DANMARKS

NATIONALBANK

DANMARKS NATIONALBANK
WORKING PAPERS

2004 o 15

Torben M. Andersen
University of Aarhus, CEPR, and EPRU

and

Niels C. Beier

Danmarks Nationalbank, Copenhagen

International transmission of
transitory and persistent monetary
shocks under imperfect information

17 May 2004



The Working Papers of Danmarks Nationalbank describe research and
development, often still ongoing, as a contribution to the professional debate.

The viewpoints and conclusions stated are the responsibility of the individual
contributors, and do not necessarily reflect the views of Danmarks Nationalbank.

As a general rule, Working Papers are not translated, but are available in the
original language used by the contributor.

Danmarks Nationalbank's Working Papers are published in PDF format at
www.nationalbanken.dk. A free electronic subscription is also available at this Web
site.

The subscriber receives an e-mail notification whenever a new Working Paper is
published.

Please direct any enquiries to

Danmarks Nationalbank, Information Desk, Havnegade 5, DK-1093 Copenhagen K
Denmark

Tel.: +45 33 63 70 00 (direct) or +45 33 63 63 63

Fax : +45 33 63 71 03

E-mail:info@nationalbanken.dk

Nationalbankens Working Papers beskriver forsknings- og udviklingsarbejde, ofte
af forelgbig karakter, med henblik pa at bidrage til en faglig debat.

Synspunkter og konklusioner star for forfatternes regning og er derfor ikke
ngdvendigvis udtryk for Nationalbankens holdninger.

Working Papers vil som regel ikke blive oversat, men vil kun foreligge pa det sprog,
forfatterne har brugt.

Danmarks Nationalbanks Working Papers er tilgeengelige pa Internettet
www.nationalbanken.dk i pdf-format. Pa webstedet er det muligt at oprette et gratis
elektronisk abonnement, der leverer en e-mail notifikation ved enhver udgivelse af
et Working Paper.

Henvendelser kan rettes til :

Danmarks Nationalbank, Informationssektionen, Havnegade 5, 1093 Kagbenhavn
K.

Telefon: 33 63 70 00 (direkte) eller 33 63 63 63

E-mail: info@nationalbanken.dk

Det er tilladt at kopiere fra Nationalbankens Working Papers - savel elektronisk
som i papirform - forudsat, at Danmarks Nationalbank udtrykkeligt anfgres som
kilde. Det er ikke tilladt at aendre eller forvanske indholdet.

ISSN (trykt/print) 1602-1185
ISSN (online) 1602-1193



Resumé

Vi analyserer transmissionen af moneteere stad i en New Open-
Economy Macroeconomics model med en-periode nominelle
lankontrakter og imperfekt information. De moneteere stad har
transitoriske og persistente komponenter, der hver isaer kun bliver
kendt gennem leering over tid. Tilpasningen til stedene andres i
forhold til tilfaeldet med fuldsteendig information. Der er persistente
effekter pa internationale relative priser, og ved persistente stad kan
den nominelle valutakurs udvise delayed overshooting. | nogle
tilfeelde er der (ex post) excess returns, da der bade er et positivt
rentespaend og en apprecierende valuta (eller omvendt). Til sidst
vises, at asynkrone Ignkontrakter forgger persistensen.

Abstract

We analyze the transmission of monetary shocks in a new open-
economy macroeconomics model with one-period nominal contracts
and imperfect information. Shocks may have transitory and persistent
components, which only through accumulation of information over
time becomes known. Responses to shocks are altered compared to
the case of full information. There are persistent effects on
international relative prices, and delayed exchange-rate overshooting
is possible following a persistent shock. In some cases, there are (ex
post) excess returns as a positive interest rate spread is
accompanied by an appreciating currency (or vice versa). Lastly, it is
demonstrated that staggering re-inforce persistence.
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1 Introduction

Information flows are essential for financial markets, and a great deal of re-
sources are absorbed by analyzing the developments in asset prices. Market
participants and the media exert much effort to interpret current market sig-
nals in an attempt to infer information of relevance for the future to answer
the pertinent question whether a given change is purely temporary (noise)
or lasting. An obvious market where information plays a crucial role is the
foreign-exchange market since exchange rates can change instantaneously
to new information. A recent example is the development in the US-Euro
exchange rate where the issue of distinguishing transitory from persistent
changes has taken center-stage.

Despite considerable resources invested in information processing, mar-
ket expectations of future exchange rates deviate systematically ex post
from realized exchange rates. As is evident from Figure 1, where actual US-
dollar exchange rates are depicted along the Consensus forecast based on
information available 4 months ahead, market prediction errors are highly
persistent, suggesting fundamental information problems.

Figure 1 about here

The purpose of this paper is twofold. First, we show that persistent
deviations between expected and realized exchange rates do not necessarily
reflect market anomalies, but may arise as a consequence of an inability to
distinguish between transitory and persistent shocks. Second, we explore
how these (rational) prediction errors affect the international transmission
of monetary shocks with special focus on the response of exchange rates,
terms of trade, and interest rates.

To address the international transmission of monetary shocks we need
an explicit intertemporal general equilibrium model. The specific structure
builds on the new open-economy macroeconomics launched by Obstfeld and
Rogoff (1995), which has proved to be a useful framework (for a survey, see
Lane, 2001). In the specific application here we introduce the minimum as-
sumption needed to create non-neutralities by assuming one-period nominal
(wage) contracts. Since the assumed nominal contracting setup does not in
itself contribute to generate interesting dynamics, we are able to focus on
the dynamic implications of imperfect information.! We present an explicit
analytical solution of the model, with the advantage that we can identify
the mechanisms through which information problems affect market reactions
under rational expectations.

Although the problem of distinguishing between transitory and persis-
tent influences can arise from a whole range of sources (see below), we focus
on monetary shocks. It is a simple way to illustrate the gist of imperfect

! Absent imperfect information nominal shocks have real effects in one period.



information: current signals may later turn out to have conveyed irrelevant
noise, whereas other pieces of information may turn out to be useful, but to
have been given insufficient weight. Ex-ante there is a non-trivial problem
in disentangling the two. Furthermore, it is well documented that nominal
shocks play a significant role in explaining open-economy variables like ex-
change rates (e.g., Canova and De Nicol6, 2002), and focussing on nominal
shocks allows us to address the issue why nominal exchange-rate changes
can have persistent real effects even when nominal rigidities are short-lived
(Rogoft, 1996). Specifically, we model shocks to the money stock as being
either transitory or persistent, and while there is full information about the
current money stock, there is imperfect information on the implication of
current shocks for the future (all market participants observe the money
stock, but do not directly observe the transitory and persistent component).

Several puzzles are unexplained in open-economy macroeconomics. We
demonstrate that the informational problem of disentangling transitory and
persistent changes combined with one-period contracts can possibly explain
three of these puzzles: persistent effects on international relative prices,
delayed overshooting, and the well-known observation that a depreciating
(appreciating) currency is accompanied by a negative (positive) interest rate
spread. First and foremost, learning gives an intuitive account of the per-
sistent effects of nominal shocks on international relative prices (terms of
trade and real exchange rate; Rogoff 1996). When a given shock hits the
economy, the agents take time to pin down the nature of the shock, and
during this time there will be real effects. Furthermore, we show that a per-
sistent shock is capable of generating delayed nominal exchange-rate over-
shooting (Eichenbaum and Evans, 1995). Following a positive (persistent)
monetary shock, which only gradually dies out, the nominal exchange rate
depreciates on impact, but rather than settling on an appreciating path as
the shock dies out, the nominal exchange rate keeps depreciating further
for some time, before appreciating towards its pre-shock value. During the
periods with depreciation, the interest rate spread is negative (Frankel and
Rose, 1995), which shows that a depreciating (appreciating) currency can be
accompanied by a negative (positive) interest rate spread. If market partici-
pants cannot readily distinguish noise (transitory shocks) from fundamental
changes in market conditions (persistent shocks), they tend to react too
strongly to the former and too little to the latter. As a consequence, sen-
sitivity to noise and fundamentals is increased and decreased, respectively.
The net effect — in this rational expectations setting — is that exchange-rate
volatility is decreased. Thus, excess volatility in exchange rates is still most
likely best explained by irrationalities (e.g., noise traders, see Devereux and
Engel, 2002). Lastly, we show that if the informational problem of shock
confusion is combined with overlapping wage contracts, the two propaga-
tion mechanisms interact nontrivially. Persistence is increased and in the
cases with nominal delayed overshooting, hump-shaped responses of the real



variables are possible as well.

This open-economy paper is related to a vast and growing literature
documenting and exploring the macroeconomic implications of information
problems primarily in closed economies.? Persistent errors in expectations
are not isolated to foreign-exchange markets. Evans and Wachtel (1993) is
a classic reference on inflation expectations, which also recently has been
explored by Carroll (2003). In his model agents only occasionally update
expectations from news wires, and this creates stickyness in expectations.
Mankiw and Reis (2002) analyze the dynamic implications of inertia in in-
formation dissemination and show that a model with sticky information can
account better for business cycle facts than the standard sticky-price model.

The information problem arising from errors in preliminary data on
which agents react has been analyzed by Bomfim (2001) focussing on the
implications for business cycle fluctuations, while Faust et al. (2003) show
that exchange-rate models in general perform much better when evaluated
on the basis of preliminary rather than final data.

The interaction between policy and expectations formation when policy
responses are based on imperfect knowledge of the true state of the economy
or when the private sector holds incomplete knowledge on policy objectives
has been addressed by Erceg and Levin (2003), Lansing (2000), Orphanides
(2001), Romer and Romer (2000), and Rudebusch (2001).

In a related paper Gourinchas and Tornell (2002) analyze the interest-
rate spread and exchange-rate dynamics when agents misperceive the true
underlying process generating shocks. They find that misperception can
explain the forward premium puzzle as well as delayed overshooting.

Although our crude characterization of transitory and persistent shocks
can be given a narrow motivation by errors in preliminary money stock data
(Bomfim, 2001; Mankiw et al., 1984), and builds on the monetary approach
to exchange-rate determination, we think the insights provided go beyond
this specific way of modelling foreign-exchange markets. The point that
determinants of exchange rates and interest rates have both transitory and
persistent components is generic to any model of exchange-rate determina-
tion. Thus, our model can be given a wider interpretation along the lines
of those given in the literature, cf. above. There is also a parallel between
this paper and the so-called micro-structure model of financial markets (e.g.,
O’Hara, 1995) in the sense of stressing the fact that market participants face
non-trivial information problems, and that it is crucial for market behavior
how new information enters the market. The present paper asks whether
these information problems have any interesting macroeconomic implica-
tions, and focusses on the dynamic adjustment process addressing stylized

2The importance of distinguishing between transitory and persistent shocks goes back
to Muth’s (1960) discussion of the optimality of adaptive expectations, see also Sargent
(1982). On the role of informational problems for macroeconomic adjustment, see also
Andersen (1994).



facts, which is hard to reconcile with standard open macro models.

The paper is organized as follows: the two-country model with a flexible
exchange rate is set up in section 2. The stochastic process for money
and the information structure are defined in section 3. Section 4 describes
the equilibrium. Section 5 considers the dynamics of nominal shocks and
includes numerical illustrations of the main findings. Section 6 extends the
model with staggering, and discussion and concluding remarks are presented
in section 7.

2 A stochastic two-country model

Following Obstfeld and Rogoff (1995, 2000) we consider a symmetric two-
country model with a flexible exchange rate and specialized production.
There are two equally-sized countries and two goods, one produced by Home
and one produced by Foreign firms. There are two assets in the economy:
money and a real bond, where the latter is traded in a perfect international
capital market. There is no real capital and no internationally mobile labor.
Workers are organized in (monopoly) unions, and each union represents
a (small) subset of workers supplying labor to a given group of firms. Each
union is utilitarian and chooses a wage for period ¢ given all available infor-
mation in period ¢ — 1 to maximize the expected utility of workers, which in
turn depends on the wage income and the disutility of work. Employment
is determined by firms given the wage set by the union (right-to-manage
structure).? All other prices are determined in competitive markets.*

2.1 Firms, consumers, and the government

Home firms demand labor, produce the Home good, and are price takers
in both product and labour markets. The good is produced subject to a
decreasing returns technology linking labor input N and Home output Y.
In the following superscript h (f) refers to traded variables originating in
Home (Foreign), and Foreign variables are denoted by an asterisk.

V=N, 0<~y<l.

Profits are distributed to households. Profit maximization yields the follow-
ing labor demand and output supply (in logarithms)

N = Npw (p? - wt) o Mnw = (1 - 7)71) (1)

ygl :T’yw (p?_wt> ) 77yw :7(1 _7)_1' (2)

3We assume that workers are willing to participate in the sense that for any labor
demand, the marginal consumption value of the real wage is larger than the marginal
disutility of effort (Corsetti and Pesenti, 2001).

+All proofs and derivations are relegated to the appendix.



The countries are inhabited by consumers who consume goods (C), supply
labor (N), and hold money (M) as well as bonds. Let E; be the expectations
operator conditional on period-t information (the information structure is
defined below), and P the consumer price index, then the representative
consumer’s objective function is

o—1

> o o=t A (MNP ok
_ E j o J +p
Up=Ep o [a—lct+j+1—ﬁ( > _1+,MNt+j]’ (3)
i=0

Piyj

c>0, A>0, >0, k>0, p>0, 0<o<1.
1 1
Ci = (C)2(C])2.
Thus, the real consumption index aggregates across consumption of the
Home good (CJ') and the Foreign good (th ), where the elasticity of sub-
stitution between the two goods is assumed to be one. Our results apply
to a more general CES specification, but the unitary elasticity of substitu-

tion simplifies the analytics significantly. The price index corresponding to
composite consumption is also Cobb-Douglas

1 1
B =2(P2(P))3,

where P} (P;") is the price of the Home good in Home (Foreign) currency
and Ptf (Pt*f ) is the price of the Foreign good in Home (Foreign) currency.
As our focus will be on nominal wage rigidity we assume that the law of
one price holds for both goods, i.e. P} = S;P/" and Ptf = StPt*f. S is
the nominal exchange rate defined as the Home price of Foreign currency.
A direct implication of the law of one price is that PPP holds as well,
that is, P, = S:P;. As a consequence, the subsequent analysis will focus
on how nominal shocks affect the terms of trade. It can be shown in a
setting including nontradables (Hau, 2000) that the movements in the real
exchange rate are qualitatively equivalent to the movements in the terms of
trade; hence, our results can be directly related to the PPP puzzle.®

We assume that there is one internationally traded real bond denoted in
the composite consumption good C. Let r; be the consumption-based real
interest rate between dates ¢ and ¢ + 1. The consumer’s budget constraint
for any period t is given by

P.B; + M+ P.Cy = (1 4+r4—1) P.By—1 + My + Wi Ny + I, + Pery. (4)

The right-hand side gives available resources as the sum of the gross return
on bond holdings (1 + r¢—1)P,B;_1, initial money holdings M;_;, labor in-
come Wi Ny, nominal profit income Il;, and transfers from the government

"For alternative assumptions concerning price setting and discussion see, e.g., Betts
and Devereux (2000), and Obstfeld (2001).



P,1. Resources are allocated to consumption P;Cy, nominal money holdings
My, and bond holdings P, B;.

Given the constant elasticity consumption index, Home consumers’ de-
mands for the Home good and the Foreign good are

1 / ph -1 1 Pf -1
ph=-(%) ¢, p/=-(t]| ¢
D) (Pt> BTt o\ B b

respectively, and mutatis mutandis for the demands by Foreign consumers.
Aggregating we find total demand for the Home good to be (and similarly
for the Foreign good)

1 /pPh\"!
Dy=D!+ D" = ; (é) (C,+Cp), (5)

The household chooses consumption (C'), money demand (M), bond demand
(B) and wages (W) to maximize (3) subject to the sequence of budget
constraints given in (4). In determining the wage it is taken into account
that employment is (demand) determined. Written in log-linear form® the
first-order conditions are given by the Euler equation, money demand and
the wage rate:

Eiciv1=c+olog(l+1), (6)

My = Pp = Nyt — M Brciin + Np (Pt — Etprs1) (7)

wy =By [nwpp? + (1= ) (St +p;7 ) + nwc%] 7 (8)
Me =10 (L= B e = 0 Ty = 8[(1 =) B,
Nap = (L + 1) ™1 (0.5 + a1 Nwe = [0 (1+ i1,,)] "

Lower-case denotes the log-deviations from a symmetric steady state of the
corresponding upper-case variables, and all constants are neglected, since our
primary interest is the adjustment process to shocks.” The wage equation (8)
satisfies the basic homogeneity property generic to any micro-founded wage-
setting model, and implies that nominal wages and, thus, prices depend on
expected exchange rates. This captures a channel through which exchange
rates affect the real side of the economy. Note that the log-linearized version

of the Home price index is p; = %(p? + st +p; ! ), and the terms of trade are

defined as ¢; = pJ! — pf =ph - p:f — S¢.

5The model is specified to yield a log-linear model. However, log-linearizations are
needed for money demand and the budget constraint.

"These constant terms include conditional variance terms which are constant under the
stochastic process considered.



We assume that the government balances its budget each period, i.e.
M;— M1 = P1¢. In other words, the only role of the government is to issue
money. Money is transferred to Home consumers in a lump-sum fashion.
The stochastic process governing money supply along with the assumptions
on the information structure are described in detail in the next section.
We end the description of the model by noting that Foreign is completely
symmetric and that a (symmetric) equilibrium exists (see appendix) in which
money is neutral absent nominal rigidities.

3 Information structure and money supply

In a flexible exchange-rate regime, changes in supply and demand translate
immediately into changes in the exchange rate. It follows that changes in ex-
change rates may originate from various forms of shocks arising on either the
demand or the supply side. These shocks could be real or monetary in na-
ture and leave a non-trivial problem of separating transitory from persistent
changes in the exchange rate. Building this problem into a fully specified
general equilibrium model is by no means trivial, since it requires not only
a specification of shocks which have transitory and persistent components,
but also an account of how these shocks affect the agents (preferences, en-
dowments, technology, etc.).

To simplify we focus on nominal shocks. Thereby we also address the
more difficult problem of explaining persistent effects of nominal shocks.
Since the information problem of interpreting changes is essential to our
story, we exploit the model simplification which can be achieved by consid-
ering changes in the money stock, which are either transitory or persistent.
It is assumed that all current information is freely available, but agents face
the problem of making inferences about its implications for the future.

3.1 The money-supply process

A straightforward way to introduce the problem of distinguishing between
transitory and persistent influences is to assume that the relative money-
supply process is®

my —my = zp + Uz, (9)

ztzﬁzt_l—i—st, 0<0<1,

where v and ¢ are independent and normally distributed mean-zero shocks
with variances o2 and o2.

¥Since information flows continuously and the wage contracts are assumed to be fixed
for a given period of time, it follows that some aggregation of information has already
implicitly taken place in transforming data to match the contract length.



The money-supply process captures that some changes are transitory
(u) and some are persistent (z), and that agents cannot readily disentan-
gle one type of shock from the other. They only observe the sum of the
two components. Agents know current and past realizations of relative
money supplies, but they cannot directly observe whether current changes
are transitory or persistent. Hence, agents’ information set, I, is given as
{mt —mf, me_1 — mzlp'--} C I;. Accordingly, agents learn over time as
they accumulate information.

The specification (9) can be given several interpretations. Empirically
it can be motivated by noise in preliminary announcements of money stock
data (Bomfim, 2001; Mankiw et al., 1984), where u represents the measure-
ment error or noise. Eq. (9) can also be interpreted literally as reflecting
that money-supply (monetary policy) changes may be either transitory or
persistent. This may arise if the policy maker reacts to changes in variables,
which in turn are affected by shocks that may be either transitory or per-
sistent in nature. Another reason may be that the policy maker operates
under imperfect information or that market participants have different in-
formation than the policy maker, or that there may be imperfect knowledge
about the objectives of the policy maker.? ! However, the specific formula-
tion adopted here may also capture more general information problems. It
is natural to interpret the transitory component (the u-part) as reflecting
noise, and the persistent part (the z-part) as fundamentals, since the former
is not helpful in predicting the future while the latter does affect future mar-
ket conditions. In a money-supply setting, this would apply if the liquidity
created in the financial system is not one-to-one related to the money base
(which can be observed with high precision), that is, the money multiplier
varies and there is imperfect information on the causes. The formulation can
also reflect that the aggregate information set available in the market is not
sufficiently detailed to allow a precise identification of market fundamentals
of importance for future market developments (Figlewski, 1982).

3.2 Expectations formation

Given the assumptions made above on the money supply and the informa-
tion structure we can turn to expectations formation. Predicting the future
money supply is a question of predicting its persistent component, i.e.

Ey (myg1 —miy) = By (z41),

where F; is shorthand for the mathematical expectation conditional on the
information set I;. Information on future changes in the relative money

9 Cukierman and Meltzer (1986) show why the policy maker for strategic reasons may
disseminate imprecise information.

10The contemporaneous debate on transparency in monetary policy making can be in-
terpreted as a way to minimize the noise component and thereby provide more information
on the fundamentals underlying monetary policy.



supply arrives via observations of the relative money supply, and it can be
shown by use of Kalman-filter techniques that the conditional expectation
can be written as (Hamilton, 1994)

Et (mt+1 - m;’_l) (10)
= O0E;_1 (my —mf) + 0h[my —mi — Ey_q (my — mj)],

1+A— (1 — 02) n
1+A+ (1+6%)n
o2 oh oh oh
nzg—g, a—n<0, 573<0’ @>0'
Expectations of tomorrow’s relative money supply are given as a weighted
sum of yesterday’s expectations of today’s relative money supply and the
information obtained by observation of today’s relative money supply. The
latter is the difference between the actual period-t money supply and its
expected value (conditional on period t — 1 information) times 6h, since a
fraction h of this is perceived to be persistent of which a fraction 6 carries
forward to the next period. The coefficient h is crucial for the updating of
expectations since it determines the weight given to new information. It is
decreasing in the noise-to-signal ratio . That is, if all shocks are transi-
tory (n — oo) we have h = 0, and the information content of the signal is
nil, whereas if all shocks are persistent (n — 0) we have h = 1 reflecting
that current signals contain all information of relevance for predicting fu-
ture money supplies. Interestingly, when the noise-to-signal ratio is one, h
is greater than one-half. This reflects the learning aspect involved in expec-
tation formation. Not only does a given surprise reflect information about
new shocks; it contains information about last period’s surprise as well, i.e.
learning. A positive surprise last period followed by another positive sur-
prise this period indicates that a larger part of last period’s surprise was
due to a persistent shock than was originally expected.
If we interpret the transitory shock (u) as noise and the persistent part
(z) as fundamentals, the updating formula has a very intuitive interpreta-
tion. The more noise (larger o2, smaller h), the less weight is put on the
current observation of money supply since agents know that current move-
ments tend to reflect noise; current signals have a low information content.
Since the updating of expectations to shocks is crucial to the results of
this paper, it is useful to consider the learning process in some detail. The
following tracks the adaptation of expectations to given shocks. The nature
of shocks are unknown to the agents, but known to the analyst.
Figure 2 describes the adjustment path for the actual and (un)expected
money stock to transitory and persistent shocks, respectively. In both cases
we consider a 1 percent positive shock to the relative money stock.!!

e (0,1), AZ=[(1—6*)n—1]>+4n,

1We consider expectations under the assumption that they have been zero up to date

10



Figure 2 about here

For a transitory shock we see that, although the relative money supply
is only affected in one period, it takes several periods for the agents to learn
that the shock was transitory. Accordingly, a positive transitory shock will
imply that the money stock is unanticipatedly low in subsequent periods
until agents eventually learn the type of the shock.

In the case of a persistent shock it also takes several periods before expec-
tations and de facto money converge; money is unexpectedly high for a num-
ber of periods. Furthermore, there may be delayed overshooting. Initially
expectations rise, and only several periods later do they begin to fall. De-
layed overshooting occurs when E (th — mf_i_l) < Eip (mt+2 — m;*+2),
and this is ensured if 1 — 20 4+ 6h < 0. This condition will turn up later
when we consider exchange-rate dynamics. Lastly, sensitivity analysis with
respect to the noise-to-signal ratio, 7, shows that the more noise (7 large),
the longer it takes for agents to learn that the shock in fact was persistent.

Figure 2 vividly illustrates that conditional on a particular shock the
learning process implies systematic expectations errors. This is essential
if a given business cycle (of a duration of some years) is interpreted as a
realization of a particular string of shocks, i.e., a business cycle episode is
represented by a small sample of observations from an underlying stochastic
process with properties assumed known to the agents. Hence, when relating
our analysis to actual observations like those reported in Figure 1, we take
the perspective that they should be interpreted in terms of theoretical results
which consider the adjustment process contingent on a particular string of
shocks.'? In our case, agents are rational and know the properties of the
stochastic process (9), and to simplify, we consider monetary shocks only.

4 Equilibrium

Characterizing the equilibrium analytically is not only complicated by the
presence of nominal contracts and the information problem, but also the in-
tertemporal structure linking current and future decisions via expectations.
We demonstrate in the appendix how to find an analytical solution so that
we can explicitly characterize the processes for the endogenous variables.
Since Obstfeld and Rogoff (1995), the qualitative working of this type
of model (with a one-period nominal contract) has been well understood;

1, where a one-time 1 percent positive monetary shock hits the economy. No shock occurs
after that, which is unknown to the agents. For instance, in the case of a transitory shock,
the agents believe part of the initial shock to be persistent, and part of the negative
surprise the period after is seen as being due to a new shock.

12The reason is that in a large sample under the assumption of rational expectations
there would obviously be no systematic expectations error. Agents would be right on
average. In a short sample, however, this would not necessarily be the case, and this
motivates the perspective taken here.

11



a positive monetary shock leads to an exchange-rate depreciation (terms-
of-trade deterioration) leading to a switch in demand towards the Home
good, and thus Home production increases. Wealth reallocations are ruled
out by the assumption of a unitary demand elasticity, and, therefore, rel-
ative consumption between Home and Foreign is invariant to all types of
shocks. These basic effects are not changed, but richer dynamics arise un-
der imperfect information. The assumption on demand elasticity allows us
to demonstrate the main points in the least technical way. The results carry
over to the general case, where demand elasticity is different from one.

Consider as a benchmark for the subsequent analysis the case where
agents have perfect information allowing them to identify transitory and per-
sistent shocks to the relative money supply, that is, the underlying process
generating relative money supplies (9) is unchanged, and there are still sur-
prises. The information set is now {z;, z¢—1,...,us, Ug—1,...} C IAt (compare
with ;). In this case the nominal exchange rate can be written

St = ¢szzt + ¢suut? (11)

0< Goy = (14 Mnp) " < (14 Dy — Opp) ™ = 05 < 1.

Transitory shocks have a smaller effect on the exchange rate than persistent
shocks, since the latter also affect future money supplies. The terms of trade
are given as

Qt = Pyt + Pyt (12)
-1< ¢qe = sy < Vg = ¢qu <0.

In the absence of information problems the real adjustment to unanticipated
shocks is ended after a period of time equal to the contract length. The
dynamics is trivial and the impulse-response functions are implausible.

4.1 TImperfect Information

With informational imperfections we have
st =0(1=h)si—1 + bgn (me — M) + buy (M1 —my_y),  (13)

1 —0(1—h
b = + M — 0 ( ) M >0,
(1 + 77mzo) (1 + Mmp — enmp)
0 (1 - h) nmp
(1 + nmp) (1 + Mmp — Qnmp)

Similarly, the terms of trade can be written'

qt = 0 (1 - h‘) gt—1 + (Z)qm (mt - m:) + ¢(11m (mt—l - m:—l) ) (14)

BOr ¢ = Ggm Mt —mi — Ey—1 (my —my)]; only unanticipated nominal shocks have
real effects.
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¢qm = _’Yd)sm? d);m = _egqu'

The implications for the adjustment of nominal interest rates (i;) can easily
be worked out by noting that the real asset available to households implies
that it is possible to construct a nominal asset for which the return is given
by uncovered interest rate parity'? (R; = log(1 + 4;))

Rt — RI = Et8t+1 — S¢t. (15)

Using the equilibrium value for the exchange rate, it follows that the interest
rate spread can be written

Ry — Rf =0 (1 —h) (Ri—1 — Rf_y) + iy (my —mf) + biy, (M1 —mi_4)
(16)
¢im = 0h (1 + 77mp - enmp)il - ¢sm < 0? (bzlm = _gbim

Relative production is inversely related to the terms of trade, yf —y; F = —qy,

hence we focus in the following on the process for the nominal exchange rate,
the terms of trade, and the interest rate spread, noting that the real effects
for production and thus employment can easily be inferred from the behavior
of the terms of trade. It is clear that imperfect information generates a richer
adjustment path for both the nominal exchange rate and the terms of trade.
In particular, there are non-trivial dynamics running beyond the length of
nominal contracts (one period).

5 Dynamics under imperfect information

We now turn to a detailed analysis of the dynamic adjustment path un-
der imperfect information. In particular we lay out the economy’s response
following an increase in relative money supply. Our strategy is to see to
which extent imperfect information alters the impulse-response functions
to shocks, and whether the responses are consistent with the stylized facts
in open-economy macroeconomics. In particular, can learning help explain
some of the puzzles, for example, excess exchange-rate volatility (relative
to fundamentals), persistent effects of nominal shocks on international rel-
ative prices, delayed nominal exchange-rate overshooting, and the fact that
investors in countries with high interest rates at times also tend to reap the
benefits of an appreciating currency?

The analytical results are supplemented by numerical illustrations'® based

"TFollows by use of PPP. Constants are disregarded.

15 A thorough quantitative investigation warrants the model to be augmented with cap-
ital, price and wage staggering as well as calibration of the informational parameters, 0
and h(n). What should be clear from our simple exercise, though, is the potential for
persistence in international relative prices.
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on the following parameter values'®: v = 0.67, u = 10, ¢ = 0.75, 8 = 9,
d =1/1.05, 0 = 0.9, and n = 1. In Figure 3 we provide impulse-response
functions to a 1 percent increase in Home (relative) money in period 1 which
is either transitory or persistent under both full and imperfect information.

Figure 3 about here

As a benchmark Figure 3 provides the responses to the two types of
shocks under full information. In both cases there are only one-period
dynamics in the terms of trade, and the real effects are increasing in the
persistence of the shock. For the interest rate spread the impact effect is
decreasing. Since a fall in the interest rate is necessary to make agents hold
the money over to the next period, it follows that the more persistent the
shock, the less the interest rate is expected to rise in the future, and there-
fore the less it has to fall on impact. The nominal exchange rate displays
one-period dynamics for a transitory shock and multi-period dynamics for
a persistent shock.

Under imperfect information the dynamic responses reflect the learn-
ing process when agents over time acquire more information as illustrated
in Figure 2 on updating of expectations. In particular, the terms of trade
deteriorate on impact, but then improve given a transitory shock. This
reflects that the monetary change disappears, but agents still expect the
money shock to have increased, since it takes a while before sufficient infor-
mation is accumulated to infer that the shock is transitory. The subsequent
terms-of-trade improvement is gradually worked out of the system. While
persistent shocks also have persistent effects on nominal variables (exchange
rate, interest rate spread) under full information, the dynamic adjustment
process is different and includes persistent real effects under imperfect in-
formation.

5.1 Excess sensitivity to noise and volatility

Under imperfect information the impact effect of an expansion in (relative)
Home money supply (regardless of the type of shock) is a depreciation of
the nominal exchange rate, a terms-of-trade deterioration, and a fall in the
interest rate spread, i.e.

Osy g _

d (my —mj) = Pim <0

Ggm <0,

d(my —my) d(my —mjy)

Consider first how markets react to news. The impact effect under imper-
fect information is the same whether the shock is transitory or persistent,

1 The productivity parameter v is chosen to match the wage share of about 2/3, while u
is chosen to imply a labor-supply elasticity of 0.1. The next three coefficients correspond to
those adopted in, for example, Sutherland (1996). The last coefficient value is arbitrarily
set at 1.
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since agents cannot immediately distinguish the two. It turns out that the
impact response can be written as a weighted average of the impact effects
of a transitory and a persistent shock under full information, respectively.
More specifically, for the nominal exchange rate (similar reasoning follows
straightforwardly for the other variables):

¢sm = (1 - h) ¢su + h¢sz‘ (17)

The intuition for the weighting is that (1 — h) measures the weight attached
to the shock being transitory, and h to it being persistent. Since

¢5u < (Z)Sm < ¢SZ’

it follows that there is an overreaction, or excess sensitivity, to transitory
shocks or noise (¢, < ¢g,), while there is an underreaction to persistent
changes or fundamentals (¢, < ¢,,). The intuition is straightforward;
part of a transitory shock is taken to be persistent and vice versa. It is
an implication that the less informed the market (high 7, low &), the more
cautious is the market adjustment (¢,,, lower). That is, if the information
quality of observable signals is low, the response to persistent shocks tends
to be muted, since a larger fraction of changes is taken to reflect noise.

Given the averaging in the response to shocks under imperfect infor-
mation, it might be inferred that the average response, or more generally,
volatility, is unaffected by the information problem. This is not correct, as
it can be shown'” that the volatility of the nominal exchange rate is lower
under imperfect information. To see why, consider a case where 02 = 0 and
O'g > 0, i.e. there is no information problem. If o2 increases there will be
two effects on volatility under imperfect information. There will be a direct
positive effect as there will be more transitory shocks, but there will be an
indirect effect as well working in the opposite direction since the informa-
tion content of signals decreases. The impact effect on persistent shocks
decreases, reducing volatility. Under perfect information only the direct ef-
fect will be present and, hence, volatility under perfect information is larger
than under imperfect information case. It is an interesting corollary that
an improvement in information does not reduce volatility (see also Bomfim,
2001). As 02 — oo there will again de facto be no information problem, and
volatility under both full and imperfect information will be the same.

The comparison made here is between a case where agents can and can-
not ex-post distinguish between transitory and persistent shocks. In either
case transitory shocks are present. It is trivial to show that transitory shocks
or noise create more volatility in exchange rates compared to a situation

1"We show this analytically in the appendix. The unconditional exchange-rate volatil-
ity can be found by writing eq. (13) in a Wold representation and applying standard
techniques for finding the unconditional variance.
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without noise. Although agents cannot observe the type of shock, we as-
sume rational expectations, and under this assumption, while sensitivity to
noise is increased, volatility is reduced. Devereux and Engel (2002) analyze
a similar model with irrational expectations (among noise traders), and they
demonstrate that this can generate exchange-rate volatility (see also Duarte
and Stockman, 2001; Bacchetta and Wincoop, 2003).18

5.2 Persistent terms-of-trade effects

A standing puzzle in open-economy macroeconomics is persistence in inter-
national relative prices (real exchange rate, terms of trade), which Rogoff
(1996) coined the PPP puzzle.!® Although imperfect information under ra-
tional expectations does not account for volatility in exchange rates (and
thus in international relative prices), it does give an intuitive explanation
for the observed persistence; on impact agents cannot observe the type of
shock, and it simply takes time to extract the relevant information.

It is well-known that intertemporal general equilibrium business-cycle
models have difficulties matching the observed strong persistence in the ad-
justment process. In the new open-economy macroeconomics literature there
has been focus on persistence generated by staggered contracts, and there is
a growing consensus that the critical determinants of persistence are: mar-
ginal costs’ sensitivity to output; and prices’ sensitivity to marginal costs
(Lane, 2001). Researchers try to find conditions under which the sensitivity
is low in both cases. The present analysis suggests another source of per-
sistence, and interestingly, it works independently of properties of marginal
costs and prices over the business cycle.?’

The equilibrium processes for the endogenous variables, given by (13),
(14) and (16), and Figure 3, reveal that informational problems result in
a more complicated dynamic adjustment path driven by accumulation of
information over time, i.e. learning. The interim dynamic process for the
variables is seen to follow an ARMA(1,2) process in the relative money
supply, and the autoregressive part is the same for all three variables, not
only the terms of trade. This indicates that persistence in the adjustment
process spreads to all variables. Furthermore, the autoregressive coefficient
(0[1 — h]) depends only on the parameters characterizing the information
structure (6,h), which brings out that the information structure has a po-

"8Devereux and Engel (2002) make other assumptions as well; e.g., local currency pricing
and incomplete capital markets.

Y9 Our stripped-down model can be extended to cases with a non-constant real exchange
rate by including local currency pricing or non-tradables.

20This is basically a question of the type: is the glass half empty or half full? Learning
in our model can be seen as driving a wedge between marginal costs and output, or in
other words, making marginal costs less dependent on output. When learning is slow
(much noise) there are persistent effects on output without (relative) wage adjustment.
Imperfect information implicitly makes marginal cost less sensitive to output changes.
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tentially important role for the dynamic adjustment process, even if nominal
contracts only have a duration of one period. Specifically, we find that more
persistence in the persistent part of the shocks (high 6) and more infor-
mation confusion (high, 7, low h) generate the strongest persistence in the
response of the variables following nominal shocks. A high # means that
great emphasis is put on changes being persistent and, therefore, on last
period’s expectations, and a low h means that little new information of rele-
vance for predicting future money supplies is obtained from the most recent
observations, cf. (10). While the moving average part of the process differs
across variables, the autoregressive part works similar to all types of shocks,
and this shows that there will be persistence in the adjustment to shocks
irrespective of whether they are transitory or persistent.

5.3 Delayed nominal exchange-rate overshooting

Eichenbaum and Evans (1995) present nominal exchange-rate impulse-response
functions to monetary shocks, which are hump-shaped, or rather, display de-
layed overshooting. It turns out that persistent shocks can generate delayed
overshooting (cf. Figure 3), which requires (for an expansionary shock)

Ost _ Osip1 Ostqjta <38t+j
Oe et ’ Oey Oey ’

j=>1

A necessary condition for delayed overshooting is that 1 — 26 + 6h < 0,
implying that a combination of a high degree of persistence in the shock
(large #) and much noise (low information content of signals, i.e. small h)
tend to create this phenomenon. This condition on 6 and h is sufficient
for generating delayed overshooting in money expectations (see section 3).
Intuitively, this has to be fulfilled for delayed exchange-rate overshooting to
occur, but it is not sufficient.

Figure 4 illustrates the impulse-response functions for different values of
the signal-to-noise ratio 1, and hence the coefficient h. For large values of n
delayed overshooting disappears as learning becomes too slow, and similarly
for small values as learning becomes too fast. Moreover a larger n implies
smaller impact effects (vice versa for the interest rate spread), and more
persistence as agents take longer to learn the exact nature of the shock.

Figure 4 about here
It can be shown that unconditional delayed overshooting is not possi-

ble?!, that is, within the present rational expectations framework delayed
overshooting is shock conditional in the sense that it arises for persistent

21Gee the appendix. Gourinchas and Tornell (2002) find that unconditional delayed
overshooting can arise if agents misperceive the process underlying the shocks.
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shocks if there is sufficient confusion about whether it is actually a tran-
sitory shock. This implies that empirical studies which find unconditional
delayed overshooting may suffer from a small sample problem in the sense
that the particular sample has an overrepresentation of persistent shocks
relative to the distribution underlying expectations formation (for a similar
argument see Faust et al. (2003) for model evaluations based on different
information sets than those available to agents, or Lansing (2000) for eval-
uations of policy rules not based on the information set available to policy
makers). Alternatively, it is a rejection of the rational expectations hypoth-
esis. Either way, the shock dependence in dynamic adjustment paths found
here points to the problems of interpreting empirical analyses based on small
samples.??

5.4 Interest rate spread: excess returns

It is a well-established empirical fact that an appreciating (depreciating)
exchange rate tends to be accompanied by a positive (negative) interest
rate spread (Frankel and Rose, 1995), and this is sometimes interpreted as
evidence against the joint hypothesis of uncovered interest rate parity and
rational expectations (Eichenbaum and Evans, 1995). As seen in Figure 3,
the present framework explains that (ex post) excess returns are persistent
due to the interplay between nominal rigidities and imperfect information
(see also Gourinchas and Tornell, 2002). To put it differently, we find that
expectational errors — in a rational expectations setting — can account for
systematic interest rate spreads.?? In particular we find that conditional on a
persistent shock (mistaken to be partially transitory) it is possible to observe
a depreciating currency and a negative interest-rate spread. Interestingly,
this arises under the same circumstance as delayed overshooting, both of
which were found in, e.g., Eichenbaum and Evans’ analysis (1995), which
supports the point made above on shock contingencies and small samples.
It is also worth pointing out that the spread may be time-varying reflecting
the type of shock hitting the economy and the learning problem.

Persistence in the interest rate spread does not leave any ex ante risk-
free arbitrage possibilities, since the real rate of return is the same in both
countries, and the difference in nominal interest rates under uncovered in-
terest rate parity reflects the changes in the nominal exchange rate expected
by all market participants.

22Note that consistent with this view other papers do not find delayed overshooting to
be a robust fact (e.g., Kim and Roubini, 2000).

23Recall that the ”expectational errors” are rational errors in the sense that the ex-
pectations are rational given the information set of the agents, and this information set
contains the sum of the transitory and persistent components only.
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6 Staggered contracts and imperfect information

To clarify the role of learning as a propagation mechanism the model pre-
sented above did not include other propagation mechanisms, but an inter-
esting question is how various propagation mechanisms may interact. It is
obvious in this setting to include staggered or overlapping wage contracts,
and we consider so-called Taylor-contracts (see also Beier, 2001).24 With
an overlapping contract structure, wage setters take into account that their
wage decision will interact both with existing and future contracts. This
forward-backward looking feature has the potential to interact with imper-
fect information since each group of wage-setters write contracts at different
points in time. The asynchronized timing and the gradual accumulation
of information over time imply that each group will write contracts with
different informations sets and thus form different expectations.

To formalize this idea we let the workers be organized in monopoly
unions, where each union represents a small subset of workers. There are
two equally sized groups of unions setting nominal wages in an overlapping
fashion; one half setting the wage for two periods in even periods, and the
other half in odd periods. The unions are utilitarian and take into account
that employment is demand-determined given the wage set. For the group
of unions setting the wage as of period ¢t — 1 and applying to periods ¢ and
t+ 1, it is easy to show that the expression of one-period contracts (consult
eq. [8]) can be generalized to (see Andersen and Beier, 2003, 2004)

1 *
o= 17+5EH [Uwpp? + (1= 1) (St +ptf) + nwcq}
o B of
+mEt71 [nwppt—‘,—l + (1 - nwp) (St+1 + pt+1) + anCt+1:| ,

and similarly for the group setting the wage as of periods t — 2, ¢, t + 2.
Figure 5 about here

Figure 5 shows the economy’s response to a persistent expansionary mon-
etary shock with staggered contracts under both perfect and imperfect in-
formation. The two propagation mechanisms interact to make the impulse-
response qualitatively (for the parameters chosen) and quantitatively differ-
ent. The terms of trade follow a (conditional) hump-shaped response and
the adjustment process displays more persistence.

The interaction is underlined by the fact that both imperfect informa-
tion and staggering are needed to generate the smooth hump shape in figure
5, although a hump-shape does not arise for all parameter values. A neces-
sary condition is nominal delayed overshooting, but to get a hump shape for

2 Erceg and Levin (2003) assume staggered contracts, but their focus is not on the
interaction of propagation mechanisms.
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real variables the internal propagation mechanism generated by staggering
alone must be sufficiently strong (for a detailed analysis, see Andersen and
Beier, 2003). The intuition is that with strong propagation generated by
staggering wages (and thus prices) adjust slowly, and this is needed for the
subsequent further depreciation of the nominal exchange rate to be trans-
mitted into increased real effects. This line of reasoning also stresses that
neither imperfect information nor a strong internal propagation mechanism
from staggering viewed in isolation can generate the hump shape. Learning
is needed to generate nominal delayed overshooting, and a strong internal
propagation mechanism is needed to have sufficient sluggishness in the ad-
justment of nominal wages (and prices).

7 Concluding remarks

The problem of distinguishing between transitory and persistent monetary
changes has been considered in an explicit intertemporal general equilibrium
model focussing on adjustment of exchange rates and interest rates. A major
finding is that imperfect information can have significant implications for the
dynamic adjustment path to shocks, and that the learning process involved
in disentangling the nature of shocks adds persistence to the adjustment
process. Our model has been stripped down to be able to present clear-cut
analytical and intuitive results, and this opens for interesting further work.

We have modelled the information problem in a stylized way given that
the information structure is invariant over time. In reality the relative vari-
ances of shocks varies over time as do the markets’ perceptions of these. All
business cycles are different (IMF, 2002), and even ex post it can be difficult
to obtain consensus regarding the causes of particular cycles. In this paper
we have explored a minimal deviation from perfect information, and shown
that this has significant effects for the adjustment. On the other hand, agents
have rational expectations. They might not observe a particular shock, but
on average they are not wrong. Ultimately, it is an empirical question how
shocks are distributed, and how agents perceive the distribution as well as
how agents actually update expectations (Carroll, 2003).

Additionally we demonstrated that learning interacted with staggering
in a non-trivial way. The two interact to strengthen persistence in the ad-
justment process, and to enrich the dynamics, e.g. by causing a persistent
monetary shock to induce a hump-shaped response. This indicates that the
interplay of transmission mechanisms can possibly strengthen the internal
propagation. Another candidate in this respect is capital formation. Fur-
thermore, other shocks might be subject to transitory-persistent confusion
(technology shocks), and it would be interesting to quantify the effects of
imperfect information in a full-fledged business-cycle model.
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A Log-linearization

Our analysis builds on a version of the model in logarithms. The first-order
conditions are

_1 _1
C,° = S (1+m) By (CtJr(i) ) (18)
1 M\ P -1 P,
G =g ) FE(Cuip ) (19)

As is apparent the Euler equation for money demand is not linear in logs
and subsequently we have to approximate around a non-stochastic steady
state. The steady-state version of the model is similar to that analyzed
in, for example, Obstfeld and Rogoff (1995, 1998, 2000). We focus on a
symmetric non-stochastic steady state where B=B* =0, C =C* =Y" =
v =y =y r=0"-1, B =Bl B _ B W W g

’ I & P~ P~ P
where money is neutral and the price level is determined from (19). Real
incomes are Y = % and Y* = £ *Qf*f. Steady-state values are indicated

by omission of time subscripts.

Next step is to log-linearize the first-order conditions arising from con-
sumer optimization (18)-(19). The log-linearized consumption Euler equa-
tion (6) is obtained by using the convenient formula for lognormally distrib-
uted variables

log E <Xf ) — fE [log (X)] + f;Var llog (X)],

where f is a scalar and X is lognormally distributed. Money demand war-
rants a comment. Taking logs on both sides of (19) yields the log of a sum
and it is easy to show that around a steady state (disregarding constants)

log(X; + Z;) ~ log(X¢) + log(Zt). (20)

1ON

1 p
+6 log [Et <5Ct+‘iptt1>] .
+

X+Z X+Z

Using this we get that

M\ P -1 B
1 — E. T ~ (1-90)1
og [)\ ( 2} ) + E; ((5C't+1 Pt+1) ( 0) log

Equation (7) follows immediately with
1 1 ) J

e oi=)p T o= T 108
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While the model is specified so as to yield a log-linear structure, we have
that the budget constraint is linear in levels, i.e.

B; = (1 + Tt—l) By 1 +Y:—Ch. (21)
Subtracting the steady-state version of the budget constraint from (21) and
dividing by Y (= C) we get

B, — B Bi1-B Y,-Y C-C
- (1 -
Y n = —+-% C

By —B
—y

The last term on the right-hand side is negligible as we look at small devi-
ations around steady state. We end up with

bt ~ 5_1bt71 + Yyt — ¢, (22)

Y by =5 and log (%) ~ <.

H{(+rea) = (1 +7)]

as 1 4+r=¢6" log(§)

B Wage setting

The union solves

1
MipxEi <€t M- Ntw)

Ph Mnw
b, Ny = T (L .
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_1
where (; = C, 7. The resulting first-order condition is

Wt 8Nt 144 8Nt:| —0

E — — kN
t—1 |:CtP +Ct Pt 8Wt K t 8Wt

1+p
Mo 1<N )

-1 _1 ’
Nnw Etfl <Ct a]]\Jf:)

Disregarding constants, this can be shown to yield (8) by utilizing that the
variables are lognormally distributed (recall that the shocks, ¢ and u, are
normally distributed), and (20) as well as the following formula, where by,
bs, and bz are scalars:

=W;=k

log (XleSQXg‘?’) ~ lognormal (b’,uX, b'EXb)

b1 Hq
X; ~ lognormal (,ul-, 0',2) s o= b2 |, ux=1 p2 |,
bs I3

and X x is the variance-covariance matrix.
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C The Kalman filter

In this section we set up the Kalman filter and derive the updating formula
of the expectations. We follow Hamilton (1994) very closely. The general
system can in state space representation be written (Hamilton, 1994, pp.
372-373, eqs. [13.1.1]-[13.1.5])

&1 =F& +vi1, ye = A'xy + H'E, +wy, E(viw.) =0 for all t and 7,

n_ ) Q fort=r [ R fort=r
E (VtVT) - { 0 otherwise ’ E (WtWT) B { 0 otherwise

In our notation this corresponds to
§ii1 =241, F =0, viy1 =eq1, ye = my —my, A'x; =0,
H =1 w;,=u, ong, R:oi.
Hamilton’s (1994) Proposition 13.1, which states that as 7" — oo (the up-
dating process has been going on forever) then

P—F|P-PH(HPH+R) 'HP|F +Q

K=FPH(HPH+R) ',

where K in our notation is #h. Inserting yields the expression given in the
text. Reproducing Hamilton’s (1994) equations [13.2.20] and [13.2.24] where
the left-hand sides are the forecasts at time ¢ of the permanent part and the
sum of the permanent and temporary parts at time ¢ + 1 (A'x; = 0)

£t+1|t = F§t|t71 +K (Yt - H/€t|t71) ) §t+1|t = H/€t+1|t

leading to

—

~ ~ ~ * ~
(m — m*)t+1|t =Zip1)es 21 = Fay + K [(mt —my) — Zt\tfl] ;
or in our notation

By (myp1 —myy1) = 0B (my — mf) + 0k [(my — mf) — Ey_q (my — mj)].

D Imperfect information

We solve for three variables: the nominal exchange rate, the terms of trade,
and the nominal interest rate spread. We use the method of undetermined
coefficients and take each variable in turn. Our guesses are

st = Tem (Mg —m}) + i Er1 (my —m}), (23)
Gt = Tgm (me — my) + g By 1 (my —my), (24)

Next we consider the endogenous variables in turn.
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D.1 Nominal exchange rate

The nominal exchange rate follows from the money market equilibrium con-
dition yielding (just use the first-order equation for money [7])

1

=— Eisi41 +my —my),
1+77mp (nmp tot+1 t t)

St

where we have used ¢; = ¢f. Consistency with (23) requires

My (ﬂ'sm + W;m) Oh+1
Tsm = , T
L+ Dy

1 _ nmp (7Tsm + 71-;m) 0 (1 - h)

implying that

1+nmp_0(1 _h)nmp
(1+ 77mp) (1+ Mhmp — Hnmp)
1 _ 0 (1 B h) Nmyp
Tem =
(1 + nmp) (1+ Mmp — Hnmp)

Tsm

Equation (23) can by use of
Ei1(my—mf)=0(1—h)E;_» (mt_l — m;",l) +0h (mt_l — mf,l) , (25)

be rewritten as (13).
For both shocks we have

68t . .
Ol —mi) — om0
87T5m gnmp
T - 5 > 0.
[ ) (11— 00,

D.1.1 Conditional delayed overshooting

In the case of a persistent shock [e; >0, 6 € (0,1)] we cannot reject the
possibility of delayed overshooting. We need

0st41

ast 1 1
= sm < 88T sm + 9 sm + sm = *\ ?
) ¢ Pss® ¢ ¢ 9 (me — m7)

0 (my —mf
or inserting

(0 — 1) (Tsm + Tap) — Ok, — (1 — 20 + OR) 7l > 0.

Hence, a necessary condition for delayed overshooting is 1 — 26 + 0h < 0,
since both g, and 7l are positive.
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D.2 Terms of trade

Equalizing relative demands (using [5] and its Foreign counterpart)
PP P
— cyP| -1 L CP| = —aq,
< P, ) t 0g ( Pt*> t at
h wf _

and relative supply (see eq. [2])
YU = Ny [(wt —wp) - (p? —p?f)} = My [(wr —wi) —ar — 5],

dy — df =log

we get product market equilibrium

_ Myw (277wp B 1)
140y

Ei_1q: — (st — Ex—15¢), (26)

yw
L4 0y
where we have used the expression for the wage rate and ¢; = ¢j. Invoking
the expression for the nominal exchange rate we obtain

_ nyw (27710]2 - 1) nyw

G — —— T My — M — B (my — m))].
1+77yw t—14t 1+77yw sm[ t t tl( t t)]

Using our guess (24) to find F;_1¢; and inserting, the restrictions are

nywﬂ'sm
Tgm = —M = —VYTsm = —YPsm>

1 _
Tgm = —0Tqm.

Using (24), and (25) we can rewrite the terms of trade as (14).
The impact effect is

8qt
_— = = — < 0’
9 (my —mj) Tam e

and since gy, is increasing in h, the absolute value of the impact effect is
increasing as well.
D.3 Nominal interest rate spread

If we instead of a real bond assume a nominal bond with gross return 1 + 4,
the Euler equation reads (see also Obstfeld and Rogoff, 1998):

(1+i) P -1
#Ct—i-l :

Combining with the Euler equation when using a real bond we get

1
C, ° =6E
¢ t[ P

-1

_1
1+Zt: Et Pt (1—|—’r‘t)Et<C’t+(i>.
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Using the joint lognormality of C' and P and using the Foreign version, we
get uncovered interest rate parity (eq. [15]; disregarding constants). Finally,
inserting for the nominal exchange rate we obtain (16).

The impact effect is (R = log[1 + i¢])

d(R — R*)

d (my —my) = Pim
0h

- ¢
1+ nmp - gnmp o

_ Hh(1+77mp)_1_77mp+9(1_h’)77mp <0

(1 + Mmp — enmp) (1 + nmp)

and
oh

The less noise, the less impact on the spread.

> 0.

E Perfect information

We guess
St = d),szzt + ¢suut

qt = ¢q£€t =+ ¢quut

E.1 Nominal exchange rate

We start out with

1
st = ———— (Mmpltstr1 +my —my
1 _l_nmp ( mp t)
nmp
= ———Eisp1 + (2t +up) =
L+ Dy L+ Ny
nmp 1 ) 1
St = d) 0 =+ Zt + Ut.
<1+77mp T4y, L+ Ny

Equalizing coefficients yields the expressions given in the text.

E.2 Terms of trade
We start out with (26)

— yw (277wp — 1)

(St — Etflst) .
L+ 1y

qt Ei 1q: —

yw
L4 0y
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Inserting F;_1q; = 0 yields

Nyw
qgq = — (St - Et—lst)
L+ 0y

= -7 (¢sz€t + ¢suut) )

which are the coeflicients postulated in the section.

E.3 Nominal interest rate spread
The spread follows from uncovered interest rate parity
Eisit1 — st

= L (¢szzt+1 + (bsuut-H) - ¢szzt - ¢8Uut
= (Zsszezt - ¢szzt - ¢suut = (9 - 1) (z)szzt - ¢suut‘

F Unconditional relative variances

In the following we show that the variability under imperfect information
is less that under perfect information. Again we utilize the apparatus from
Hamilton (1994).

F.1 Perfect information

The unconditional variance of the nominal exchange rate is

E (St2) = F { [¢suut + ¢sz (515 + 95t—1 + 928t_2 + )]2}
= 0t + ¢ (1+02+0 + 605+ .) o2
¢§z 2

g

1—6%°

2 2
su9u +

F.2 Imperfect information

We have that

st = Tem (me —mi)+mh B (my —my)

= ¢, (me —mf) — 7l [(me —mf) — Er_y (me —my)]

and let
wy = (my —my;) — Ey_1 (my —mj)

thus using Hamilton’s (1994) eq. (13.5.18)

my—my = (1 +(1- ¢9L)_1 9hL> wi = wi+0h (wt,1 + Owi_o + O%wy_g + ) )
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where (Eq. [13.5.16])

1
E(ww;) =HPH+ R =P+o? = 1 hai

Now inserting;:

5t = G, [wt + 6h (wt,l + Ow;_o + 0%w;_5 + )] — w;mwt

Gemwt + G5, 0h (wt_l + Ow;_o + 0%w;_5 + )

= (bam — Pszh) Wi + D h (Wi + Owi1 + OPwy_o + Pwy_3+ ...)
(1 = h) pguwr + g (Wi + Owy—1 + Pwy—o + Pwy_3+...)

meaning that the variance is

2h2
E (Stst) = |:(1 - h)2 gu +2 (1 - h) ¢su¢szh + 1 f ‘92:| (P+Ui)
2h2] 1
= |[(1-h)?¢2, +2(1— Gt | _1 2
R T e 1

F.3 Relative variance

The variance under imperfect information relative to perfect information is
thus

2 72
[(1 - h)2 gu +2 (1 - h) ¢su¢szh + e } ﬁai

162
2 9 i 2
su9u + 1—62 o¢

2 h2
(1= R)? 92+ 2(1 = 1) duuich + S50 | tm

2 2
d)sun + 1(1192

For n — oo or n — 0 this ratio is 1. Performing a grid search shows that
the ratio is less than unity for intermediate values of the noise-to-signal
ratio. Hence, the nominal exchange rate variability is less under imperfect
information.

G Unconditional delayed overshooting

Here we show that there can be no unconditional delayed nominal exchange-
rate overshooting. Thus, if we do not condition on the type of the shock,
but consider a general innovation

wy = (my —my;) — Ey_1 (my — mj)
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there cannot be delayed overshooting. Showing this boils down to finding the
Wold representation of the nominal exchange rate, which we found above:

St = By, [wi+O0h (Wim1 + 0wy + 0wz +...)] — L w

= Qunwi+ ¢4, 0h (wt—l + 0wy_o + w3 + ) .
The impact effect to a given shock is

0

St
ast - ¢sm

and the effect on the nominal exchange rate the period after is

0st41
= Oh.
agt QSSZ
It is seen that 5 9
St+1 St
- = 0h — 0.

Hence there cannot be unconditional delayed overshooting in this model.

H Equilibrium with staggered wage setting under
imperfect information

H.1 Union wage setting

Here we follow Andersen and Beier (2003), and Beier (2001). Workers are
organized in monopoly unions, where each union represents a small subset
of workers supplying labor to group of firms. The contract structure is
exogenous, where half the unions sign contracts in even periods and the
other in odd periods. The utilitarian union presets the wage for periods t
and t+1 given all information available in period ¢ —1 to maximize expected
utility of its members, which in turn depends on wage income and disutility
of work. We assume a right-to-manage structure in which employment is
determined by firms given the wage. The representative union’s problem is
given by

w K 1+ w K 1+
Max E;_ —N; — N, ™44 — Nypg — —— N TH
lax By [Ct R T + <Ct+1PtH t+1 PG

nn’LU
Ph Nnw Ph 1 1
. — t — i+1 — o — ~T—
b.t.Nt—an(W ; Nep1 = o y =0 7, an =T

In Andersen and Beier (2003) and Beier (2001) we demonstrate that the
solution is (disregarding constants)

1 )
wt = 7Et—1w,{lem + mEt—lwﬁ_elxa
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where w{ ' i3 the flexible wage which would have prevailed had wages been

flexible. The flexible wage can be shown to be

l
w{ = nwpp? + (1 - nwp) (St +p:f> + NweCts

where the constants are defined in the text. Again see Andersen and Beier
(2003) for interpretations. Note that the relative aggregate wage can be
written as

2 2

w; —w) = (2420)7" ZZ5j_lEt—z‘ [(20wp — 1) Gegj—i + St1j—i) »
i=1j=1

where we have used that the relative Walrasian wage is (and ¢; = ¢f)

wglex - w:ﬂem = (277wp - 1) qt + St

H.2 Equilibrium

In general we conjecture a solution for the nominal exchange rate and the
terms of trade as

st = Tsm (me —my) + Top Eroq (my — mj)

gt = Tgqqt—1 + Tgm (mt - m?)

—|—7r;m (Mt—1 — m,?_l) + ngEt—l (mt - m;f) )

H.2.1 The nominal exchange rate

The nominal exchange rate is unchanged by the introduction of staggering.
Thus we get
1+ nmp - enmp + thmp
(L + T = O (14 )
1 — (1 B h) enmp
o (14 np) (1 1y — Op)

Tsm

H.2.2 The terms of trade

From product market equilibria we get

Nyw

Nyw 1

—qt = Ny (W — W) — @ — st] = @ = [(wy —wF) — 4]

Thus using the expression for aggregate wages (see above) we can write the
terms of trade as

G = iy (Ei2q1-1+ 0B 2q; + Er1q: + 0Ey_1q:11)
+n:]s [(Ei—25i-1 — 5¢) + 6 (E—25¢ — 5¢) + (Ey—15¢ — 5¢) + 0 (Ey—15¢41 — 5t)]
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nyw 2nwp_ 1 77/ _ nyw 1
e +120050) 10 5 T3 (11 0)

ro_
Mgq =

Next we have that

Ei 9541 (Tsm + Wim) Ei_s (my—1 —mj_))
By 95y = (Wsm + W;m) Ei_9 (my —my)
Ei_ 15 = (7T3m + W;m) E; 1 (my —mj)

Ei 15141 = (7Tsm + Wim) E; 4 (mt+1 - mr+1) )

and

St_Et—ZSt—l = Tlsm (mt - mf)—f—?T;mEt_l (mt — mf)—(wsm + W;m) Et_Q (mt_l — mffl)
st— B985t = Tem (my —m})+ml By 1 (my — m:)_(ﬂ_sm + Wim) Ei_o (my —my)
st—Ei_18¢ = mem (my — mz‘)—}—ﬂ';mEt,l (my — mf)—(ﬂsm + W;m> Ei_ 1 (my —my)
St—Et_18t+1 = Tlsm (mt — m:f)—i-ﬂ';mEt_l (mt — m;:)—(ﬂ'sm + W;m) Et—l (mt+1 — m:+1) .
Next we invoke that

Ei1(my—mj) = (1= h)0E;_g (my—1 — mj_y) + hb (my—1 — m}_)

and thus
Ey 2 [Ey1 (my —my)]
= (1 — h) 0E;_o (mt,1 — mZ‘_l) + hOFE,;_5 (mt,1 — m;f_l)
= 0o (my—1 —mj_,)
i.e.
Byo (my—1 —mj_y) = - ﬁ (me—1 —my_y)
(1-h)
1
E;_
+(1—h)0 t—1 (my — my)
. ho
Ei o (my—my) = a—n (me—1 —mji )
1
+mEt_1 (mt mt)

st — Fy o511
= Tom (me —m}) + 7l By 1 (my —m})
(7rsm + Wim) (7rsm + Wim) h

T ome Dt

(mtfl - m:;_1)
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— E;_9s4

= Tsm ( ) + 7TsmEl‘/ 1 (mt mf)
— (Tsm + wim) Ey_y (my —my)
= Tom (my —myf) + 74, By (my —my)
Tem + T . Tem + 7L ) Oh .
S i+ e iy

— Et_lst = Tsm (mt — mf) + ﬂ-;mEt—l (mt — mf)
— (Tom + Tap) Ero1 (my —m)

= Tsm (mt - m:) — TsmBPi_1 (mt - m:)

— Et_18t+1 = Tsm (mt — mf) + ﬂémEt—l (mt — mf)
— (ﬂ'sm + W;m) OF;_1 (my —my)
= Tem (my—m;)+ [Wim (1-6)— Gwsm] Ei—1 (my —my)

Inserting yields

@ = Mg (Br—2qi-1+0E2q: + Er1qt + 0Ey—1G111)
+77qm (mt - m;tk) + ném (mt—l - mrq) + Ungt—l (mt - m:)
where .
yw
- m. —1),
o =+ 12(1+9) (2p = 1)
Nyw
Ham e 1
1 Myw 1 h 1
=— 1+ 46
Mo = = 2@ o)1 h 00 (e )
am nyw—|—12(1—|—5)

1
Tsm + 7rsm

Nyw +12(1+9)

1
7Tsm + Trsm

<7rsm<1+(59)—7r (1+60) +2(1 +6) _(1—h)6(1+95)>

Ty 1
Nyw + 12 (1 +0)

(— (Tsm + Tam) (14 60) [W] +2(1+90) w§m>
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0 < 1= Ny + Ny + Mo # 0.

Note that as @ — 1 the expression converges to the one given in Beier (2001)
p.127. (mgm + 7L, — 1). In that case we have homogeneity

Using our guess

gt = Tgqqt—1 + Tgm (mt - m:)

—|—7r;m (me—1 —mj_y) + ngEt,l (my —mjJ),

to find Fi_2qi—1, Ei—2qt, Fi—1q:, and E;_1q:+1 (leaving out consumption
terms and using the useful formula for finding the expectations) we find

EBiaq—1 = TgqQi—2 + TgmEi—2 (my—1 —mj_1)
—i—T['ém (mt_g — mfﬁz) + ngEt_Q (mt_l — mffl)
= Gt—1 — Tgm (mt—l - mzll) + TgmEir—2 (mt—1 - mf,l)

= qt—1 — Tgm (mt—l - m;fkfl)

h N 1 *
+Tgm —m (mt—l - mt—l) + mEt—l (my —my)
U * ™ *
= Q4t-1— 1 _mh (mt—l - mt_l) + ﬁEt—l (mt - mt) )
Ei o = mgqEi—oqi—1 + mgmEi—2 (my —my)

+7TémEt_2 (mi—1 —mi_y) + ﬂngt_gEt_l (my —my)
= mgFi—oq—1 + (Omgm + Wém + 97Tgm) By (my—1 —mj_))

™ * ™ *
= Tqqdt—1 — quﬁ (mtfl - mt—l) + quﬁEtfl (my —my)

B 1—h (Qﬂ'qm + Wém + gﬂgm) (mt—l - m%k_l)
1

+ (97Tqm + ﬂ';m + Hﬂgm) mEtf]_ (mt — m?) s

Ei_1qs = MqqQt—1 + Wém (mt—l - mzll) + (ﬂ'qm + ng) Ei 1 (mt - m;fk) )

B g = (Omgm + F;m + Hﬂgm) Ei_y (my —mj)

+gq [Tqq@t—1 + 7T(11m (mi—1 —mi_y) + (Tgm + ng) By (my —my)]

we end up with the following restrictions (See Andersen and Beier (2003)
for analysis on my,)

2
Taq = MNgq [1 + (1 +6) mgq + 57rqq]
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Tgm = nqm

Tqm
+1gq [_1_;1}
T h
+77(1(17rém

1
+’I7qq(57Tqm7qu

| 1 h73)

Tgm

1
+5nqq [qu(l 1) + (97rqm + T;m + Hﬂgm)

(1—h)o
+1qq [qu + ng]
+07gq [(Qﬂqm + W;m + Hﬂgm) + Tqq (qu + ng)]

I Equilibrium with perfect information and stag-
gering

I.1 Equilibrium

In general we conjecture a solution for the nominal exchange rate and the
terms of trade as
St = Tem (My —my)

1 *
gt = TgqQdt—1 + T quUt + unutfl + Tgm (mt - mt)

+7T;m (mi—1 —mi_,)

I.1.1 The nominal exchange rate

The nominal exchange rate is unchanged by the introduction of staggering.

Thus we get
1

B 1 +nmp - Hnmp

Tsm

37



I.1.2 The terms of trade

From product market equilibria we get

S % nyw — J——
—_ = — —_ —_ J— :> f— J— —_
G = —Ny (Wt —W07) — @t — st = @ Tow 1 (W — W) — st
Thus we can write the terms of trade as
G = g (Ei2qi-1+ 0 2q; + Er1qs + 0F;1q111)
Fgs [(Br—28t-1 — 8t) + 0 (Er—25t — 8¢) + (Er—15t — 8¢) + 0 (Er15141 — 5¢)]
7]:](] _ nyw 277wp -1 77/ . 7/’yw 1

Nyw +12(1+6)" 7%, +12(1+6)
Next we have that

Ei s 1 = TemBEro (mi—1 —mi 1) = mgmb (my—2 —mj_,)
Ei 98t = TsmBio(my—m}) = T (mi—2 — mi_y)
Ei1st = manBi1 (my —mf) = memb (my—1 —mj_)
B 1841 = TemEi1 (myp1 —miyy) = memb® (my—1 — mj_y)
and
sp— By 951 = e (my — mf) TsmEt—2 (mt—l mtq)
= Tsm (My — M) — T (mt_g my 2)
= Tsm (mt - m:) Tsm (mt—l m:_l) + TemUt—1
= Tsm (mt - m;fk) Tsm (mt—l m:_l) + TemUt—1
st — B 981 = Tem (mt - m:) — TsmEi_2 (mt - m:)

= Tsm (Mg —my) — msm 00 (mt_g - m:_Q)

Tsm (Me — M) — Temb (Mme—1 — mi_1) + Tembus—1

st —Ei_151 = Tem (mt - m;gk) — TemEi—1 (mt - m;gk)
= Tgm (mt — mz() — 7Tsm0 (mtfl - m:—l)

= TsmUt

st— B 1sii1 = Tom (M —mf) — memBEyr—1 (myp1 —miy )
= Tsm (My —my) — Tsmb [0 (mt,l — mzk_l)]
= T (M —my) — Tsmb [(me — myf) — wy]
= Tom (1 —0) (my —m}) + Tsmbuy

Inserting yields
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G = Ngq(Br2gt-1+ 0B 2q + By 1q: + 0F1q441)

+77qm (mt - m:) + n;m (mtfl - m:—l) + Ngu Ut + n;uut

where . 1
= —2 2 — 1
Taa nyw+12(1+5)(”wp )
n, = L 464601 =0)mem
am Nyw +12(1+9)
1 Myw 1
= — —1-6)
Ngm Ty +12 (1 n 5) ( )7Tsm7
Myw 1
= — 1+ 66
lqu nyw+12(1+5)( +09) o,
1 Nyw 1
S 1+66
Nqu nyw+12(1+5)( +00) Tom,
Our guess is
gt = TgqQt—1 + T quUt + 7"';uutfl + Tgm (mt - m?)

+7r;m (mt_l — m;",l)
lagging it once

1 *
Gt—1 = TgqQt—2 + TquUt—1 + TauUt—2 + Tgm (mt—l - mtfl)

g (M2 — M)

thus
1 * 1 *
B oqi1 = Teqi—2 + Ty -2 + Tgmb (my—2 —my_o) + g, (my—2 — mj_y)
*
= qt—1 — TquUt—1 — Tgm (mtfl - mt_l)
*
+7 gm0 (mt_z — mt,2)
= Gt—1 — TquUt—1 — TgmUt—1
E = mgE + Tqm00 (mi—y — mj_5) + 70 (Me—z — mj_y)
t—2qt = Tgqlt—2qt—1 T Tgm mi—2 —My_o TaqmP \Mt—2 — My_9

= Tgq {Qtfl — TqulUt—1 — ﬂqmutfl}

+ (Tgmb + Wém) (mi—1 —mi_y) — (Tgmbd + ﬂ';m) Up—1

1 * 1 *
B 1q = MaqQt—1 + T Ut—1 + 7Tqm9 (mt—l - mtq) + Tgm (mt—l - mtfl)

Eiagn = 7mggBi1q + mgmEi1 (myp1 —miy) + W;mEt—l (my —my)
Tqq {ﬂ'qutfl + F;uut71 + 7Tqm9 (mt,l — mf_l) + ﬂ';m (mt,1 — m:_l)}

+7gmB0 (me—1 —mj_;) + wémH (mi—1 —mi_,)
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Thus we get the following restrictions
Tgq = (1—1—57r +7 —l—57r2)
aq = Mgq ag T Taq aq
Tqu = Ngu

W;u = n;u+77qq [771-(1“ - Tgm — 57qu (7Tqu + qu) -9 (7Tqm9 + 7T;m) + (1 + 57TQQ) ﬂ-;u]

ﬂ-(:;u = [1 - (1 + qué) nqq]
{néu + Ngq [_un — Tgm — 0Tqq (Tqu + Tgm) — 0 (quﬂ + ﬂ-;m)] }
Tgm = Ngm
W;m = ném t Ngq [5 (qug + Wém) + Tgmb + Wém]
+77qq5 [qu (7Tqm0 + Wém) + Tqm00 + 97r611m]

-1
ﬂ-;m = [1 - nqq (5 + 1 + 67‘-(](] + 60)]

{ Mg + OTgmngq [L+ 0 + 6 (57mgq + 6)] }
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Figure 1: Expected (4-months horizon) and actual US-Dollar exchange rates
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Note: The solid line (left-hand axis) is the US-dollar exchange rate against the euro, Japanese yen
(JPY), British Pound (GBP), and Canadian dollar (CAD) end-of-month. The dashed line (left-hand
axis) is the consensus forecast on a 4 month horizon. The bars (right-hand axis) are the forecast
error in percentage terms

Sources: Actual exchange rates: EcoWin (code: 19005); Expected exchange rates: Consensus
Economics Inc.
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Figure 2: Updating of expectations
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Figure 3: Impulse-response functions to a monetary shock
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Note: The reaction of q, s, and R-R” to a one-unit increase in relative money in period 1. Drawn for
6=0.9 and n=1.



Figure 4: Exchange-rate response to a persistent shock
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Note: The reaction of s to a one-unit increase in relative money in period 1. Drawn for 8=0.9.



Figure 5: Response to a persistent shock with imperfect information

Note: The reaction q to a one-unit increase in relative money in period 1. Drawn for 8=0.95, y=0.95,

and n=1.
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