literature, such as the 'historical volatility' or the 'im-
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pliedd volatility'. The first approach uses historical data of interest rates to calculate the 

volatilityy of the interest rate. The disadvantage of this approach is that it does not pro-

videe current information on the interest rate volatility. The implied volatility approach 

meanss that the actual bond prices are set equal to their theoretical values. The implied 

volatilityy is obtained by solving the resulting system of non-linear equations. As argued 

byy Longstaff and Schwartz (1992) this approach depends on the functional form of the 

bondd prices implied by our model and it is not suitable for our objective, i.e. validating 

thee properties of our model. Therefore, to avoid possible biasing of the results in favor 

off  our model we use an approach that is independent of our model to obtain estimates 

off  the interest rate volatility. 

Inn line with Longstaff and Schwartz (1992), Ball and Torous (1999), Chan et al. 

(1992),, and Koedijk et al. (1997) we use a GARCH framework introduced by Engle 

(1982)) and Bollerslev (1986) to estimate the volatility of the nominal interest rates, 

VdRVdRhh (t) and VdR. {t). It is well-known that these models are capable of capturing many 

off  the properties of financial time series, such as volatility clustering and excess kurtosis. 

Considerr an observed time series yti which can be written as the sum of a predictable 

partt and a stochastic part, 

Wtt = E [yt | ««_!]+£», (6.4) 

withh Qt-i denoting the relevant information set available at time t — 1. In this section 

wee will be considering the case where the conditional variance of et is time-varying, that 

iss E [e* j Qt-i] = Vt. This condition of heteroskedasticity can be formulated as 

etet = *y/Vu (6.5) 

wheree zt ~ l.l.D (0,1) and Vt is a non-negative function of f2t-i- Next, we consider 

twoo functional forms for this conditional variance, Vt, namely a linear and a non-linear 

specification. . 

Englee (1982) formulated a basic linear auto-regressive conditional heteroskedastic 
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(ARCH)) function of Vt to describe the conditional variance of the shocks that occurs at 

timee t 

VVtt =0l+&£*_!,  (6.6) 

where,, given the non-negativity condition imposed on Vu the parameters has to satisfy 

thee following requirements: 0X > 0 and 02 > 0. If 02 = 0, then the conditional variance 

iss constant and the time series is homoskedastic. It can be noted from this specification, 

forr 02 > 0 ' t n a t a large shock in one period will be followed by another large shock in the 

nextt period. It is this feature that allows this model to capture the observed volatility 

clusteringg in financial data. By taking the fourth moment of et, it can be shown that this 

modell  is abla to capture that excess kurtosis present in financial series. Note, however, 

thatt this specification due to the quadratic specification, is independent of the sign of 

thee shock. 

Bollerslevv (1986) proposed a further generalization that can capture the dynamic 

patternss in the conditional volatility without having to recur to the cumbersome lag 

structuree of an ARCH(q) model. This so-called Generalized ARCH (GARCH) model of 

orderr (1,1) can be written as 

Vt=0Vt=0ll+0+022eLieLi + W-1 (6.7) 

wherebyy the condition of non-negativity of ht requires the following parameter restric-

tions:: 0X > 0, 02 > 0, and 03 > 0. Furthermore, it can be shown that for 03 to be 

identifiedd it is necessary for 02 > 0-1 

Nelsonn (1991) argues that GARCH models applied on financial time series have in 

generall  three shortcomings. Firstly, these models by assumption exclude the possibility 

off  correlation between large negative shocks and periods of high volatility, which suggests 

11 As showed by Pranses and van Dijk (1999), if the sum of (32 and f33 is close or equal to one, what is 
veryy common in high-frequency financial time series, it implies the presence of unit root in the conditional 
variancee and in this case the model can be referred to as Integrated GARCH [IGARCH]. Furthermore, 
i tt is shown that, although the IGARCH(1,1) model is not covariance stationary, it may still be strictly 
stationary. . 

110 0 



thatt positive and negative shocks may have asymmetric impact on the conditional volatil-

ityy in the next period. Stated differently, GARCH models can capture the magnitude of 

shocks,, but they are unable to distinguished between the sign of the shocks. This is due 

too the fact that only the square of the shocks is incorporated in the GARCH model. This 

iss in contrast with the evidence found in empirical research, namely that "bad news", 

meaningg for example a depreciation of the exchange rate or lower excess return, leads to 

aa volatility increase and that "good news" may lead to a decrease in volatility. Secondly, 

hee stated that GARCH models impose parameter restrictions in order to guarantee the 

non-negativityy condition of the conditional variance, that are often violated by estimated 

coefficients.. Additionally these restrictions may lead to an incorrect representation of 

thee dynamics of the conditional variance process. Thirdly, he argued that it is difficult 

too interpret whether shocks to the conditional variance are persistent or not. Based on 

thesee arguments a new class of GARCH model was proposed by Nelson (1991), 

\n(V\n(Vtt)=0)=0 ll+/3+/322(\zt-i\-E(\zt-i\))+0(\zt-i\-E(\zt-i\))+0sszt-i+0zt-i+0AAhi{Vt-i).hi{Vt-i). (6-8) 

Thiss exponential GARCH [EGARCH] model is capable of capturing the asymmetric 

volatilityy shocks present in most financial time series. First of all it should be noted that 

thiss asymmetric effect runs through the /33 parameter. If /?3 = 0 this model is reduced 

too a symmetric model as GARCH, given that positive shocks have the same impact as 

negativee shocks on the conditional variance. Positive shocks have a smaller effect on 

volatilityy than negative shocks if - 1 < /33 < 0 and if /33 <: — 1 positive shocks will reduce 

volatilityy while negative shocks will increase volatility. The fact that f33 can capture this 

typee of effects is called the leverage effect. Another advantage of Nelson's specification 

iss that, since it describes the relation between the logarithm of the conditional variance 

andd past shocks, no restriction need to be imposed on the parameter specifications in 

orderr to guarantee the non-negativity condition of Vt. 

Too estimate the nominal interest rate volatilities we model, as in Longstaff and 

Schwartzz (1993), discrete changes in the riskless spot interest rate by the following econo-
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metricc specification 

Ri,t+iRi,t+i  - Rif = OQ + aiRiit + a7Vi>t  + ei t t + l l (6.9) 

wheree £\,t+i = ^t,t+i\/^,t+i ^ the prediction error of the riskless spot interest rate i 

andd Eij ~ JV (0, V t̂). The error term, z^t+i, is normahzed to have variance equal to one. 

Thiss discrete time specification is only an approach to the continuous time formulation in 

Equationn (5.5) and, therefore, the GARCH parameter estimates need not map directly to 

thee parameters of the continuous-time process. However, there is a functional equivalence, 

ass the discrete-time approach implies that changes in the nominal interest rates is a 

functionn of the interest rate level and its volatility. 

Wee consider two types of GARCH models, representing the linear and non-linear 

specification,, to estimate the conditional variance of the spot interest rates. An extended 

Bollerslevv (1991) symmetric specification of a nonnegative function for Viit  [Equation 

(6.7)],, as applied in Longstaff and Schwartz (1992), 

Vi,Vi,tt =b0 + hRit-i + Wt-i + 63^-1, (6.10) 

wheree 60 > 0, &i > 0, and b2 > 0 and an extended Nelson's (1991) asymmetric represen-

tationn [Equation (6.8)],2 

In(Viit)) = 60 + 6ifii,t- i + hIn(VM_i) + 63 fl^l) + 64^-1- (6.11) 

Bothh specifications extends the standard GARCH-M and EGARCH formulation, respec-

tively,, by incorporating the level of the riskless spot interest rate in the volatility equation. 

Thee results of both specification are presented in Table 2 below. 

Inn line with Longstaff and Schwartz (1992) we used the BHHH, that is the Berndt-

22 This is a slightly adjusted specification compared to equation (6.8), which under the assumption of 
normall  errors wil l yield identical parameter estimates, with exception of the intercept. 
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Hall-Hall-Hausmann (1974), numerical algorithm to find the quasi maximum likelihood 

parameterr estimate for the GARCH specification. To ensure that the estimates of the 

interestt rate volatilities were robust and that the algorithm converged to the global max-

imumm we also used different starting values. Table 2 contains the results of the GARCH 

(1,1)) specification for our data series. The results reported for the GARCH (1,1) model 

showw that all parameter estimates are significant, even after applying a robust standard 

errorr procedure. According to the Lagrange Multiplier (LM) test for the presence of 

ARCHH effects in the dynamics of the interest rates the residuals do not contain any 

ARCHH element. Furthermore, the results reveal the typical findings in empirical applica-

tionss of GARCH specification, namely that the estimate of b2 is fairly small, the estimate 

off  63 is rather large, and that the sum of these two, b2 + b3,is close to unity. This implies 

thatt the conditional volatility is persistent as the shocks to the conditional variance decay 

att a very slow pace. This model can be referred to as an Integrated GARCH (IGARCH) 

model.. Despite the fact that the constant term , b0, is significantly different from zero, 

itt is not positive as required. 

Beforee regressing the EGARCH specification a formal test for asymmetric GARCH is 

performedd on the dynamics of the short term riskless interest rate series, that is the 'joint 

signn and size test' as proposed by Engle and Ng (1993). Following Franses and van Dijk 

(1999)) we construct a dummy variable, 5t~, that takes the value of 1 when % is negative 

andd zero otherwise. The test indicates whether the squared residual et can be predicted 

byy 5t^! , St"L!?«_!, and Sf_x^t-x. where St+j = 1 - S^. These represent the Sign Bias 

(SB),, the Negative Size Bias (NSB), and the Positive Size Bias (PSB), respectively. Thus 

thee test is performed on the following equation 

Sff  = <j> 0 + <f> xS;_! + ^Sf^et -i + <t> zSt&-i + Ct, (6.12) 

underr the assumption of conditional homoskedasticity, that is with H0 : 4>x = <j> 2 = </>3 = 

0.. Table 3 reports the estimation results for the joint sign and size test as applied on 

thee dynamics of the short-term riskless US and UK interest rate. The joint-test results 
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indicatee that the null hypothesis should be rejected for both the US and the UK interest 

ratess with a p-value of 0.00, which confirms the presence of asymmetric GARCH in both 

series.. Noteworthy, is that for both interest rates only the parameter estimate for PSB is 

significantlyy different from zero, which implies that there is a tendency that high volatility 

periodss begin with a positive innovative shock in the interest rate processes. 

Ass in the case of the linear GARCH specification we used the BHHH numerical algo-

rithmm to find the maximum likelihood parameter estimate for the EGARCH specification 

andd different starting values. The parameter estimates for the EGARCH specification 

[Equationn (6.11)] confirm the results of the sign test. The estimate for bA is positive and 

significant,, which reflects the presence of leverage effect in the non-linear specification 

andd that positive shocks have a larger effect on interest rate volatility than negative 

shocks.. As can be seen from table 2, the residuals do not contain any ARCH element as 

indicatedd by the ARCH-LM test statistics. This is also confirmed by the Ljung-Box test 

statisticss of 6.78, which indicates the absence of autocorrelation in the residual term. 

Thee results of both estimates and the joint sign and size test indicates that proba-

blyy the EGARCH estimation procedure provides a better description of the short term 

nominall  interest rate volatility In addition note that the conditions for strict stationar-

ityy and covariance stationarity of the EGARCH volatility process are identical, while the 

GARCHH models allows for strictly stationary processes that are not covariance-stationary 

(622 + 63 is close to unity). This feature of the GARCH specification is not critical. It is, as 

notedd by Andersen and Lund (1997), the additional interaction via the interest rate level 

effectt and the near integration in the mean dynamics, which will induce further destabi-

lizingg elements into the interest rate dynamics. A more formal criterium for comparing 

thee performance of these two models, the Akaike Information Criteria (AIC) and the 

Schwarzz Information Criteria (SIC), indicates that the EGARCH(1,1) specification has a 

slightlyy better in-sample-fit compared with the GARCH(1,1) specification. Therefore, we 

usee the EGARCH to obtain an estimate of the volatility of the short term riskless rate of 

interestt of both countries. Figure 1 and 2 compares the estimated standard deviation of 
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changess in the short-term riskless nominal interest rates with the absolute changes in the 

respectivee interest rates. The estimated standard deviation is measured by the square 

roott of the conditional variance, V t̂. Note that the absolute changes in the short-term 

risklesss rate of interest rates is an ex-post measure of its volatility. The EGARCH in-

terestt rate volatility estimate provides a description of the ex-post volatility pattern of 

bothh series. 

6.33 The econometric specification 

Thee model developed in Chapter 3 imposes two types of restriction on the data generat-

ingg process, namely the dynamic properties and the cross-sectional restrictions. In this 

section,, we describe the econometric approach used in examining both conditions. We 

providee an econometric specification of the stochastic process derived from our model 

forr the equilibrium nominal interest rates and the rate of depreciation. Ultimately the 

cross-sectionall  properties of our model are formulated as a set of testable restrictions. 

6.3.11 The estimation framework: GM M 

Ourr econometric approach is to test the dynamic specification and the cross-sectional 

propertiess of our model as a set of over-identifying restrictions on a system of moment 

equationss using the Generalized Method of Moments (GMM) approach of Hansen (1982). 

Severall  studies of the interest rate and exchange rate dynamics have applied the GMM 

approachh [e.g., Gibbons and Ramaswamy (1993), Harvey (1988), Longstaffand Schwartz 

(1992),, Chan et al. (1992), and Saa-Raquejo (1994)]. As Chan et. al. (1992) point out 

Hansen'ss (1982) GMM framework provides a number of important advantages, which 

makee it an intuitive and logical choice for estimating these continuous-time processes. 

Sincee these advantages also holds for our framework, we summarize them as follows. 

First,, the GMM approach does not require that changes in the nominal interest rates 

andd the rate of depreciation of the spot exchange rate are normally distributed. The 
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asymptoticc justification for the GMM procedure requires only that the distribution of 

thee processes in question be stationary and ergodic and that the relevant expectations 

exist.. This is of particular importance in testing of our continuous-time model, since the 

distributionss of the underlying processes are characterized by non-central Chi-squared 

distributions,, which are highly non-linear and require the use of approximating algo-

rithms.. Second, the GMM-estimators and their standard errors are consistent even if 

thee disturbance term, are conditionally heteroskedastic and serially correlated. Since the 

temporall  aggregation problem that arises from estimation of continuous-time processes 

withh discrete-time data are likely to influence the distribution of the disturbance terms, 

thee GMM approach should further alleviate the impact of this approximation error on 

thee parameter estimates. 

Thee GMM-procedure of Hansen (1982) can be summarized as follows. As in Hamilton 

(1994)) consider a (k x 1) vector-valued function h(0,xt), where xt is a (/ x 1) vector 

off  explanatory variables, and 0 a (m x 1) vector of unknown parameters. Suppose that 

thee value of 0, denoted by 0O, can be characterized by the k moments conditions or 

orthogonalityy conditions 

E[h{0o,xE[h{0o,xtt)])]  = O. (6.13) 

Thenn the GMM procedure consists of estimating the value of 0, i.e. 0n, that minimizes 

thee quadratic criterion function, 

00nn = Q (0;yn) = argmins (0;yn)
f Wng (*;>„) , (6.14) 

v v 

wheree g (0;yn) is the sample moments, given by 

9(BM9(BM = -Th(0,xt) nn *-^ 
t=i i 

yynn is an (nl x 1) vector of the observed sample, and Wn is a (k x k) symmetric positive 

definitee weighting matrix. The parameter estimate 0n can be determined as the solution 
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too the system of first order condition for the function Q (0;yn) in equation (6.14). Matrix 

differentiationn implies that minimization of g (0-,yn) with respect to 9 is equivalent to 

solvingg the homogeneous system of orthogonality conditions, 

G(O;yG(O;ynn)'W)'WnnG(0yG(0ynn)) = O1 (6.15) 

wheree G {0-,yn) is the (fc x m) Jacobian matrix of g (0',yn), i.e. the matrix containing the 

partiall  derivatives, with respect to 9. Hansen (1982) shows that the GMM estimator of 0 

withh the smallest asymptotic covariance matrix is obtained when the optimal weighting 

matrixx Wn is given by the inverse of the (asymptotic) covariance matrix of g {0;yn)- That 

iss Wn = S~l with 

SS (60;yn) = lim nE [g (B0-yn) (BQM'] (6.16) 
n—HX>n—HX>  L J 

Iff  the moment conditions are serially uncorrelated, S can be estimated as 

ii  n i 

SJö»,*)) = - £ * ( § „ , * ) &(»„,* ) , (6.17) 

wheree 0n is a consistent estimate of 0$. We choose an estimate of the covariance matrix 

thatt is robust to heteroskedasticity and autocorrelation of unknown form. To compute 

thee weighting matrix we use the Bartlett kernel to weight the autocovariances and the 

Newey-Westt fixed bandwidth.. The minimized value of the quadratic criterion function in 

equationn (6.14) is, as shown by Hansen (1982), asymptotically distributed as a x2(& — m) 

underr the null hypothesis that the restrictions are true. 

6.3.22 The dynamics of the nominal interest rates and the spot 

foreignn exchange rate 

Thee equilibrium conditions of our model imply that the continuous-time nominal interest 

ratee processes and the rate of depreciation of the spot exchange rate in equations (5.5) 

andd (5.19) depend explicitly on the level of the nominal interest rate differential and the 
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volatilitiess of both riskless spot interest rates. Therefore, as in Brennan and Schwartz 

(1982),, Dietrich-Campbell and Schwartz (1986), Sanders and Unal (1988), and Chan, 

Karolyi,, Longstaff, and Sanders (1992) we approximate the continuous-time nominal 

interestt rate and exchange rate processes in equations (5.5) and (5.19) by, respectively, 

thee following discrete-time econometric specification 

Rh,(t+1)Rh,(t+1) - Rh,t = /?n + PnRdifU + P\sVdRh,t + PuVdRf,t + £flh,(t+l) (6- 1 8) 

RRf,(t+1)f,(t+1) - Rf,t = /?21 + 022^diff,t + P23VdRhlt + @UVdRf<t + £Rf,(t+l)  (6-19) 

e(t+i )) -et=  /?31 + P32Rdiff,t + /333VdRh<t + 0z4VdRf,t + £e,(«+i), (6.20) 

wheree Rdiff,t ~ Rhtt ~ Rf,t, et is the log spot foreign exchange rate and 

EE [ïRUt+l)]  = 0, E [4„,(H-1)] = f 11 + £l2*W/,t + Zl3VdRh,t + ZuVdRf,t, 

EE [efl/.ti+i j = 0, E [e|/ i ( t+1) = £2i + UzRdxfft + £23^*.*  + f24vdRf,t, 

EE [ee,(t+l)]  = 0, E [£2
e,(t+l)]  = f31 + ZvRdifU + ^33VdRh,t + tz4VdRf,t-

Thiss econometric specification corresponds with the dynamics of equilibrium nominal 

interestt rates and the depreciation rate. The linear drift components and the variances 

off  the changes in the nominal interest rates and the rate of depreciation are allowed 

too depend on the interest rate differential and the interest rate volatilities in a way 

thatt is consistent with the continuous-time equilibrium model. Note, however, that the 

discretizedd processes in equations (6.18), (6.19) and (6.20) are only approximations of 

thee continuous-time specification. As noted by Chan et al. (1992) this discretization 

errorr is of second-order importance if changes in the level of the nominal interest rates 

andd the spot exchange rate are measured over short periods of time. To validate the 

dynamicc properties of our model we test the first and second moment of the interest 

ratee and exchange rate processes. The parameter vectors (3i = [0tj]  and & = [£i ; ] , for 
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ii  = [1,2,3] and j = [1, ..,4], describe the linear drift components and the variances of 

thesee processes. The i = [1,2,3] denote, respectively, the domestic nominal interest rate, 

thee foreign nominal interest rate, and the exchange rate. 

Definee yt to be a (3 x 1) vector consisting of yi<t for i = Rh,t, Rf,t, and et. Let et denote 

aa vector of residuals, with its elements representing the deviation of the observed value 

off  Aj/t from the theoretical value implied by equations (5.5) and (5.19). The elements of 

eett are denned as 

£t,(t+l)) = 2/i,(t+l) - Vi,t - {Pn + PiïRdifM + &izVdRh,t + /3i4^ft/,t)

Wee define 0y- to be the parameter vector with elements Pi and ^ and let the vector 

ht(0ht(0YiYi)) be 
££i,(t+l) i,(t+l) 

£i,(t+l)Rdiff,t £i,(t+l)Rdiff,t 

£i,(t+i)VdR£i,(t+i)VdRhh,t ,t 

£i,{t+\)VdR£i,{t+\)VdR}} ,t ,t 
£i,(<+l)) _ €iXt 

\\££l(t+l)l(t+l)  - €iXt) RdifU 

(<(t+i)) - &*i ) VdRhtt 

where e 

xtxt = {i,Rdiff,t,vdRhit, vdRfyt). 

hhtt{0{0YiYi)) = 

Lett ft{0y) be a (8m x 1) vector formed by stacking the ht{9Yi) vectors for the m 

differentt variables, these are the domestic nominal interest rate, the foreign nominal 

interestt rate, and the rate of depreciation of the spot exchange rate. The theoretical 

modell  developed in this study implies that E[ft{0Yi)] = 0. This equation represents a 

sett of 24 population orthogonality conditions from which an estimator of the parameter 
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vectorr 9Yi can be obtained through the GMM procedure. In order to construct a test 

off  over-identifying restrictions implied by our model, we include the lagged explanatory 

variabless in the vector of instruments. The test of over-identifying restrictions can be 

interpretedd as testing whether the three reduced-form state variables, R<nff,t, V<mh,t, and 

VdRVdRff,t,,t, not only have explanatory power for the nominal interest rates and the exchange 

ratee dynamics, but that they have it in the way predicted by our model. 

Ass described above the GMM procedure consists of replacing E[ft(6Y)} = 0 by its 

samplee counterpart, gn (By), using the n observations, 

9n{B)9n{B) = -Yft(0Y,xt). nn *—* 

Thee minimized value of the quadratic form in equation (6.14) is distributed as a x2 variate 

underr the null hypothesis that the model is true with degrees of freedom equal to the 

numberr of orthogonality conditions net of the number of parameters to be estimated, that 

iss with 18 degrees of freedom. This measure proved a goodness-of-fit test for the model. 

AA high value for the test statistic means that the dynamic properties of the two-country 

termm structure model are rejected (i.e. misspecified). 

6.3.33 The specification of the term structur e model of nominal 

interestt  rates 

Too perform the cross-sectional test on our term structure model of nominal interest rates 

wee rewrite the expression for the equilibrium nominal yield in equation (5.16). Let K%T 

bee the yield on a r-maturity bond denominated in the i-th currency, than by using the 

expressionn for the state variables in equations (6.1), (6.2), and (6.3), we can rewrite the 

nominall  term structure model for country i, 
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KKiTiT = p + nm. - <T^ - - log Ai(r) 

+-B+-BXiXi(r)X(r)Xii(t)(t) + -Byi{r)Y{t), (6.21) 
TT T 

ass a linear function of the nominal interest rates differential and the volatilities of both 

interestt rates, 

KHTKHT = a>h,TRdifj,t + bh,TVdRh(t) + Ch^VdRfit) + dh,T (6.22) 

and d 

KfKfTT = djjRdifft + bf<rVdRh(t) + CfiTVdRf{t) + dfiT, (6.23) 

wheree aiiT,...,d T̂ for i = h>f, are maturity specific constants. Note that for r — 0, 

KiKiTT —* Ri,t< The cross-country term structure of nominal interest rates developed in this 

studyy implies that we can model discrete changes in the observed yield values, KiT, as 

linearr functions of the changes in the nominal interest rate differential and the volatilities 

off  both spot interest rates. Therefore we can, as in Longstaff and Schwartz (1992), express 

changess in observed values of yields as linear function of the changes in the redefined state 

variables, , 

AKAKiTiT = a^&Rdiffj + & iiTAVdRhit) + <vAVdRf(t) for i = h,f, (6.24) 

wheree Ad^T is zero, since it is a maturity specific constant. 

Lett £Ki,r denote the deviation of the observed value of AKiT from the theoretical 

valuee implied by equation (6.24), 

£K£KUUTT = AKiT - dijARdiffj - bi<TAVdRh{t) - Ci<TAVdRfit)-

Wee define $KiT to be the parameter vector with elements, aiT , biT, and Ct,r. Define the 
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vectorr ht(ÖKtT) as 

££KK tt,T ,T 

 l a  £KitT&Rdiff,t 

fH\PKfH\PK irir )) = 

£Ki,T&VdR£Ki,T&VdRhh,t ,t 

^Ki,T^VdR^Ki,T^VdR flfl t t 

andd MOK) as a (4m x 1) vector formed by stacking the ht(9Kir) vectors for the 2m dif-

ferentt maturities, that is m maturities for each country. The theoretical model developed 

inn this study implies that E [f t{0f()] = 0. This equation represents a set of 24 population 

orthogonalityy conditions from which an estimator of the parameter vector 9x can be 

obtainedd through the GMM procedure. As described above the GMM procedure consists 

off  replacing E [ft[9 K)] = 0 by its sample counterpart, gn (OK), using the n observations, 

11 " 

Thee minimized value of the quadratic form in equation (6.14) is distributed as a \l variate 

underr the null hypothesis that the model is true. For the term structure data we use the 

onee month, 6 month, and 1 year continuously compounded interest rates (expressed on 

annuall  basis) for both the US and UK. The estimated volatility series is obtained from 

thee GARCH-framework [see Section 4.2]. 

6.3.44 The term structur e of foreign exchange returns: An em-

pirica ll  framework 

Inn this sub-section we specify a framework that allows us to examine the conditions 

underr which our equilibrium model of the term structure of foreign exchange returns is 

consistentt with the data. That is, it allows us to determine the parameters values that 

accountt for the currency puzzle and simultaneously characterize the dynamic properties 

off  the main equilibrium results of our model, i.e. the nominal interest rates and the rate 

off  depreciation. Due to the complexity of the model (i.e. highly non-linear and many 
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modell  parameters) and the distributional properties of the underlying state variables it 

iss quite difficult to estimate all the parameters of the model. As a result we proceed as 

followss in order to determine the model parameters that account for the currency puzzle. 

Lett 9 = /ifl. , 7*, A*, K*. , K*. , BXi, 9y> aXi, ay, aVy, aXh, aXf ,ay , for i = f, h, represent 

aa set that contains all the parameters of the model. To reduce the parameter space 

wee assume that anx. = aXi and f a  ̂ h — cr  ̂ ) = av . The components of the terms 
aavv = aVH ~ avi ~ \avv,h ~ <V/J <V, and //^. = p + /xm, - a  ̂ cannot be identified 

separatelyy in this framework, therefore we determine this term as an aggregate. Note 

thatt this does not alter the results of our model, since it is the sign and the magnitude of 

thesee parameters that are relevant in accounting for the currency puzzle. As mentioned 

inn Chapter II , most equilibrium models of the forward premium face a trade-off when 

explainingg the currency puzzle. That is, they either allow for implausible parameter 

values,, which ultimately implies, for example, a positive probability of negative nominal 

interestt rates, or that their model cannot generate a large volatility of the forward premia 

too account for the puzzle. Our methodology is therefore aimed at calibrating the model 

parameterss such that they account simultaneously for the currency puzzle and the time 

seriess properties of the underlying variables, that is the unconditional mean, variances, 

andd co-variances. Therefore, we determine the parameter values of 6 by using the es-

timatedd slope coefficient from the regression of the term structure of foreign exchange 

returnss on the yield differentials; the unconditional mean of the nominal interest rates, 

thee instantaneous rate of depreciation and of the volatilities of the changes in the nominal 

interestt rates and the spot currency price; the unconditional co-variances between these 

variables;; and the unconditional variances of the nominal interest rates. 

Too examine the implications for the forward premia note that we can write the r-
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periodd foreign exchange returns as3 

e T -- et= 01T -f ^2T Uer - et) + £eT, (6.25) ) 

wheree r = T — t and the parameters j3lT and /32r
 a re maturity specific constants. From a 

theoreticall  perspective one expects /31T = 0 and /52T
 = 1> which implies that feT = Et(ex). 

Fromm Equation (5.29) we know that the equilibrium term structure of forward premia in 

log-specificationn is defined as 

ffeTeT-e-ett = log PfT{Rf)~ log Phr(Rh) 

==  KkT — KfTr (6.26) ) 

Byy substituting equation (6.26) in the equation for the r-period foreign exchange rate 

returnss we obtain 

eeTT-e-ett==  0lT + P?r (KhT - Kfr) + eeT- (6.27) 

Definee a vector of parameters, 8eT, with elements /?1T and /32T. Let the vector ht(9) 

be e 

£eT£eT (Kkr — Kfr) 

wheree the deviations of the exchange rate at time T from the forward foreign exchange 

ratee determined at time t for delivery at time T can be written as 

ht{Bht{BeTeT)) = 

£eT£eT — er — et — fllT — 02T (Khr — K/T)

Byy stacking the ht(0eT) vectors for the 2m different maturities we obtain the (2m x 1) 

3Alternatively,, as in Fama (1984) the following regression can be performed: 

ftft (t, T) - ehf (T) =I33 + I34 {ft (t, T) - ekf (*)) + residual, 
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vectorr /t(öer), where E [ftifier)]  = 0. As described above the GMM procedure consists 

off  replacing E [ft{0eT)\ = 0 by its sample counterpart, gn {6eT), using the n observations, 

11 n 

9n(0e9n(0eTT)) = -J2ft(ÖeT,Xt) 

Fromm our theoretical model we know that the Fama regression slope parameter, (32T> 

iss denned as 
cov[gT,, rpT + qT] 

varr [rpT + qT] 
fafa = „LrJ- - i J < 0 (6-28) 

wheree qT and rpT are defined as in equations (5.34) and (5.35). Since for short maturities, 

thatt is for r — 0, we have that KiT —  Ri,t, and therefore we obtain for the spot exchange 

rate e 

covcov [qT,Rh-Rf]  = ^[Xl-X}]vBi[Y]+-rla XhvBr[Xh] 

+7}}  ( * , , - < , ) var [X/] (6.29) 

and d 

var(Rvar(Rhh-R-Rff)) = rf™{X}) +  1fvax(Xh) 

++ [Aj;-A}] 2var(y). (6.30) 

Forr the longer maturities we obtain the following expression 

cov[q(t,T),rp(t,T)cov[q(t,T),rp(t,T) + q(t,T)} = B*y(T,t) [BVh(t,T) - By, (t,T)]vai[Y] 

+B:+B: hh(T,t)B(T,t)BXkXk(t,T)vax[X(t,T)vax[Xhh] ] 

+B:+B: ff(T,t)B(T,t)BXfXf(t,T)vBi[X(t,T)vBi[Xff]]  (6.31) 

and d 
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vai(rp{t,T)+q(tvai(rp{t,T)+q(tttT))T)) = B\} (t,T) var (Xf) + B2
Xh (t,T) var (Xh) 

++ [Byh («,T) - BV] (t,T)]2 var (K). (6.32) 

Thee Bj and 5*  terms are defined as in Chapter 5. From the unconditional second moment 

off  the gamma distribution we obtain vai(Xh) = QXhvXli/2KXh, vai(Xf) = QXS<J\ J2KXS, 

andd var(y) = Byc
2
yj2Ky. Given the complexity of the slope coefficients (/32T)

 a n (i the 

greatt number of unknowns in the parameter space 6, we use the moments of the under-

lyingg equilibrium variables to identify some of these unknowns. This also ensures that 

thee calibrated model parameters not only accounts for the currency puzzle but is also 

consistentt with the time-series properties of the underlying variables. 

Too determine the moments of the equilibrium nominal interest rates, the rate of 

depreciationn of the currency, and the volatility of the changes in the nominal interest rates 

andd the currency price, we use a discrete-time econometric specification of the continuous-

timee specification [see equations (5.4), (5.6), (5.7), (5.20), and (5.19)] in Chapter 3. The 

discrete-timee specification for the nominal interest rates, the volatility of the changes in 

thee interest rates and exchange rate, and the changes in the spot currency price can be 

written,, respectively, as follows: 

Rh,tRh,t = VRs + 'ThXhj+Kyt, (6.33) 

RuRu = fiRt + 'y*fXfit + \* fYt, (6.34) 

VVARhARh(X(Xtt,Y,Ytt)) = Afr;y t + 7 j f < * w , (6.35) 

VVARfARf(X(Xtt,Y,Ytt)) = \folYt +  7f<rt fXft, (6.36) 

VVAeAe(X(Xtt,Y,Ytt)) = <TlhXh{t)+ol fXf(t)+a2
nY{t), (6.37) 

eet+1t+1 - et = aXhXhtt - (aXf - a2
Xf̂  Xf>t + ̂ 2Yt + ee,t+i,  (6.38) 

where e 

£e,t+ll  = CrXhX^.€eut+i — aXfXft€e2lt+l  + ^j j v^t5ee3, t+l 
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ee„ t+11 ~ (O,1) i = 1,2,3 

COVV (Cej.t+l, Ce^.t+l) 0 for Z ^ j . 

Promm the system of equations [(6.33) - (6.38)] we use the following moments: the un-

conditionall  mean of all variables; the unconditional variances of both nominal interest 

rates;; and the unconditional co-variances between the first five variables. We exclude 

COV(VA ^^ , VAe) from the system, as it leads to a singular matrix of moment equations. 

Thesee moments are estimated as a set of orthogonality conditions in a GMM framework 

ass described above. We use the one-month Eurodollar interest rates, the one-month 

Euro-poundd interest rate, the spot dollar price of the UK-pound, the volatility series of 

thee interest rates generated in Section 6.2. 

Too obtain estimates of the unobservable volatility of the currency price dynamics, we 

usee the same GARCH-framework as applied in the case of the interest rates volatilities 

inn section 6.2. To estimate the volatility of currency price changes we model, as in 

Longstaffandd Schwartz (1993), discrete changes in the spot exchange rate by the following 

econometricc specification 

ct+ii  - et = oo 4- axet + a2Vht + eiit+u (6-39) 

wheree £t,t+i = ^e.t+i \/K,t+i is the prediction error of the rate of depreciation and 

£i,t£i,t ~ N (0,Viti). As before the error term, zej+i,  is normalized to have a variance of 

one.. Based on the 'joint sign and size test', which confirms the presence of asymmet-

ricc GARCH4, we use the EG ARCH specification to estimate the volatility of changes in 

thee spot currency price. The extended Nelson's (1991) asymmetric representation of the 

4z?? = 0.0 - 0.0 xSr,- 0.003 xSr_,£t-i+  O.OO2 x S + , ? t -i and the Wald test for the joint 
(4.71)) (-0.01) '  l (-10.6) '  l (8.02) ' ' 

hypothesiss of zero on the size and sign parameters reports a P-value= 0.000. (The t-statistics are in 
brackets.) ) 
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conditionall  variance of the rate of depreciation is as follows, 

In(K, t)) = bo + 6ict_i + 62In (K,t-i) + b3 (\zt-i\) + Mt- i - (6.40) 

Thee parameter estimates for the EG ARCH specification (6.40) confirms the empirical 

resultss for this type of specification [see Table 6]. The estimate for 64 is negative, which 

reflectss the presence of leverage effect in the non-linear specification. In addition it can 

bee noted from the results that — 1 < 64 < 0, which imply, as noted before, that positive 

shockss (appreciations) have a smaller effect on the exchange rate volatility than negative 

shockss (depreciations). 

Givenn these estimates of the moments and the regression slope coefficients we can 

solvee for the model parameters represented in 8 as follows. By using the unconditional 

momentss of the state variables, E(Xj) = 9Xi, E(Y) = 0y, Var(Xi) = 0Xia
2
xJ2nXi, and 

Var(Y)) = 6ya*/2Ky we obtain the following system of moment 

V(RV(Rh<th<t) ) 

E(fl/,«) ) 

EE (AW,) 

E(VA* / l f ) ) 

E[VAe,t] ] 

EE (ct+i - et) 

VarfT^) ) 

Varr (*ƒ,*) 

Cov{RCov{Rhtthtt,R,Ruu) ) 

Cov(RCov(Rhh,,tt,V,VARfARf,,tt) ) 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

vnvnhh + i1fiXh + yhey 

^R^Rff+i}o+i}o XIXI + x)ey 

^koiOy+^koiOy+ ^alk9Xh 

^*f^*f  Gy®v + 7/ a\fix} 

aaxxhh
ddxxhh + VXfQxf + V^Q 

aaxxhh0x0xhh - £i\9xf + €e2&y 

^^eexKxKa2a2xxhh j y*dV°l 
ZKZKXfiXfi  ^^y 

£ft>xf£ft>xf y 

x-x-x-x-66""" """ 
ZKy ZKy 

uations: : 

(6.41a) ) 

(6.41b) ) 

(6.41c) ) 

(6.41d) ) 

(6.41e) ) 

(6.41f) ) 

(6.41g) ) 

(6.41h) ) 

(6.41i) ) 

(6.41J) ) 
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Cov{RCov{Ruu,V,VARh<tARh<t) ) 

Cov(Rh,t,V*Cov(Rh,t,V*e<te<t) ) 

Cov{RCov{Rfttftt,V,VAeitAeit) ) 

COVCOV (VARh,t,V êit) 

Covv (Rh,t,V&Rltit) 

Cov(Rf,tCov(Rf,tttV&RV&Rflflt) t) 

Solvingg this system of equations together with equations (6.28) - (6.32) give us the 

calibratedd values for the 19 unknowns in the parameter space 6. This solution is con-

sistentt with both the currency puzzle and the time-series properties of the data. In the 

nextt section we examine the calibrated parameter values. 

6.44 The empirical results 

6.4.11 The dynamics of the nominal interest rates, the rate of 

depreciationn and the term structur e 

Inn this section we examine whether the structure of our general equilibrium model is 

supportedd by the data. To achieve this validation we investigate whether the model 

forr the dynamics of the nominal interest rates and the rate of depreciation of the spot 

exchangee rate obtained in equations (5.5) and (5.19) provides a good description of the 

propertiess of the monthly observations on these variables. In addition, we review whether 

thee cross-sectional restriction implied by the affine term structure model is supported by 

thee data. 

A ' A , l < J*2* u u 

== (Kfyl) 
2 V | | 

==  lh° 
,*_22 U*H°xk 

XhXh IK ++ K< V2 2 
'»» 2KV 

22 V J 22 "xf"xf . . o VVU\ 

x*x* 22„„ 22 2 ffVffy , . , »2 . 4 77*H*H aa*H *H 

****  2K 2K 2K >x>xh h 

==  *h 
,y,y '''"'I/ I 

yy22Kl Kl 

, 3 22
 y « / g «/ , \**„i dyGv 

7 ''  ff-/-2^- +x
y 

(6.41k) ) 

(6.411) ) 

(6.41m) ) 

(6.41n) ) 

(6.41o) ) 

(6.41p) ) 

(6.41q) ) 
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Tablee 4 reports the parameter estimates and the GMM minimized criterion values 

forr the discrete-time model in Equations (6.18), (6.19) and (6.20). The estimates of our 

modell  support several features of the short-term riskless interest rate dynamics and the 

ratee of depreciation of the rate of exchange. First, our model describes the dynamics of 

thee variables in question to be driven by a factor structure that consists of one common 

andd two country specific state variables. These state variables can be mapped into the 

short-termm interest rate differential between countries and the volatility of the changes of 

thee interest rates. The GMM minimized criterion \2 values, which provides a measure of 

goodness-of-fitt of the model, do not reject the model at conventional significance level, 

i.e.. one percent level. These results show that the three state variables, Rdi/f,t, VdRhtU 

andd VdRfyt, not only have explanatory power for the dynamics of the short-term interest 

ratess and the rate of depreciation of the exchange rate, but that they have it in the way 

impliedd by the model. This estimation result means that both the conditional mean and 

thee conditional volatility of the changes in these variables are state dependent. 

Second,, the mean-reverting property of the short-term interest rates model is also 

supportedd by the data. This is important because, as argued by Chan et al. (1992), 

thiss feature of the short-term interest rate dynamics makes the term structure models 

soo complex. Therefore, it is important to know whether it plays a significant role in 

describingg the short-term rate process. The parameter estimates for al7 a2, and a3 are 

significantlyy different from zero. In contrast, studies of Chan et. al. (1992) found weak 

evidencee of mean reversion in the short-term interest rate. Although the empirical study 

off  Koedijk et al. (1997) focuses on the dynamics of short-term interest rate volatility, it 

cann also be noted in their study that the parameter estimates of the mean reversion for 

severall  models of interest rate dynamics are not significant. 

Furthermore,, the parameters estimates, as reported in Table 4, indicate that the ex-

pectedd rates of change of both US and UK short-term riskless interest rates are positively 

affectedd by the interest rate differential. The volatility of the US short-term interest rate 

hass a decreasing impact on both interest rate dynamics, while the volatility of the UK rate 
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hass opposite affect. The expected rate of depreciation of the UK-pound is significantly 

determinedd by the short-term interest rate differential and the volatility of the US short-

termm interest rate. The results for our model's specification [see equation (6.20)] shows 

thatt the UIP-condition is indeed not supported by the data. The impact of the interest 

ratee differential is still negative, but the parameter estimate is smaller than the estimates 

off  the UIP-relation (see Table 1). The explanation therefore is that the volatility of the 

twoo interest rates is also incorporated in the expected rate of depreciation. Note that the 

equilibriumm relation we have estimated implies that the expected rate of change of the 

short-termm interest rate fluctuates around its long-run mean, the interest rate differential. 

Sincee a relation between co-integrated variables can be represented by an error-correction 

mechanism,, the estimated interest rate can be re-written in an error-correction form. 

Finally,, we also find that the conditional volatility of the interest rate process and the 

ratee of depreciation are highly sensitive to the interest rate differential and the interest 

ratee volatilities. The parameter estimates indicate that an increase in the interest rate 

differentiall  increases the volatility of the interest rate processes. It is obvious that an 

increasee in the volatility of the interest rates has a positive impact on the volatility in 

thee next period. It is not clear why the volatility of the US-interest rate has a negative 

impactt on the volatility of UK-euro-currency interest rate. The volatility of the rate of 

depreciationn of the UK-pound is positively affected by the volatility of the short-term 

UK-interestt rate. As expected both the interest rate differential and the volatility of 

thee US interest rate has a decreasing impact on the volatility of the depreciation of the 

UK-currencyy price. 

Next,, we review the estimation results of the cross-sectional restriction of the terms 

structuree of interest rate model developed in Equation (6.24). Table 5 reports the GMM 

estimatess of the parameter values, their corresponding ^-statistics, and the R2 for each 

equation.. The cross-sectional restrictions of the model are rejected when the GMM 

niinimizedd criterion value is very large. The value for this X24 test statistic is 0.0816, 

whichh is smaller than the critical value at conventional significance levels. Hence, the 
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cross-sectionall  restrictions imposed by the three-factor, two-country term structure model 

cannott be rejected by the data. 

Sincee we have estimated the cross-sectional restrictions of the term structure model 

inn a linearized form we can compare the parameter estimates across maturities. A salient 

featuree of our result is that changes in the interest rate differential have a significant 

impactt on yield changes, and that this affect is decreasing with maturity. For instance, 

thee estimated parameter for changes in the interest rate differential is 0.606 with respect 

too changes in the short end of the US-yield curve. It drops unevenly to 0.322, 0.385, 

andd 0.331 for the three- and six-month and the one-year yields. As expected, changes 

inn the interest rate differential have opposing effects on US- and UK-yield changes. The 

impactt on the dynamics of US-yields is positive for all maturities, while negative for the 

UK-yieldUK-yield changes. 

Anotherr remarkable result is that the US-yield dynamics is sensitive to volatility 

changess of the short-term riskless US-interest rate only at the short end of the yield-curve. 

Volatilit yy changes of the short-term US-interest rate have a smaller and insignificant effect 

onn the longer maturities. In contrast, the volatility changes of the short-term UK-interest 

ratee dynamics have a significant impact on the dynamics of the US-yield curve across all 

maturities,, although the magnitude of the impact also decreases with longer maturities. 

Al ll  these features indicate that short-term maturities are more sensitive to short term 

dynamics,, than the longer-term maturities. 

AA review of the estimation results for the dynamics of the UK-yields shows that 

changess in the interest rate differential have a significant impact on yield changes. Note 

thatt while the magnitude of this effect decreases with maturity, this decrease is not 

ass pronounced as in the case of the US-yields. In contrast to the US-yields, changes 

inn the UK-yields are significantly more sensitive to volatility changes in the short-term 

US-interestt rate dynamics. Except for the six-month yield, which is not significant, the 

magnitudee of impact of these volatility changes remain more or less constant across the 

differentt UK-maturities in the test. The effect of the volatility changes on the UK-yields 
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dynamicss is in conformity with the US-yields. It has a significant effect on the dynamics 

off  the UK-yield curve, except for the one-year yield changes. Again, the magnitude of 

thiss impact is decreasing with maturity. 

Wee conclude that the structure of our general equilibrium model is supported by 

thee data, since both the dynamic properties as the cross-sectional restrictions of the 

equilibriumm quantities are validated by the empirical evidence. 

6.4.22 Accounting for  the currency puzzle 

Tablee 7, Panel I, presents the estimation results for the linear specification of the term 

structuree of foreign exchange returns. We regressed the expected foreign exchange return 

onn the yield differential, observed at time t with maturities similar to that of the forward 

foreignn exchange contract. We use three different maturities in our empirical test, namely 

onee month, six months, and one year. The GMM-minimized criterion value is zero as 

thee system is exactly identified. The system of equations provides us with three Fama 

slopee parameter estimates, namely —2.631, -2.009, and —1.394 for, respectively, the 

onee month, six months, and one year maturities. These point estimates are significantly 

differentt from one, at conventional level of significance. We can observe that all the 

forwardd premium terms enter with a negative coefficient, which confirm the existence the 

forwardd premium puzzle. This result implies that, when the US-dollar interest rates are 

highh relative to the UK-pound rates at any point in the term structure, there is a tendency 

forr the US-dollar to appreciate vis-a-vis the UK-pound. In addition it is noticeable that 

thee magnitude of the estimated slope coefficient in absolute terms is decreasing with 

maturityy of the yields, i.e. the differential at the longer maturities has a smaller effect on 

thee rate of depreciation of the currency. As is expected, the dynamics of the exchange 

ratee are largely determined by developments at the short end of the term structure of 

interestt rates. Clarida and Taylor (1997), in a different context, report similar result in 

thee case of the dollar-mark and the dollar-yen rates, but with the opposite signs. 

Wee determine the parameter values of our model such that they exactly match these 
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pointt estimates of the slope parameters of the term structure of foreign exchange re-

turnn regression and the moments of the underlying equilibrium variables reported in 

Tablee 7, Panel II . The calibration result is presented in Table 7, Panel III . Before ex-

aminingg the economic implication of the computed model parameter values, we con-

siderr the plausibility of these values and the implication for the Fama condition. Fama 

(1984)) formulated the following conditions in order to account for the currency puzzle: 

(a)) negative covariance between rp(t,T) and q{t,T) [see equations (5.34) and (5.35) 

forr definitions] and (b) greater variance of rp(t,T) than q(t,T). Fama's first condi-

tionn is satisfied by construction, since we calibrate the parameter values to match the 

(negative)) point estimates of the slope parameters. Recall that the latter is defined as 

/?2TT = (cov[gT, rpT]+var  [qT])/vdx[rpT -I- qT]  [see equation (6.28)]. As can be observed from 

Tablee 8 below the calibrated parameter values also satisfy the second Fama-condition, as 

thee variability of the forward risk premium is larger than that of the expected exchange 

ratee return for all maturities.. Noteworthy is the sharp increase in the variability at 

longerr maturities, which seems intuitive given the increased uncertainty at the long end 

off  the term structure. 

Tablee 8 Fama's second condition 

Maturities s 

1-monthh 6-months 1-year 

Vai(rp(t,T))Vai(rp(t,T)) 0.0093 0.3820 1.6457 

Vai(q(t,T))Vai(q(t,T)) 0.0091 0.3181 1.3969 

Sincee we calibrate the parameter values to match the moments of the time series in 

questionn (the spot US and UK interest rates, the rate of depreciation of the dollar price 

off  the UK-pound, and their volatility series), it partially guarantees the plausibility of 

thesee values. The parameter that represents the autonomous expected level of interest 

rates,, / i f t , is in accordance with the observed first moment conditions for the level of 
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interestt rates in both countries, that is the long term unconditional mean of the UK rate 

iss larger than that of the US rate. This is also reflected by the parameter values for /J„  , 

forr i e {US, UK} . The fact that ^LRUK is more than twice as large as fiRus is possibly 

duee to the larger volatility of the US interest rate.5 Note also that the long term mean 

off  the local UK-state variable (0XUK) is also larger than its US counterpart. 

AA more fundamental condition in this context is that the parameter values guarantee 

thee non-existence of negative nominal interest rates in both countries, since negative 

interestt rate is the trade-off of accounting for the currency puzzle in these type of term 

structuree models [see Backus et al. (2001)]. In term structure of interest rate models 

thiss condition is usually referred to as the Feller (1951) condition. The Feller (1951) 

conditionn implies that for the stochastic process in equation (5.5) to preclude a positive 

probabilityy of negative nominal interest rates in both countries, the mean must be larger 

thann the variance, that is 2nXi9Xi + 2KV9V > 7*<r£. + A*CTJ., for i € {US, UK} . By using 

thee parameter values in Table 7, Panel II I we can observe that the stochastic processes 

governingg the equilibrium nominal interest rates in equation (5.5) satisfies this condition, 

despitee the fact that the diffusion parameter that captures real local shocks in the US 

economyy (&l us) is relatively large. In addition, we can observe that the value of the 

parameterr that captures the speed of adjust to real local shocks in the UK economy 

((KKXUKXUK ) Is a' so relatively small. The relatively small parameter value of the monetary 

responsee parameters in both countries {^*us and fuK) compensate for these extreme 

values. . 

Thee economic interpretation of the estimated parameter values is as follows. From 

thee relation between the Cov(Rus,t, V R̂uKit) and Cov(RvK,t, VARuStt) in equations (6.41j) 

andd (6.41k), respectively, and their sample moments in Table 7, Panel II we can observe 

thatt \yK = 0.66A 5̂. This relation basically implies that the monetary response is larger 

inn the US and that a common, say international, shock has, therefore, a larger affect 

onn the US-interest rates than on the UK-interest rates. Thus, for instance, a positive 

5Notee that this term is defined as / i ^ = p + (imi — <r£,.. 
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internationall  shock increases the interest rate differential between these countries, while 

aa negative shock reduces this differential. This holds for all maturities. At the other 

hand,, the negative value for ay = aVh — aVf - (a  ̂ h - aVy f J crVy f entails that the same 

shockk has probably a larger effect on the real rate of production in the UK than in the US 

(a(ayhyh < QVf). For example an international economic shock causes the real rate of return 

onn productive assets in the UK to decline relative to the US return. To ensure that 

investorss remain indifferent between investment in these two countries the US-dollar 

depreciatess in value vis-a-vis the Uk-pound, such that the rate of return expressed in 

theirr respective currencies remains equal. The negative international shock, due to the 

relativelyy large response in the US, decreases the US rate versus the UK rate. The reduced 

interestt rate differential between the US and the UK combined with the depreciation of 

thee dollar price of the UK-pound explains the negative co-variability that underlies the 

Famaa puzzle. The same analysis applies for longer maturities as the B* (T, t) terms are 

negative,, namely B+y (6,t) = -0.5 and B*y (12,t) = -0.9,while BVus (t,T) > ByuK (t,T) 

forr both maturities considered in the sample. The negative B* (T,t) terms implies that, 

forr instance, international developments have a stronger impact on the long term rate of 

productivee returns in the UK than in the US. In contrast, due to the larger monetary 

responsee in the US, it tends to reduce the bond price in the US relative the UK. The 

dataa fully supports the arguments put forward that the asymmetric affect of shocks on 

thee real rate of return in production and on the riskless rate of return on nominal assets 

explainss the negative co-variability observed in the data, i.e. the Fama puzzle. 
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