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INTRODUCTION

The increasing globalization of financial markets has intensified the need to understand foreign
exchange markets, A large body of empirical research bas uncovered many interesting empirical
regularities characterizing foreign exchange markets. The following are four well-known stylized facts.
First, the forward rate is not an unbiased predictor of the future spot rate. Second, exchange rate changes
are highly variable and nearly uncorrelated. Third, forward premiums, which predict exchange rate
changes, are less variable and are highly persistent. Fourth, exchange rates display substantial serial
dependence in their second moments.! Furthermore, conditional heteroskedasticity in exchange rates is
only detectable at high frequencies. At the monthly or quarterly frequency, it is no longer statistically
significant (Baillie and Bollerslev (1989)). As time-varying second moments imply leptokurtic
unconditional distributions, conditional heteroskedasticity may also be an important source behind the fat
tails in unconditional distributibns of exchange rate changes. Exchange rate changes are the main
component of forward market returns. As is well-known, these returns are an important component of
the return on any foreign currency denominated uncovered investment. The first and fourth empirical
facts imply that conditional means and variances of forward market returns vary through time.

This paper develops a two country monetary general equilibrium model that can potentially generate
such empirical phenomena. The model builds on the representative agent framework of Lucas (1978).
The only friction in the model is the presence of transaction costs which give rise to money being valued
in equilibrium and induces variable velocities. Exchange rate movements reflect changes in relative
money supplies, velocities and outputs whereas time-variation in expected returns reflects time-varying
rewards to consumption and inflation risk,

Previous attempts at explaining the significant rejection of the unbiasedness hypothesis within a fully

parameterized general equilibrium model have failed dramatically.? The model developed here has

several features that are likely to improve its performance with respect to the empirical puzzles. First,
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I explicitly introduce time-variation in the conditional variances of the market fandamentals. Second, 1
assume @ weekly decision interval for the economic agents. Third, various forms of temporally
dependent preferences are explored as in Ferson and Constantinides (1991) and Heaton (1993).

The main povelty of the model here is the combination of time-varying uncertainty in the
fundamentals with a high frequency decision interval for the agents. It is well-known that movements
in conditional variances of market fundamentals cause movements in both expected returns and conditional
variances of asset prices. However, there exists little evidence of time-varying conditional variances in
market fundamentals such as monetary shocks and consumption at the monthly or quarterly frequencies
at which they are usually measured. As I will explain in more detail below, this might be due to
temporal aggregation whit;h causes time-variation in conditional variances to disappear. Tbe same
phenomenon causes conditional heteroskedasticity in exchange rates to be much weaker when exchange
rates are sampled at lower frequencies.

The discretetime framework simplifies the introduction of a rich time-nonseparable preference
structure, Backus, Gregory and Telmer (1993) and Bansal, Gallant, Hussey and Tauchen (1993) also
examine the effects of nonseparabilities in an international model but their preference structure is much
less general than the one used in this paper. Backus, Gregory and Telmer (1993) for instance are
successful in genmerating more variable forward market risk premiums by allowing strong habit
persistence. However, this comes at the cost of unrealistic values for the autocorrelation structure of
forward premiums. By incorporating both durability of consumption and habit persistence of a long run
nature, 1 am able to generate more realistic variability and correlation patterns for exchange rates and
forward premiums than previous structural models.

The model allows characterization of the endogenous joint distribution of forward market returns,
exchange rates and forward premiums as a function of the model’s structural parameters and the law of

motion of the stochastic forcing variables. 1 explore the implications of the model through several
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simulation experiments. To impose discipline on the simulations, I estimate the conditional mean
parameters and unconditional second moments of the weekly law of motion for the forcing processes from
guarterly data on consumption and money growth in the U.S. and the U.K.. The embedded temporat
aggregation problem is resolved relying on results in Bekaert (1992).

‘The simulation experiments are designed to accomplish two goals. First, the generality of the model
allows the comparison of the model's predictions for the moments of exchange rate changes, forward
premiums and risk premiums to the predictions of simpler models. In particular, I start from a simple
cash-in-advance (CIA) model with time-additive preferences, and show the effects of adding transaction
costs, durability, habit persistence and time-varying uncertainty in the fundamentals. The importance of
time-varying uncertainty in the fundamentals driving foreign exchange markets was stressed by Hodrick
(1989), but the idea had surfaced before in the equity pricing literature. Poterba and Summers (1986)
derive a positive relationship between the persistence of stock market volatility and stock prices in a
simple partial equilibrivm model for stock prices whereas Abel (1988) generalizes their results 0 a
general equilibrium Lucas-type (1978) model. He finds that the effect of dividend riskiness on stock
prices can be in either direction whereas the magnitude of the effect is an increasing function of the
persistence of dividend volatility. I investigate the effect on endogenous moments of both the persistence
and the leptokurtic nature of conditional variance shocks in the fundamentals,

The second goal of the paper is to examine the effects of various non-linearities in the economic
environment on heteroskedasticity and leptokurtosis in exchange rates and forward premiums. Most
research to date has attempted to mode! these non-linear patterns with purely statistical models. This is
one of the first papers to address how volatility clustering of financial returns can arise endogenously in
an equilibrium model.*

To anticipate the results, the simulations reveal that the model performs very well along a number

of dimensions. When consumption exhibits short-run substitutability and long-run complementarity, the
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mode! comes close to matching the auﬁwnelation structure of the forward premium in the data. The
risk premium is many times more variable than in a mode! with time-additive preferences. The
introduction of modestly persistent time-variation in the second moments of the fundamentals at the
weekly level, consistent with the lack of heteroskedasticity in these processes at the quarterly level,
generates substantial heteroskedasticity and fat tails in both exchange rates and forward premiums.
Heteroskedasticity in the forcing processes also substantially increases the variability of the risk premium,
without worsening the fit of the model much along other dimensions. Yet, the variability of the risk
premium does not exceed that of the forward premium as is implied by the data.

The paper is organized as follows. The first section briefly re-examines the empirical evidence for
dollar returns in the Europound market. The second section of the paper presents the model in detail..-
The third section of the paper discusses the solution procedure and choice of parameters. The fourth
section contains the simulation results. In the conclusions of the paper, I point out some possible

generalizations of the model,

1. EMPIRICAL REGULARITIES
Definition of variables
The data set consists of weekly observations on dollar-pound rates and one- and three-month
Eurodollar and Europound interest rates for the 1975-1990 period, but the empirical results are
representative for other major currencies as well. The data are described in more detail in the data
appendix. Asterisks indicate Britisb pound variables. Consider an investment in a Europound deposit
which carries an interest rate of i;,, , with n the maturity in weeks. The bolding period considered in this
paper is one month (a 30 day contract), and one month Is approximated by 4 weeks in subsequent

analysis.’ Let S, be the dollar price of a pound. The uncovered dollar return on a continuously

compounded Europound investment is (§,,,/S,) exb(i: o). The rate of return is then [As,,,, + i,,], where
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As.,, = In(S,.) - In(S). Hence, the excess rate of return over a Eurodollar deposit is given by:
Tioea = [ASiu. + i, -1,]. This return also corresponds to the difference between the future spot rale
and the current forward rate. To see this, Iet fp, = In(F.,) - In(S), where F,, is the forward raie for

a n-week contract in doilars per pound. Consider covered interest rate parity in continuously

compounded form:

fpu = iu- i O
It follows that 1,,., = [In(S..,) - In(F., )] and hence, r,,,, can also be viewed as the logarithmic
approximation to the return on a long forward position in the pound scaled by the forward rate, i.e.

In(S,.) - In(F) = (S, - FL)/F,, . The ex ante return to forward foreign exchange speculation is denoted

by 1,

P Elf ) BIY 25,10, @
with As, referring to weekly exchange rate changes.
Time series properties of the variables
Means, standard deviations and autocorrelations of As, and fp,, are reported in Table I, Panel A.
To summarize the autocorrelation structure of the variables, I report variance rarios. The variance ratio

of a stationary time series {x,}1., for a horizon of k periods is defined as:

var(j)_; x.,) Q)
NS Dy varte)

The variance ratio can be consistently estimated as:

.
¢ =12y 1-J )5 {4)
k=1 jz_l:( k*l)p’

with p; the sample autocorrelation of order j for {x}7.,. The variance ratio is one for a serially
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uncorrelated time series, is less than one if negative autocorrelations dominate and is greater than one if
positive autocorrelations dominate.

Panel A in Table | also explores the presence of leptokurtosis and heteroskedasticity in the two series.
To remove the serial correlation from the forward premium series, it was simply differenced.
Autocorrelations and variance ratios are then computed for the squared differenced series. Under the null
of conditional homoskedasticity , the autocorrelations equal zero and the variance ratios equal one,

Panel B in Table 1 focusses on cross-correlations. The cross-correlations between As,,,, As.,,
As ... As,, and fp,, are related to what is known as the unbiasedness issue. When future exchange rate
changes are regressed onto a constant and the forward premium, the slope coefficients are typically
negative rather than one.® The sum of the 4 cross-correlations mentioned above times the ratio of the
standard deviation of exchange rate changes to the standard deviation of the forward premium provides
an estimate of this slope coefficient. The coefficient is estimated at -2.116 with a standard error of
.761.7 The fited value of this regression can be used to compute a lower bound to the standard
deviation of the risk premium, The lower bound on risk premium volatility is estimated at 10.841 % in
annualized terms with a standard error of 2.847%.}

From these tables, several regularities emerge that a successful model should mateh:
(D) Exchange rate changes show some positive persistence but the autocorrelations are generally small.
On the other hand, the forward premium is very persistent. I term this regularity the "persistence
puzzle®.
(i) Exchange rate changes are many times more variable than the forward premium wheteas the risk
premium in the British pound forward market is also extremely variable. In fact, o(4s.,,) > o(rp.)
> o(fp,). 1refer to this relative variability property as the "volatility puzzle®.
(IIT) Forward premiums and exchange rates exhibit marked positive serial dependence in their second

moments and substantial leptokurtosis. Somewhat surprisingly, heteroskedasticity and Jeptokurtosis are
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even stronger for forward premiums than they are for exchange rate changes. The predictability of
exchange rate changes by the forward premium extends to the second moments (Panel B), but the

correlations are generally weaker and less precisely measured.

2. THE ECONOMIC ENVIRONMENT

In this section, T describe the agents’ preferences, budget constraints and the Euler eguations
determining important endogenous variables. I also show how exchange rates are determined and forward
contracts priced. In addition, some further intuition is given on why this mode! might perform better than
previous models with respect to the empirical puzzles mentioned above.

Description of the model

The model analyzed in this paper is a generalization of the two country model proposed by Lucas
(1982). Each country has its own money, which grows at a stochastic rate, and its own endowment tree,
which ylelds stochastically growing “home” or *foreign® consumption goods. Identical infinitely-lived
representative agents in both countries maximize the expected discounted sum of a von Neumann-
Morgenstern utility function subject to a sequence of budget constraints,

To derive the budget constraint, consider the period by period problem facing the domestic
representative agent. Each period, she purchases home goods x{ and foreign goods y{ which are priced
in the respective currencies with prices P, i=x,y). The exchange rate S, converts the price of the foreign
good into units of the home currency. Whereas in Lucas’s model consumption purchases have to be
financed with money, I assume that money balances diminish the transaction costs associated with buying
consumption goods. In particular, let m, (n) be the leve! of home (foreign) real money balances held by
the household. The transaction cost functions ¥*(x¢,m) and ¥*(y?,n) are decreasing in own real balances
and increasing in the amount of goods bought (see also Marshall (1992) and Bansal, Gallant, Hussey and

Tauchen (1993)). The domestic household also chooses the level of home and foreign money balances




M?,,, respectively Ni,,, to be carried over to the next period and acquires asset holdings, summarized
in the vector z,,,. Asset prices are stacked in the vector Q,. All purchases have to be made with current
npominal wealth W,, denominated in the home currency, Wealth consists of the money holdings chosen
last period and the current market value of the asset holdings including stochastic payoffs (dividends) D,.

The home consumer’s budget constraint is then given by®:

Pl ¥ (xm)) + S, P (0! + W n ) + 2 Qe MY + SN s W,

W, =%/ (Q,*D)+M,'+ SN/

(5)

Preferences
4

As in Eichenbaum and Hansen (1990), preferences are time separable over the service flows s} and

s] derived from past consumption purchases of the home good x and the foreign good y:

E, Y £ us's) ®)

Following Ferson and Constantinides (1991) and Heaton (1993), 1 assume that goods are durable and
that consumers form habits over the services derived from them. Let k¥ be the stock of home
consurption goods which depreciates at the rate 1-u, and h! the habit stock defined over past service

flows. [ assume:

K-‘gﬁd 311]

- 7
b=y, (1-0) 36, k! ?
jo

s‘l -k‘l_h‘I
Note that », is the sum of the "habit weights”, and that decreasing 8, will increase habit effects at short

lags.

Nonseparabitities embedded in this prefe'rence specification are apparent from considering the
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expression for marginal utility in this context. The marginal utility derived from 2 purchase of the home

good today is given by:

c du(s,2,.s .
mux, <E,[} 6 a* _(S‘Ts‘)l (8)
0 ds,.,
where a," are weights that follow from (7),
.. F:_e:
af=ui-g (1-0) ——
w10 L ©

O<p <l 0<y,<1 0<6,<1

It is well-known that nonseparable preferences give rise to more variable intertemporal mar ginal rates
- of substitution (hencefonh; IMRS) and asset prices (see for instance Hansen and Jagannathan (1991)).
Habit forming utility might also account for the "persistence puzzle” mentioned above. In the continuous-
time model of Sundaresan (1989), which features exogenous returns and endogenous consumption, habit
formation induces very smooth and persistent consumption streams. In my model, the service technology
transforms the exogenous endowment shocks into persistent service flows. This implies that endowment
shocks have very prolonged effects on future IMRS. As a consequence, they will cause revisions in
expectations of IMRS not only now but also in the future. Hence, the predictable parts of IMRS, interest
rates (see below), might become very persistent as they are in the data.

1 explore two commonly used specifications for the utility function which are special cases of the
general preference framework in Eichenbaum and Hansen (1990). The first utility function is homothetic
with intratemporal substitution between the “home” and "foreign” service flow equal to one.

Ly Ey

1 $€(,1) v20 (10)
1-y

uls,’s,)

The parameter & is a non-negative share parameter and v is a curvature parameter. The second

specification is the so-called addilog utility function:
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(&), &)~ 720 (n

u(s’,s) = _
1—y 1=y

Although the combination of a multigood economy with nonseparable preferences complicates the
interpretation of the utility parameters, I associate high values of the curvature parameter v with high risk
aversion (low elasticity of intertemporal substitution) and vice versa.’®

Transaction cost function
The transaction cost function is parameterized as a Cobb-Douglas function in the amount purchased

x (y) and real roney balances m (n).

¥*(x,m) !c‘x."m"" vy,n=cyn't c¢.c>0 £.8,>1 (12
The function is increasing in x, decreasing in m and homogeneous of degree 1. The transaction cost
technology embeds a CIA (cash-in-advance) constraim (when §, = o, i=x,y).
Equilibrium

The home household maximizes (6) over {x{,y},M{,,,N1,,,2,,,] subject to the budget constraint in
(5). An analogous problem is solved by the foreign representative resident. For markets to clear, the
money demands in both countries must equal the supplies and the consumption demands including the
incurred transaction costs must exhaust the endowments, With the additional assumption of complete
markets, the risk averse representative agents of both countries will share all risks. This leads to a
tractable perfectly pooled equilibrium, introduced in Lucas (1982), in which no wealth re-distributions
occur, agents consume constant fractions of the endowments and hold constant fractions of the market
portfolio of assets."

Endogenous variables

In our frictionless world, the dollar price of an asset is the expected value of its nominal payoff

discounted by the dollar IMRS. Let’s denote the dollar IMRS hy mrs,,,,. It relates the marginal utility

of wealth at the time of the payoff, A,,, to the marginal utility of wealth at time t when the asset is
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purchased, N:

A
mrs,_ = g 2= (13)
- N

where 8 is the discount factor. An analogous stochastic discount factor applies 10 assets that pay off in
pounds. The X\'s are the Lagrange multipliers associated with the sequence of budget constraints. The
law of one price implies that the relative value of the marginal utility of pounds versus dollars determines

the dollar/pound exchange rate:

SN=N (14)
where asterisks refer to pound variables. This indicates that the dollar will depreciate if its marginal
utility decreases relative to the marginal utility of the pound. The home (foreign) interest rate i, (i;,)

is the net return on a nominal bond yielding one dollar (pound) at time t+n. Hence,

i, =-Emrs, ) il =-Wn(E [mrs L)) (5
If market fundamentals move so as w0 increase the expected marginal utility of the dollar, the dollar
interest rate decreases, as it is the required return on an asset that pays off dollars when they are
relatively valuable, As the forward premium is just the interest differential, the pound is at a discount
if the value of the dollar’s marginal utility is expected to increase more than that of the pound.

Once expressions for \, and A, are found, equation (14) yields the exchange rate and the domestic
and foreign interest rates follow from (15). Using the formulas in equations (1) and (2), the forward
premium and risk premium can be computed. Since ) is the marginal wtility of a dollar, it equals the
total expected marginal utility of consumption divided by the transaction cost adjusted price of one unit

of the home consumption good:
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mux,

— v | 16
1+ V0 (16)
- ax

)\-

where ¥*(t) is short-hand for ¥*{x{,m?) evaluated at the equilibrium and mux, was given in equation (8).
Define consumption velocity V,* as the endowment net of transaction costs times the price level
divided by the money supply.” In equilibrium, the first derivatives of the transaction cost function only

depend on velocity:

O o p vt BVO -y (17
ox om . '

Velocity can be solved for from the inteﬁemporal Euler equation. To derive the intertemporal Euler
equation heuristically, consider saving one dollar today. The marginal cost of this action equals the
marginal utility of a dollar, A, The marginal benefit of the dollar tomorrow not only includes the
marginal utility of wealth tomorrow but also an additional return 2s the dollar reduces transaction costs.

Hence,

e S -3 B VRO WL 29

-BE
ARCLACH ST AGD) a»
X X

where m denotes real balances at time t+1. An analogous procedure yields ).
Specification of the law of motion of the forcing processes
In the simple economy described above, agents are subject to money supply and endowment shocks.
Money and endowment growth rates are assumed to be observed weekly by the ecopomic agents. Let M;
(ND be the home (foreign) money supply, and let x; (¥) be the home (foreign) endowments.
Furthermore, let X, = [In(My/M¢,,),In(x}/x}),In(N/NL.), In(yi/yi.))". 1 assume the law of motion for X,

to foltow:
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AL)X, =2, *ML)¢,

o) 7., ~ NOH)
(19)
h‘l -w, 'blh‘i-l - (:i(f:.l)2 i=1,2,3,4

bY=p @) @5 i)
with a, a vector of constants, A(L), M(L) polynomials in the lag-operator, ¢ a 4x1 vector of innovations
with conditional covariance matrix H, and ., the information set at time t.  The time variation in the
second moments is parsimoniously modelled by a constant correlation GARCH (1,1) model (see
Bollerslev (1990)). This model has been very successful in capturing volatility clustering in financial
series (see the survey in Bbllersiev, Chou and Kroner (1992)).

The conditional mean specification is motivated, estimated and tested below. Time-varying second
moments in the exogenous forcing processes are potentially important determinants of risk premiums in
the forward market. Previous attempts at modelling the time-series behavior of exchange rates {Hodrick
(1989)) or the risk premium (Canova and Marrinan (1993), Kaminsky and Peruga (1990)) by explicitly
allowing for conditionally heteroskedastic forcing processes, have not been very successful. These
models assume that the decision interval of the representative agents coincides with the monthly or
quarterly interval at which the data were sampled. The failure to produce a variable enough risk
premium is then due to the lack of sufficient time-variation in the second moments of consumption and
money measures.

Time aggregation is ap important issue here for two reasons. First of all, using highly aggregated
data to estimate a conditional variance model might lead to poor estimates of the true heteroskedasticity
in the data, A_ nice illustration is contained in Drost and Nijman (1993), who estimate GARCH models
for various exchange rate series at different frequencies. They find that a monthly model implied by a
daily or weekly model contains strong conditional heteroskedasticity although the homoskedasticity

assumption could not be rejected by direct estimation of the monthly model. Secornd, the fact that time-
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averaged consumption data are used instead of spot consumption changes, might severely distort the
measurement of consumption risk and the covariance between consumption and money. Both are

important components of the risk premium in this model.”

3, SOLVING AND CALIBRATING THE MODEL

In this section, I first define the parameter and state vector for the model and briefly discuss bow the
model is solved numerically. Since the model is too complex to allow estimation of all the parameters,
I also discuss the choice of & set of benchmark parameter values. Finally, I describe the estimation
technique for a sub-set of the parameters,

' Numerical solution of the model

The economic environment can be summarized by the parameters &, the state vector 8, and a set of
Euler equations that the endogenous varizbles must satisfy, I partition the parameter space as ¢ = [2,0],
where Z stacks the parameters of the law of motion of the forcing processes and 0 =
[8,7,9,60 ¢ £ £ottas T Ountty, 6,1 with y denoting the curvature parameter of the utility function and
q=+v for addilog utility, and q=5 for homothetic utility. It will be useful to further partition the
parameter space as follows. Let Z, denote the parameters governing the conditional mean equation and
the unconditional variances and correlations of the four exogenous processes and let Z, denote the
parameters governing the time variation in the conditional variances [b, ¢) (1=1,2,3,4). Hence, Z =
[£/.2,). Furthermore, let © = [0,,0,']’, with 0, = [8,0,7,¢,,6,¢,.8,] and 0,=[u,,n,.0,.1,,7,,6,].

Conditionzﬁ on estimates for [Z,Q,), the stare vector ©, of the mode! can be determined, The growth
rates for the exogenous state variables are &enoted by, for example, gm, = M{/M}, (analogous definitions
apply to gx,, gn, gy). The conditional variances h,,, ; are in the time t information set and also part of

the state vector. Because of the constant correlation GARCH model, they suffice to forecast future

conditional variances and co-variances. The stock of durables and the babil stock are introduced in
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stationary format by dividing by consumption levels as is done in Heaton (1993). Hence,
O, = [1, gm,, gx, g% B¥u huursss Buarzzs Bovians Buasae KU/, KAV, BY/G, BTV

The crucial endogenous variables to be solved for are the velocities (equation (18)) and the marginal
utilities (equation (8)). Once these variables are solved for, the other endogenous variables follow
straightforwardly. The solution technique proceeds in two steps. First, a stationary representation of the
relevant Euler equations is obtained where all variables depend only on the stationary state vector defined
above. Then the endogenous variables are approximated by polynomials in the state variables and the
Euler equations are numerically solved using the approach of Judd (1990). To evaluate expectations, |
use Monte Carlo integratio_n as in Heaton {1993) with 4,000 observations. A detailed description of the
solution technique can be found in the appendix.

Parameter Calibration

For the homothetic utility specification I let 9, = [.99%®, L.1, .5, .09, ;09, 2.5, 2.5), for the
addilog utility specification I'let O, = [.g7504a 2, .2, .09, .09, 2.5, 2.5]". As described in the
appendix, these parameters are calibrated to imply reasonable velocity and interest rate behavior in the
non-stochastic steady state of the model and to imply low transaction costs. Previous estimates of the
curvature parameter in the utility function vary wildly but they are often quite low.™ Although the
current specification of 0, imposes discipline on the simulations, I explore the implications of the model
for a setting with more curvature in the utility function as well.

The Q,-parameters are chosen as follows: 9,=9,=.75 §,=6,=.95 =, =.76. With g, = .76,
the half-life of durability is 2.5 weeks and three quarters of consumption vanishes within the month. This
is consistent with the parameter estimates of Dunn and Singleton (1986) and Eicheobaum and Hansen
(1990), since, as in these papers, consumption here is also measured as Nondurables and Services.”* The

sum of the habit weights #, is based on the parameter estimates of Ferson and Constantinides (1991) and

Heaton (1993), which vary between .60 and .95, Estimatés of simple nonseparability parameters typically
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typically favor durability when monthly data are used and favor habit persistence when quarterly or
annual data are used. As Heaton (1993) stresses, these two findings can be plausibly reconciled by a
parameter configuration in which durability dominates in the short run and habit effects in the long run.

Or, in the notation of equation (9), a, > 0 for small v and a, < O for large 7. This requires:

B, (1-8)sp <8 +q (1-0) (20)
My choice of 8,=.95 implies positive a, within the quarter, and negative a, from the Sth month onwards.
As I do not know of any similar estimation exercises for the U.K., I fix these parameter values at the
same levels as chosen for the U.S..

The parameters Z are partially estimated using data on empirical proxies to the endowment and
money supply shocks. I interpret the endowments as per capita consumption of nondurables and services
in the U.S. (the home country) ;nd the UK. (the foreign country), respectively. The monetary shocks
are assumed to be shocks to a broad money concept in these countries.'® These data are sampled
quarterly, which introduces a temporal aggregation problem into the estimation. In general, an artempt
to jdentify parameters from a weekly mode] with quarterly data is plagued with the aliasing probiem (see
for instance Hansen and Sargent (1983), Nijman and Palm (1990)). There could be many models that
yield observationally equivalent laws of motion for the quarterly data. Below I motivate a particular form
for the general law of motion in equation (19) which has the implication that Z, is identifiable from
quarterly data. The parameter vector Z, can then be estimated by the General Method of Moments
(Hansen (1982)), |

Diebold (1986) proves that GARCH processes converge to unconditional normality under temporal
aggregation, which might make it practically difficult to ideatify Z, from quarterly data.” Therefore,
I do not attempt to estimate these parameters from the data. I further simplify interpretation of the results
by assuming b, =b;, and ¢=g¢;, j,j=1,..4. Note that this does not imply that the conditional variances

of the forcing processes are identical or that they are perfectly correlated, only that they move similarly
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over time, e.g. they have identical persistence. In the benchmark case, I put b,=.80, ¢;=.13, for all i.
Taken as a univariate GARCH-model, this parameterization implies 2 kurtosis coefficient of .91 and 2
halfdife of conditional variance shocks of 3 weeks. This is about half the kurtosis and persistence of
conditional variance shocks implied by a univariate GARCH(1,1) model estimated from the weekly
pound/$ exchange rate data used in this paper." The conditional heteroskedasticity assumed at the
weekly level is also weak enough so that it disappears when the data are time-aggregated.” ln simulation
exercises below, 1 explore various patterns of time variation in the second moments of the forcing
processes and their implications for exchange rate behavior,

This completes the discussion of the parameter calibration. In what follows, 1 first further discuss
the estimation of Z,. In the next section, I report all empirical results, including the estimation results
for Z, and extensive simulation results.

Estimating E,

1 estimate the following simple parameterization of the general conditional mean specification in (19):

a, L0 0 0
ale1-] 0 0 00
0 0a,L0 1)
0 0 0

M(L)=1
In words, the money processes follow an ARIMA(1,1,0), whereas the consumption processes are
martingales but the innovations of all four series are assumed to be correlated. While this model seems
very simple, 1 will show that it generates sufﬁcienﬁy rich dynamics at the quarterly frequency to be
consistent with the data.
To motivate this simple model, consider the time-series properties of the forcing processes in Table

2.2 The autocorrelations of the first differenced series, reported in Panel A, show that it would be hard

to reject the hypothesis that the first autocorrelation of both consumption series is .25 and that the second
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autocorrelation is zero. The monetary aggregates are much more persistent than the consumption series.
Panel B contains the results of 2 VAR on the 4 variables. Tesls on the VAR order support a first order
VAR. For each equation, I perform a Wald test for the joint significance of the coefficients on the
variables other than the iagged left hand side varizble. Note the significant cross-effects, particularly in
the U.K. equations. A test of the hypothesis that the innovation covariances are jointly zero also rejects.
Diagnostic tests on the residuals of the first order VAR detect little evidence of significant serial
correlation, heteroskedasticity or deviations from normality, with the exception of some remaining serial
correlation in the U.S. consumption equation residuals.

I argue that these data patterns can be consistent with the simple law of motion specified in (19)
because of temporal aggregation. The effects of rtime—averaging flow variables are well-known. In my
mode] an additional complication arises because of the log-transformation. I choose Lo approximate logs

of arithmetic averages with geometric averages as in Hall (1988) and Heaton (1993), i.e. I assume:

12 12 12
1003 %) -10(Y x15) = 72 3 Do) -In(xts-)] @)
=0 =0 =)

A time-averaged random walk implies a first order autocorrelation of .25 (Working (1960)). For money,
a stock variable, temporal aggregation will introduce an additional MA-component. As is shown in
Bekaert (1992), the implied quarterly law of motion of the ARIMA(1,1,0) specification is ARIMA(1,1,1),
which is potentially consistent with the data patterns.

The VAR tests show that the forcing variables are correlated which is accommodated through the
assumption of correlated residuals in (19). The significant cross-effects in the conditional means might
also be due to a time-aggregation effect. Bekaert (1992) gives a detailed description of the restrictions
that the weekly model imposes on quarterly data and provides an identification proof for 2 model that

embeds the parameterization in equation (19). Hence, the estimation of Z, is not subject to the aliasing

critique.
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The mode! specified in (19) and (2!) has 12 parameters; the two autocorrelation coefficients of the
money processes and the distinct elements of the unconditional covariance matrix of the innovations, Z..
To guarantee positive semi-definiteness of L,, I estimate its Cholesky-decomposition. I estimate the
parameters by standard GMM. Let X, contain the de-meaned quarterly observations on log-differences
of money and consumption. Consider the function f(X.) that maps a subset of the data sample into a
vector-valued stochastic process such that (1/T) T f(X.) is a vector of sample moments at time t. Let
E[f(Z,,X.)] represent the corresponding vector of population momeots. The parameters Z, are estimated
with 16 orthogonality conditions, using the moments E[{(X,,,Z,)] =[vech(E(X,, X,VLERG, X, ERXL
XL, ] for all i and for j=1,3 with the indexing being the same as for X,. As these moments are
analytically known, construction of the orthogonality conditions is trivial. The estimation is done with
a weighting matrix put equal to the inverse of a consistent estimate of the spectral density at frequency
zero of the orthogonality conditions. The latter is estimated using 2 Bartiett kernel with an “optimal®
bandwidth of 3 (Andrews {1991)). The estimation imposes 4 over-identifying restrictions which can be
tested. To test the validity of the model, various other restrictions of the mode! will be tested using the

methodology from Eichenbaum, Hansen and Singleton (1988).

4. EMPIRICAL RESULTS
Estimation of Z,

Table 3 contains the estimation results for Z,. The estimation yields very persistent money supply
rules. The parameters of the innovation covariance matrix are reasonably precisely estimated. The table
reports the resulting standard deviations and correlations. The x3(4) test statistic of the over-identifying
restrictions is 4,157 with a p-value of .385, indicating that there is no evidence against the restrictions.

The C-statistics, reported in the table, test some other restrictions implied by the model. The first

set of restrictions tested is the implication of the model’s weekly law of motion for consumption that the
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second autocovariance of quarterly consumption data ought to be zero. The second set of restrictions
concerns the cross-moments of the quarterly variables. In general, the first order covariance of the
quarterly measured data is non-zero but restricted by the weekly model. 1 test 6 cross-moment
restrictions; the covariance between U.S, money and lagged U.K, money (and vice versa), between U.S.
consumption and lagged U.K. consumption (and vice versa) and between U.S. (U.K.) consumption and
lagged U.S. (U.K.) money. All these covariances were among the strongest in the VAR estimated on
quarterly data. As the table shows, none of the tests performed rejects the restrictions imposed by the
simple weekly model.
Simulation results: Variability and persistence puzzle
Simulation results are reported for a C1A-model, the model with time-additive preferences, the model
with durability only, the model with durability and habit persistence and finally for the complete model
incorporating time-varying uncertainty in the fundamentals.
(1) A ClA-Model
First, consider the case of addilog preferences in Table 4. Panel A contains simulations for the
benchmark parameter values, whereas Panel C increases the curvature parameter fdr the utility function
to 2. In a ClA-model with time-additive preferences, expressions for As,,, and fp,, in terms of the

exogenous processes are given by:

A%.,'(T'l)ﬂnx'—?-lny;::]ﬂn%“: - 3)
X M '

fo, =(r-Dlud-ull+ul-ulsv @
where W/ indicates the conditional mean of In(!,,/jt), j=M,N,x,y and v is a constant depending op the

{co-) variances of the forcing processes. When y = 1 (log-utility), exchange rates only depend on money

and are consequently highly persistent and not very variable, Likewise, forward premiums are very
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persistent and show considerable variance because future money supplies are highly predictable. When
v differs from 1, exchange rates also depend on the supply shocks, which are uncorrelated (see above).
Therefore, their variability increases and their persistence drops, which is apparent from both Panels A
and C.

For the homothetic utility case, exchange rates only depend on the money processes and inherit their
persistence, The CIA model, in general, seems to over-predict the persistence of exchange rates and
under-predict its variability. The simple model implies realistic forward premjum volatility and under-
predicts its persistence at long horizons.

(2) Introducing Transaction Costs

Intuition on the effects of thé different features of the model is best served by focussing on Panel C.
The transaction cost techpology induces variable velocities. Variable velocity acts as an additional
demand shock and both increases the variability of currency depreciation and dilutes the persistence that
is injected by the highly autocorrelated money rules. However, it also implies less predictable IMRS,
making their predictable parts, interest rates, less variable and less persistent.

(3) Introducing Durability

Introducing durability potentially provides a remedy to this persistence puzzle. Suppose the agent
expects high home endowment growth. Because she desires to smooth consumption, she attempts to
consv..xme part of the bumper crop now. As she is constrained by her present income, she attempts to sell
bonds hence driving up interest rates which makes her willing to buy her share of the current endowment.
With durability, a positive shock builds into the service flows and is likely to cause a revision of
expectations in the next period as well, hence injecting more persistence in interest rates. The high
depreciation rate 1-u,, and the lack of any correlation in the original endowment growth rates reduce the

potential impact of durability. Also note that the IMRS are just about as variable here as they were in

the time-additive model, so that exchange rate variability is virtually unaffected.
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(4) Introducing Habit Persistence

The next column reports the results for the benchmark parameter configuration but with Z, still set
equal to 0, Tt offers the most satisfactory match with the data. The economic intuition behind the results
is straightforward. With habit formation, consumers are more reluctant to diverge from smooth
consumption streams. One could interpret the habit stock as a subsistence level of which it is very painful
to deviate. This leads to more variable IMRS, -exchange rates and forward premiums: when the
fundamentals change or expectations get revised, bigger price movements are needed to induce agents
to hold the endowments, Although the model matches forward premium volatility, exchange rafe
variability is stil! somewhat too low. This specification also comes close to explaining the "persistence
puzzle”. The persistent service flows generated under this preference specification generate substantial
persistence in endogenous interest rates, but the model still fails to deliver the persistence observed in
forward premium data. On the other hand, the supply shocks cause a large enough forecast error in the
IMRS to keep the persistence of exchange rates low. Strikingly, exchange rates show significant mean
reversion at long horizons.® This is also due to the long-run habit persistence built in. A positive home
supply shock weakens the dollar by reducing its marginal utility. The endowment adds to the stock of
durables and hence affects the marginal utility of the dollar next period as well. Of course, pew shocks
mitigate this effect and the positive persistence induced by this is not very high. The higher service flow
today also adds to the habit stock tomorrow and the higher habit stock eventually increases the marginal
utility of the dollar causing the negative correlations. As expected, negative correlations start to dominate
after two months,

When v is dropped t0 .2 in the benchmark case, the performance of all models is dismal. They all
severely under-predict both the persistence and variability of exchange rate changes and forward
premiums, Clearly, there has to be some curvature in the utility function for habit persistence to generate

any significant effects,
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With homothetic preferences (Panel B), exchange rate changes and the forward premium become less
variable and the forward premium somewhat less persistent. Agents have utility over a geometric average
of the two service flows which implies smoother marginal utilities and IMRS.

(5) Introducing Time-varylng Uncertainty in the Fundamentals

As all three panels show, the model under-predicts the variance of the risk premium by several orders
of magnitude. Although habit persistence increases the standard deviation of the risk premium somewhat,
the bigpest effects are observed when time-varying uncertainty in the forcing processes is allowed for.
Risk premium volatility is larger by a factor of over 2 (Pane! A) to over 4 {(Panel C), compared to the
case without heteroskedasticity in the forcing processes. Time-varying uncertainty also increases the
variability of both exchange rates and forward premiums. Still, even with v = 2, risk premium
variability in the data is more than 50 times larger than in the model!

To sum up, the benchmark model performs better than previous models do but stills provides a very
poor fit with the data, With rick aversion modestly higher than log-utility however, the model performs
relatively well with respect to the persistence puzzle although it produces too much mean reversion in
exchange rates and somewhat under-predicts the persistence of forward premiums. On the other hand,
it fails drastically with respect to the variability premium puzzle, producing o(4s,.,.) > o(fpn) >
o(rp.,) instead of a(As,.) > o(p,) > o(fp.).

Simulation results: Risk, uncertainly and exchange rates

The previous section has shown, that introducing conditional heteroskedasticity in the model’s market
fundamentals substantially increases the variability of the risk premium. In this section, ] want to address
two additional questions. One is whether the mode! can produce fat tails and/or heteroskedasticity in
weekly exchange rates and the forward premium and how much of these endogenous non-linearities are
due to the heteroskedasticity in the forcing processes. Secondly, I want to further explore the effect on

equilibrium exchange rate moments of different patterns of heteroskedasticity in the forcing processes.
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Table 5 shows the kurtosis coefficient of exchange rate changes and the differenced forward premium,
and variance ratios for the squared series. The additional non-linearities introduced by variable velocity,
durability and habit persistence help to generate leptokurtosis and conditional heteroskedasticity in the
endogenous variables. Nevertheless, the non-linearities induced in exchange rates are fairly weak whereas
there is already quite some fat tails and serial dependence in the second moments of the differenced
forward premium. In fact, for both benchmark specifications the mode! with habit persistence generates
moments for the differenced forward premium that are almost within a two standard error band of the
observed moments.

When time-varying uncertainty is introduced, all moments in all three specifications are within or
very near a two standard error band of the observed moments, The moment that seems the hardest to
match and is under-predicted is the leptokurtosis in exchange rate changes.

Next I examine the importance of both the persistence of conditional variance shocks to the
fundamentals and the leptokurtic nature of the shocks. The former is governed by the coefficient on past
variances in the GARCH speciﬁcatibn whereas the latter is primarily governed by the coefficient on past
residuals. In a first experiment, the kurtosis coefficient is fixed at its benchmark value and I vary b; so
as 10 generate a half-life of conditional variance shocks varying between 1 and 20 weeks. In a second
experiment, I fix the persistence of conditional variance shocks (i.e. b, =.80), but I adapt ; so as to
generate kurtosis coefficients varying between 0.01 and 6.0. To conserve space, 1 do not report the full
results but offer a brief discussion. First, at the benchmark parameters, varying the conditional variance
properties has only minor effects on the variability of the endogenous variables. When 7 is set equal to
2 however, increasing the exogenous kurtosis coefficient from 0.01 to 6.0 doubles the variability of the
risk premium, although it only leads to modest increases in exchange rate and forward premium
variability. Increasing the persistence of conditional variance shocks mainly increases the persistence of

the forward premium without having significant effects on the variability of the endogenous variables.




25

Second, not surprisingly, there are substantial effects on the non-linear behavior of the endogenous
variables. Generally, a small degree of nonlinearities in the forcing process, coupled with the
nonlinearities in the model, generates non-linear patterns in exchange rate changes and forward premiums
that are consistent with what is observed in the data. For instance, there are different ways to generate
a kurtosis coefficient of around 2.0 for exchange rate changes, which is less than 1 standard error below
the sample moment of 3.0. In particular, the exogenous kurtosis coefficieat can be increased to 4.0 or
it can be kept at its benchmark value of 91 and the half life of conditional variance shocks can be
increased from 3 weeks to about 10 weeks. As ] will show below, the same effect can be accomplished
through changing preference parameters as well.
| Simdation results; Sensitivity analysis

To further explore the performance of the model, I vary respectively the curvature parameter,
the habit weight parameter and the curvature parameter in the transaction cost technology, keeping the-
other parameters in the benchmark specifications constant. These three parameters are important
determinants of the level of non-linearity in the model. Figure 1 shows the effect on 9 moments of
changing the curvature parameter in the addilog specification. Similar graphs for the other experiments
are available from the author on request. The moments involved are the standard deviation of exchange
rate changes, the forward premium and the risk premium, the variance ratio (horizon 13) for exchange
rate changes and the forward premium, the kurtosis coefficient for exchange rate changes and the forward
premium and the variance ratio (horizon 13) for squared exchange rate changes and the squared
differenced forward premium. The full horizontal line represents the sample value whereas the dotted
horizontal lines are two standard error bands around the sample value. The parameter v is varied
between O and 5.5 whereas the other parameters are fixed at their benchmark values.

In discussing the results of the sensitivity analysis, let us first focus on the volatility and persistence

puzzles (Figures 1a and 1b). Increasing the curvature parameter, the sum of the habit weights or the
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curvature parameter in the transaction cost technology has similar effects, albeit in differing degrees. The
variability of IMRS and hence of exchange rates, the forward premium and the risk premium alike
increases. Risk premium variability becomes only more realistic at a relatively high level of curvatre
in the utility function or high values for the habit weight parameter. For instance, for ¥ > 4, risk
premium variability is within the two standard error band. Exchange rate variability and forward
premium volatility can be matched, but not simultaneously. The effect of more habit persistence is
minimal in the addllog case, as there is not enough curvature in the utility function. Increasing the habit
weight also bas ambiguous effects on the persistence puzzle. Forward premium persistence goes up, but
the model generates more mean reversion in exchange rates. Finally, the model does very well in
generating realistic non-linear patterns in the forward premiums and exchange rate changes over a quite
broad parameter range {see Figure 1c). Note how increasing y also increases the endogenous
leptokurtosis and heteroskedasticty in exchange rate changes. When v is larger than 5, leptokurtosis in
exchange rates becomes unrealistically high. Generally, the effects of changing the transaction cost
technology parameter are less pronounced.

In changing other preference parameters, the most favorable effect occurs when 8 is increased. This
increases the long memory in the service flows. The effects on the addilog utility case with v = 2 of
increasing 8 to .97 can be seen in the EXP I-column in Table 4, Panel C. The variability of exchange
rates is now within one standard error of the sample moment, whereas the persistence of the forward
premium also increases. Although the variability of the forward premium is too high, it does increase
percentage wise less than the variability of the risk premium does.

Lastly, it Is possible to specify parameter configurations for which the standard deviation of the risk
premium is within 2 standard errors of the sample standard deviation, without increasing the curvamre
parameter too much, As shown in the EXP I column of Table 4, Panel C, this comes at the cost of far

too variable exchange rates and forward premiums. 1n the EXP II column, the same parameters are used
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but without heteroskedasticity. This once again shows the dramatic effect of adding time-varying
uncertainty in the fundamentals to the model. Relative to EXP II, time-varying uncertainty almost
doubles the variability of forward premiums and exchange rate changes and leads to a more than tenfold
increase in the volatility of the ﬁsk premium,

The failure of the model to generate sufficient risk premium volatility also surfaces in the correlations
between future spot changes and the current forward premium. Not a single experiment in all my
simulations yields negative correlations!

CONCLUSIONS

Standard frictionless monétary general equilibrium models fail to explain the relative variability and
persistence of exchange raies, and the forward and risk premium. They also fail to capture their non-
linear behavior. In this paper, T maintained a frictionless rational expectations mode! but introduced a
more realistic decision interval for the representative agents and more realistic preferences incorporating
various forms of time nonseparabilities. The combination of time-varying uncertainty in the fundamentals
and time aggregation was shown to be an important factor in explaining the risk premium puzzle.
Simulation results indicated that the risk premium can be made several orders of mgniﬂde more variable
than in previous models without implying very unrealistic endogenous moments for exchange rate changes
and the forward premium. The non-linearities embedded in the model coupled with weak forms of time-
varying uncertainty in the fundamentals endogenously generate substantial heteroskedasticity and
leptokurtosis in exchange rates and the forward premium. Still, the model has the tendency to over-
predict the variability of the forward premium and severely under-predict the variability of the risk
premium. Although the persistence of forward premiums can be matched, it requires levels of risk

aversion that imply slightly too variable forward premiums and exchange rates that are 100 mean-

reverting.

Several generalizations of the present model are potentially useful. Bekaert, Hodrick and Marshall
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(1994) for instance, explore the predictability of asset returns, including forward market returns, in a
recursive preference framework with first-order risk aversion. Although first-order risk aversion also
substantially increases the varjance of the risk premium relative to time-additive models, the model
substantially under-predicts the variability of exchange rates, the forward premium and the risk premium.

The empirical results of Bekaert and Hodrick (1993) suggest another useful direction for further
research. In an empirical re-examination of the unbiasedness hypothesis, we find that unbiasedness holds
for the British pound during the 1975-1980 period. In fact, the slope coefficient in a typical unbiasedness
regression test is slightly larger than 1 for that sub-period. In the turbulent eighties, the rejection of
unbiasedness is very severe. I;lfetestingly, for the 1973-1976 period, i.e. before the system of floating
exchange rates was formally implemented, we also find negative slope coefficients. It is possible that
rational agents, faced with an array of policy signals, need time to recognize or "believe” changes in
policy regimes, Such rational “learning™ can lead to systematic forecast errors (see for instance Lewis
{1989)) and partially ‘explain the negative slope coefficients.

A third generalization is to break the complete markets set-up. In that case, the IMRS need not be
equalized across countries. As agents can still self-insure through asset trading, asset prices might not
differ very much from the complete market case. However, the perfect risk sharing assumed in this
paper has several counterfactual implications. First of all, the extent of international portfolio
diversification is actually very limited. Second, the set-up implicily imposes Purchasing Power Parity
(PPP), which is grossly violated in the data, In fact, when PPP-deviations exist, investors in different
countries measure their real returns differenty and generally desire to hold different portfolios (see Adler
and Dumas (1983)). An additional channel to break PPP, is to explicitly model non-tradables. When
utility is nonseparable in tradables and non-tradables, the IMRS's which are used to discount asset payoffs
depend on non-tradables as well, Lastly, the large current account imbalances between major industrial

countries indicate the usefulness of a general equilibrium model that allows wealth redistributions. I

intend to explore a heterogeneous agent economy with non-tradable goods in the near future.
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FOOTNOTES
1. See the survey on conditional heteroskedasticity in asset prices by Bollerslev, Chou and Kroner (1992).

2. See for instance Bansal, Gallant, Hussey and Tauchen (1993), Bekaert (1994), and Canova and
Marrinan (1993).

3. This frequency strikes a balance between the belief that periods of turbulence in asset prices at that
frequency coincide with turbulent movements in market fundamentals such as money growth, productivity
shocks and policy shifts, whereas at higher frequencies market micro structure effects might play a
predominant role.

4, Bansal, Gallant, Hussey and Tauchen (1993) is a related, contemporaneous effort.
5. The analysis in Bekaert and Hodrick (1993) indicates that this is 2 harmless assumption.
6. For a recent assessment of these tests, see Bekaert and Hodrick (1993).

7. All the moments used in computing this coefficient are estimated in a joint General Method of
Moments System (GMM).

8. This is consistent with the Vector Autoregressive Regression (WAR)-based estimates of Bekaert (1993).

9. The formulation implicitly assumes that there exist assets paying out the monpetary transfers and
endowments.

10. Constantinides (1990) for instance shows in a single good economy that habit persistence drives a
wedge between the coefficient of relative risk aversion and the inverse of the elasticity of intertemporal
- substitution. .

11. Relaxing this assumption can only occur at considerable computational cost and would make it
impossible to solve the mode] with time nonseparable preferences and conditional volatility shocks.
Preliminary results of general equilibrium analysis with heterogeneous agents and incomplete markets,
suggest that agents manage to smooth consumption very well with oaly a limited oumber of available
assets (see e.g. Lucas (1991) and Marcet and Singleton (1990)). Consequently, asset prices do not differ
very rouch from the complete markets case,

12. The empirical proxy for the endowments will be taken to be net of transaction costs.

13. A lognormal example that links the risk premium to the second moments of the forcing processes is
worked out in an appendix available from the author.

14. See for instance Bansal, Gallant, Hussey and Tauchen (1993) and Canova and Marrinan (1993) for
parameter estimates lower than 1 in an international framework.

15. Whereas they did not allow for lags beyond two months, my specification implies that less than 10%
of the stock remains after 2 months.

16. See the Data Appendix for more details.
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17. Results on the time-aggregation of GARCH-processes are scarce. Drost and Nijman (1993) restrict
themselves to univariate models and show that strong forms of GARCH are not closed under temporal

aggregation.

18. The parameter on the past conditional variance equals .882, the coefficient on the past squared
innovation .094, implying a half-life of conditional variance shocks of 5.54 and a kurtosis coefficient of

1.82.
19. For a small Monte Carlo experiment demonstrating this, see Bekaert (1992).

20. The log-difference specification of (19) is justified by the unit root and cointegration tests reported
in Bekaert (1992).

21, Huizinga (1987) actually finds evidence for mean reversion in real exchange rates.




DATA AFPENDIX

The exchange rate data are daily data from Citicorp Data Services. Bob Korajzyck supplied DRI
Eurocurrency interest rates running until mid 1988 which were obtained at INSEAD. All rates are
sampled each Friday and averages of bid and ask rates. When Friday was a holiday, the Thursday rate
was picked. |

Quarterly consumption on nondurables and services is taken from the OECD Quarterly National
Accounts. The UK. semi-durabies category is included as it is comprised of consumption items that are
included in the nondurables category for the United States. The series are seasonally adjusted and in
1982 dollars, resp. 1985 pounds.

Money is measured as eﬁd-of-the—quaner M2 money stocks, For the U.S., M2 is taken from
Citibase. Due to the introduction of MMDAs and super NOW accounts, there is an outlier in the U.S.
data in the first quarter of 1983. The money growth rate for that quarter is replaced with a weighted
average of past and future growth rates, incorporating 18 quarters of data. Published monetary
aggregates in the UK. cannot be used as there were several definitional changes that make it virtually
impossible to deduce a consistently defined series over the whole sample. Therefore, I obtained data on
the concept M4 directly from the Bank of England. It is a broad aggregate comparable to M2 in the U.S.
except that it also includes deposits (including Certificates of deposits) with building societies. In
November 1981, a big financial institution (the trustees savings bank) turned into a bank, increasing the
money supply by 7.5% ovemnight (see Bank of England Quarterly Bulletin, Dec. 1981). This outlier was
corrected for in & similar fashion as the U.S. outlier. The money series are also seasonally adjusted.
Both the money and real consumption data were divided by total population {series 99z in the

International Financial Statistics data set) to arrive at per capita data. The population data are mid-year

estimates which are linearly interpolated to obtain quarterly data.




APPENDIX 1: THE CALIBRATION OF 0,
In the non-stochastic steady state of the model, the expressions for velocity and interest rates only
depend on the parameters in €. In the case of addilog utility, steady state home consumption velocity

is given by

R 1
V5= tc,(:*-m"tﬂ%ﬁ -1, (1)

with upper bars denoting steady state values. Likewise, the four week steady state interest rate is defined

by
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The expressions for steady state interest rates and velocity for the homothetic utility case are

3 == . Y
TR Sl 2 R €
- Sy BBy i
R ey T )
Total transaction costs as a proportion of total consumption, TC,, in steady state are given by
TC, = ¢, (VH)T-3 (5)

The expressions for the foreign good are similar.

To obtain empirical estimates of the steady state values, I obtain monthly interest rate means from
the interest rate data used in the paper, and quarterly velocity means from the OECD data on
consumption and consumption deflators and the money supply data described in the Data Appendix.

To link quarterly (V,} and weekly (V) velocity, I assume:
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An analogous expression holds for foreign consumption velocity.

I consider the following parameter range:
B € {.95, .955, .96,..., 1.0}
y€{0,.1,.2,3,.., 29, 3.0, 3.25, 3.50, ...,10.25}
¢, = ¢, € {.0001, .001, .002,..., .01, .02,..., .1}
¢ =& € {1.25,..., 2.0, 2.5, 3.0, 4.0, 5.0}.

To find a “reasonable” paraﬁeter configuration for 0, the following procedure is performed:
(1) Compute mean growth rates of home and foreign consumption and money from the simulated
observations according to the law of motion specified in equation (19) in the text, i.e. Z, is set equal to
its estimated values but Z, is set equal to 0.
(2) For each parameter configuration, compute the steady states for velocity, the monthly interest rates
and transaction costs TC, and TC, using equations (1)(5).
(3) Discard parameter configurations which yield TC, or TC, > .01 and < .0001.
(4) Discard parameter configurations which yield too high or too low velocity. The lower bound is
computed as the weekly equivalent from the quarterly mean, computed with the data used in the paper.
As T used a broad monetary aggregate, I consider these means to over-estimate the mean of velocity
consistent with the transaction cost technology modelled in the paper. I also compute an "adjusted *
mean by multiplying all the velocities with the ratio of consumption to GNP as in Marshall (1992). I use
this guarterly mean as the upper bound for weekly velocities. Hence, the velocity mean requirements
are weak,
(5) Of the remaining parameter configurations, these parameters are chosen that come closest to matching

the interest rate means. For both utility functions, the resulting parameter configurations are nearly

within a 3 standard error band of the data means.




APPENDIX 2: SOLYING THE MODEL
As indicated in the text, the marginal utilities mux,, muy, and the consumption velocities V3, V] must
be determined. The expression for mux, follows from equations (8) and (9) in the text. It can be
rewritten as: |

mux, = v, dmux, +w, hmeot,
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A remaining problem is that, consistent with what is observed, the endowments and money supplies are
assumed to grow over time. Therefore, I solve for a stationary equilibrium, in which stationary
endogenous variables such as exchange rate changes.linﬂ ation and velocity depend only on stationary state
variables, including growth rates of money supplies and endowments. To induce staﬁonarity in the stocks
of consumption goods and the habit stocks, I divide by the level of consumption. This normalization is
used by Heaton (1993) and leads to a natural stationary representation of the state vector. Define a scaled
marginal utility as:

smux, = i
! Bu(xz, ,y’,) (&)
ax?
where the denominator is the particular period-utility function evaluated at present equilibrium
consumption purchases. Define sdmux, analogously by replacing mux, in (8) by dmux,. Then sdmux,
solves the following difference equation:
An analogous equation applies to hmux,. Once market clearing is imposed, the marginal utiliry ratios in

(9) will be direct functions of the state vector and the difference equation can be solved for sdmux,. Note

that: smux, = w, sdmux, + w, shmux,. With the solution for smux,, the Euler equation determining




du(s!,s) du(xy,, ¥y

as! ax!
sdmux,» — ' _+8u E [sdoux ,— ' 9
TGy e @
ax,I 3":
velocity can be re-written in stationary format:
4 4
au(xa\-l"y“I) 1— aw;(t‘l)
Smux Kyet P om
_ " "1 agE ™ (DR — 9B 10
1+8W’(t) B \lsmux.l au(xf,y:) ( 0 l+3¢'(t*l)] (19)
X - Jx

ax)

As the right hand side depends on state variables at time t, equation (10) describes the solution for 3¥*/0x
and hence for velocity.

Let ©, € RF be the vector of stationary state variables which completely spans the information set
and ¢, = [V1, VI, smux,, smuy,], the set of endogenous variables to be solved for. The other endogenous
variables are trivial functions of ¢, As the model is dichotomous in ¢} = [Vi,smux] and &} = [V,
smuy), I can restrict the discussion to the solution method for ;. The two basic Euler equations that

must be solved in this model are (9) and (10). They are of the form:
Alw,8)=E [T(e,.8,)] (11)

where A(.,.) and I'(,.) are known functions. As ¢, is a continuous function mapping R*, the space of
the state variables ©, into R, it can be approximated arbitrarily well by polynomials. The polynomial
coefficients are found by minimizing the approximation error over some norm. The technique I use
follows Heaton (1993) in employing Monte Carlo integration to evaluate expectations. Marcet and
Marshall (1993) actually formally prove that, when the sample size and the polynomial order, approach
infinity, the numerical equilibrium solution converges to the Rational Expectations Equilibrium.

More specifically, I first solve for the scaled marginal utilities. Let p,(6)) be a vector of polynomial

elements in B, of degree < n. Denote £,(8,,q) = [®,(n{6))'q.]), where g, indicates the polynomial




coefficients. Let sdmux, = f(0,;q.). Substitute this in the difference equation (8) to find the

approximation error u(6,;q.):

du(s!,s?) dulxl,, yh)
ds! axl‘-l
iq) =£.(8:g)—o' _ -BuE [£(6.q.) — ! __ 12
u(e,;q,) =£,(6,:q,) a0t 3 BuE[£.(8,:q,) PR ] (12
ax? ax!

[] 3

The parameters q, are chosen such as to make u(0,,q,) orthogonal to the polynomial elements p(8,,q,)

or;
E[u(8,;q,) p.(8)] =0 (13

By the law of iterated expectations, this can be rewritten as:

du(sy,s]) u(x),,Ye)
E[{£.(8:9.) ~— 25 (8,10 — 25 }p (8)] ~0 (14)
U au(xt,yh T uxd,yhy
ot T

The expectation can be taken by Monte Carlo integration, i.e. by drawing 2 long time series for 8, and
taking sample averages of the expression in equation (14). The coefficients g, then follow from solving
a system of non-linear equations. The difference equation for shmux, is solved analogously and smux,
is obtained as in equation (7).

To solve for velocity, approximate V} by polynomials and substitute the approximate velocity functi-on
into equation (10). In this case the polynomials will be exponentiated to guarantee positive velocities.

The marginal utility smux, is replaced by its approximation previously solved for. This will give rise to

! This is the Galerkin method, one of the Minimum Weighted Residuals (MWR)
methods, described by Judd (1990).




an approximation error that is projected onto the polynomial elements in order to solve for the polynomial

coefficients.?

* It is straightforward to compute analytical derivatives for the various
non-linear systems so that solutions are obtained relatively fast even for large
state spaces.
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Table 1
Time series properties of exchange rates, the forward premlum and term spreads

The sample period is January 1975 lo December 1990. Observations are sampled weekly on As, the weekly
logarithmic exchange rale change, fp, ,, measured as the difference between the U.S. one month inlerest rale and
the UK onc month inlerest rate. All inlerest rates are annualized, ie., they are multiplied by 1200. Weekly
currency deprediation it also multiplied with 1200. The symbol ¢ always denotes the standard deviation, ac,
denotes the nth autocorrelation and v, the variance ratio including i aulocorrelations, estimaled as in Equation
(4) in the paper. In the third row, the normalized kurtosis eoefficient ku is computed for (de-meaned) currency
depreciation and for the differenced forward premium. The standard errors are derived by GMM. The mean,
standard deviation, kurtosis cocflicient and the moments reported in Panel B are estimated jointly using 13
Newey-West (1987) lags in calculating the variance matrix. The standard errors for the variance ratios follow
from the joint estimation of 52 autocorrelations and their variance matrix using 51 Newey-West lags. The cross-
correlations in Panel B are between the forward premium and future exchange rale changes and between the
differenced forward premium and squared demeancd depreciation respectively.

Panel A: Unlvariate properties

A 5 fp\‘ (As!)‘ (Afpl.l)’
mean -319 -2.637
(702) (426)
o 17.658 3.481
(1.069) {343)
ku 3.000 8635
(1.290) (2.495)
g, 025 n 171 145
(037) (.007) (073) (057)
ac, 006 549 160 228
(054) (012) (.055) (0%3)
ac, 044 925 194 199
(.034) {019) (.047) (031)
ac, -033 273 197 208
(.036) (.031) (104) (.070)
ac,, -.008 578 - 005 072
(:039) (075) (021) (022)
A 1110 4,794 1663 L702
(.070) (.049) (229) (210)
N 1304 12350 2419 2718
(.133) (390) (427 (413)
Y 1.460 21.097 i 3746
(.195) (1.295) (495) (634)
A 1725 32798 4.101 5957

(319) (3.667) (N7 (1.174)




Panel B: Cross correlations

A /(As.) A, /(8s.,)  As,/(8s.)  As./(As.)

fpe -097 -.104 -.104 112
(.038) (.038) (.039) (-037)
020

(afp ) 051 ~006 020 -
(.068) (:019) (041) (.024)




Table 2
Time serles propertles of the forcing processes

The standard errors of the autocorrelations are computed by GMM, using the heteroskedasticity and
autocorrelation consistent covariance estimator described in Andrews (1991) with a Bartlet( kernel and optimal
bandwidth of 2. The appropriate lag length for the VAR minimizes the Akaike or Schwarz criterion in Panel
B. Paramcler estimates are obtained by OLS and reported in Panel C with heteroskedasticity consistent staodard
errors. The symbol &, stands for the m-weeks difference operator and the subscript a for lime-averaged data.
The x*(3) statistic in Panel C tests whether the 3 coefficients other than the one on the lagged lefi band side
variable are jointly equal to zero. A (est statistic on the joint significance of the 6 innovation covariances is also
reported. The test statistic is derived from the joint distribution of the VAR parameters and the innovation
matrix and has a x'(6) distributionIn Panel D, the Cumby-Huizinga (1992) Mtest for serial correlation of the
residuals is robust to conditional heteroskedasticity and lagged dependent variables. The Q2-test is the Ljung-
Box test statisiic applied to squared residuals The ARCH-test is the standard Lagrange multiplicr test for serial
correlation in the squared residuals, as propased by Engle (1982). All tests are x7(n) with o the number of
lagged squared residuals included in the test. Ku is the normalized kurtosis coefficient and Sk the normalized
skewness cocfficicot. Their asymptotic distribution is N(0,24/T), N(0,6/T) respectively, with T the sample size,
under the null of normality. BJ is the Bera-Jarque (1982) test for normality and is x*(2). P-values, based on
the x*-distribution, are reported for all test statistics.

Panel A: Autocorrelations
4.a(M) AJa(x) 4.la(N,1) 4,1a(L)
ac, 464 296 3n 376
(.102) (.128) (167 (.119)
ac, 255 067 439 ‘ 143
(080) (104) (-120) (095)
ac, 345 139 -002 -102
(.078) {.100) (.119) (.192)
ac, 118 284 238 -130
(163) (117) (122) (.150)

Panel B: Selection criteria for the VAR order
VAR order Akaike criterion  Schwarz crilerion
1 4034 -39.80

2 -40.03 -38.95
3 -40.28 -38.64




Panel C; Parameter coefTiclents for VAR of order 1

A-h(M:-hl) A-h(,:-la) A-l'n(N.l-l.n) A-lﬂ()'m..) R’ wa]d
A ln(M ) 537 -297 -.068 - 066 212 6.008
(121) (.194) (123) (102) (111)
AIn(x,) 158 204 087 050 o9 7.078
(068) (142) (:100) (065) (:069)
AIn{N,) -012 ~286 289 097 097 14.749
(137 175) (-.149) (.083) (.002)
A ln(y.) -425 £56 275 -092 A52 16.535
(-164) (300) (-164) (135) (-:001)
Test on Innovation covariances: 17.793 (.007)
Panel D: Residual Diagnostics
1(4) Q2(8) ARCH(4) Ku Sk BJ

Eq.1 6825 3.876 o 265 -.137 386

(145) (4B (417) (665 (655 (824)

Eq. 2 12462 7902 - B.746 973 296 3.459

(04 (095) (0s8) (112) (333) (177

Eq.3 1371 3.081 3.938 £31 -370 2520

(849)  (549) (415) (303) () (289)

Eq.4 10613 4512 5704 140 005 052

(1) (296 (22 (81) (986) (97




Table 3
GMM estimatlon of the law of motlon for the forcing processes

The parameters cstimated govern the unconditional moments of the law of motion specificd in Equation (23)
in the text. Although the Cholesky-decomposition of the unconditional covariance matrix of the innovations is
estimated, I report the resulting correlation matrix of the inpovations with standard deviations on the diagonal.
The standard errors arc oblained from the standard errors of the estimated parameters using the Mean Value
Theorem. By estimating the Cholesky-decomposition directly, positive semi-definiteness of the covariance matrix
is automatically imposcd, The J; statistic tests the over-ideatifying restrictions of the original estimation with
16 momcats. P-values are given in parestheses. The C-tests test various restrictions implied by the weekly
model for quartecly data  These restrictions arc discussed in the text The test methodology follows
Eichenbaum, Hansen and Singleton (1988). Firsy, the parameters are re-estimated using (he 8 moment
conditions lo be tested in addition (o the 16 original moments. This yields a x*(12) test statistic for the over-
identifying restrictions, which is denoted by J,{12). Suitable partitions of the resulting weighting matrix are then
used (o estimate the model parameters with less moment conditions. The difference of the J,{12) test statistic
and the new test of the over-identifying restrictions is denoted by Ci(n) with o the sumber of moment coaditions
not used in the final estimation. Hence, Ci(6) is the (est statistic for the 6 cross-momenl restrictions, C,(2) the
test statistic for the consumption autocovariance restrictions and C(8) tests all 8 restrictions simultancously,

All test statistics have x*-distributions with degrees of frecdom cqual to the number indicated between brackets.

Autocorrelation coefficlents

8, = 893 (mi)
a,, = 865 (.038)
Correlation matrix
0003 291 -.198 -247
(:00006) (.128) (.161) (.107)
0015 -055 255
{.00014) (-149) (-128)
0004 A65
{.00007) (114)
0003
(.00024)

Tests of the model

(%) (@) Cr() G(2)
4157 5.110 3.996 1.114

(385) (746) (67) (573)




Table 4
Simulation results for exchange rate changes and the forward premium

The simulated sample used in computing the endogenous model moments bas 4000 observations. Second order
polynomials are used in approximating the endogenous variables. The acropyms are understood as: CIA = cash-
in-advance, AL=addilog, HO=homothetic, T=time-additive, D=Durability, DH =durability and habit
persistence. The benchmark parameters for DHAL are B= 97'%, n, =7, = 75,8, =8, = 95, 1, = p, = .76, ¢, = ¢, = 090,
§,=€,=25, y=02. The beochmark parameters for DHHO are B=59'3, q, = =.75,0,=0,.95, p,=p, =76
¢, =c =090, €,=€,=25, y=11, §=5. The first column repeats the data moments and their GMM based
standard errors. The next 3 columns of the table contain simpler variations of the benchmark specification, for
example TAL in Panel A denotes a time-additive model (1, =9,=0.0, , =p,=0.0) with addilog preferences and
s curvature parameter equal to 2. The b, and ¢ parameters (3=1,23,4) in the far-right colump are the
parameters governing the time-variation in the second moments of the forcing processes as specified in Equation
(19) in the text. The forcing processes are gencrated according to the estimated parameters of Table 3 and with
conditional heteroskedasticity as determined by by and ¢, For any simulation with conditional beteroskedasticity,
polynomial elements with a higher than 99 correlation with other polynomial elements are discarded in order
to reduce the dimensionality of the system. Pane! A reports results for addilog preferences, Panel B for
homothetic preferences and Panel C for addilog preferences at the benchmark paramcters but with - set equal
to2 The last three columns in Panel C report simulations for more extreme parameter values, In EXP L, 4, and
8, are set equal to 97, but the other parameters are the ones from the full model with ¢ = 20. In EXP II, there
is po conditional beteroskedasticity (b, ¢,»0), but 7=22;n, =5 = .80 and 4, =f, = 98. In EXP III, the parameters
are the same as in EXP I but with the benchmark case conditional heteraskedasticity.

Panel A: Addilog preferences

DATA ClA TAL DAL DHAL  DHAL

b= 580

4=.13

o(As) 17.668 2825 4091 4180 4280 4366
(1.069)

viy(As) 1304 1653 1084 1059 1.077 1.050
(.133)

vo(As) 1.725 1995 1044 1006 978 1.084
(314)

o fp.d 3.481 3812 M6 546 909 1.019
(343)

(P 12350 8142 1176 2761 3.905 5.433
(3%0)

vo(fp.d 32798 12320 1245 3242 4926 8.858
(3.667)

o(rp.a) 10.841 002 005 003 005 on

(2847)




Panel B: Homothetic preferences

DATA ClA TAHO DAL DHAL  DHAL
b,=.80
¢=.13

o{ds) 17.668 1304 4.933 4.901 6.385 6.911

(1.069)

v(As) 1304 8.140 1.037 1.041 948 992
(133)
vo{As) 1.725 12.439 1.015 1.024 762 746
(314)
e(fp..) 3.481 iy 474 674 1.794 2.246
(343)
vi,{fp.J) 12350 8.115 1132 3168 9303 8558
(3%)
va(fp.) 32.798 12345 21 3s32 20552 17.242
(3.667)
o(rp.J 10.841 001 003 005 009 025
(2847)
Panel C: Addilog preferences with y=2
DATA ClA TAL DAL DHAL DHAL EXP EXP EXP
b=280 I b | m
g=.13
o(As) 17668 4159 7544 7S41 12650 13923 17583 27831 41617
(1.06%)
viy(ds) 1304 2314 1038 1032 907 970 987 978 995
(-133)
vg(As) L1725 3an 1048 1045 622 614 661 700 S92
(3149)
olfp.d 3481 in 685 865 3903 4.953 6.279 93540 14781
(343)
vo(fp.) 12350 7952 1176 3421  10.009  9.049 9.13% 11126  8.670
(3%0)
vo(fp) 32798 12161 1224 385 22620 18683 20712 30057 21201
(3.667)
o(rp.) 10841 003 006 D11 041 183 363 376 4.608

(2847)




Table §
Heteroskedasticity and fat tajls In the endogenous variables

See Tables 1 and 4 for an explanation of the symbols used in this table.

Panel A: Addllog Preferences

DATA CIA TAL DAL DHAL DHAL
b,=80
=13

ku(As) 3.000 02 -027 -042 156 652

(1.290)

v((8g)) 2419 1242 95 812 1126 1.835
(427

vo{(A)Y) 41001 1185 8N 816 1262 2.7
(717

ku(Afp ) 8.635 052 731 589 318 12401
(2.495)

vo{(afp)h) 278 1157 1664 173 1814 2350
(413)

va({Afp)Y) 5957 1335 1574 1.743 2182 2.869

(1.179)




Panel B: Homothetlc preferences

DAL

DATA ClA TAL DHAL  DHAL
b;=80
=13

ku(As) 3.000 040 010 -010 030 280

(1290

v, ((As)) 2419 7374 1085 1068 1058 1.761
(427)

vg((82)) 4101 10150 937 948 885 2574
(nn

ku(Afp ) 8.635 -011 3015 3347 3056 5198
(2.495)

vo((Afp)) 2718 1030 194 1693 1793 2569

vo((Afp )Y 5957 568 1.990 1.889 2,028 3531

(1.174)

Panel C: Addilog preferences with more curvature

DATA Cla TAL DAL DHAL DHAL
b,= 80
¢=.13

ku(As) 3.000 031 D20 D47 A28

(1290)

viu((As)Y) 2419 1.429 1.068 101 1.032 2.625

(427)

vo((As)?) 4.101 137 859 909 901 4.461
()]

ku(Afp.) 8.635 249 3215 2528 1543 6363
(2.495)

vu((Afp )Y 2718 1289 2.508 1m 1.854 2285
(413)

vo((Afp,))  5.957 1158 2946 1934 1933 3224

(1.174)




Figure 1:  Sensitivity to 4 (Addilog Ultility)

Figure 1a: Effect on Variability
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Figure 1b: Effect on Persistence
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Figure lc:

Effect on Non-Linearities
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