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Abstract

In this paper we estimate several specifications of a two-country new open econ-
omy macroeconomics (NOEM) model with the objective of analyzing the dynamics
of the euro-dollar real exchange rate. The model features home bias, nontradable
goods and incomplete international financial markets; we estimate versions of it
with and without international price discrimination, with and without a distribution
sector (intensive in local nontradable goods), with and without nominal rigidities.
Nominal rigidities, either in the form of LCP or PCP, turn out to be crucial to fit the
data and, in particular, the high volatility of the real exchange rate; the PCP model
achieves this result with an unrealistic degree of home bias. The exchange rate
pass-through is estimated to be low at the border and at the consumer level and all
the frictions introduced in the complete model - local currency pricing, distribution
services and home bias - are empirically important. The variance decomposition
of the real exchange rate shows that international price discrimination is the main
economic driving force and that UIP shocks are the main exogenous forcing process
behind its volatility. The other real and nominal variables are mainly driven by
technology and preference shocks.
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1 Introduction

Following the path-breaking paper of Obstfeld and Rogoff (1995), several authors have
built open economy models with imperfect competition, nominal rigidities and micro-
founded agents behaviour. While much work has been done on the theoretical side of
these ‘New Open Economy Macroeconomics’ (NOEM) models, the empirical side has
only recently gained interest among researchers, thanks to the advances in computational
and econometric techniques. This is a welcome development especially among policy cir-
cles since it will be the empirical performance of this new class of models to ultimately
decide whether they will replace the time-honored Mundell-Fleming-Dornbusch frame-
work as the main tool for understanding the international transmission of shocks and for
formulating policy advice.

Recently there have been some important advances in the empirical literature. Bergin
(2004) estimated, using maximum likelihood techniques, a model with local currency
pricing, shocks to the uncovered interest parity and incomplete markets, and was able to
explain the exchange rate dynamics to some extent. This particular empirical dimension
has traditionally proved a tough test to pass with pre-NOFEM models which, when taken
to the data, were unable to explain the high exchange rate volatility apparently unrelated
to the volatility of other macroeconomic variables (the so called ‘disconnect puzzle’). In
a well known paper, Meese and Rogoff (1983) showed how a range of macroeconomic
models was unable to beat the random walk in forecasting the nominal exchange rate;
more than 10 years later, Flood and Rose (1999) suggested that macroeconomic models
should not be used to explain exchange rate movements.

Following Bergin’s contribution we analyze the dynamics of the euro-dollar real ex-
change rate using a NOEM model estimated with Bayesian techniques. We contribute to
the debate by trying to assess how empirically relevant the various features of a typical
NOEM model are in order to explain the real exchange rate behaviour. We focus on three
partly overlapping dimensions: (i) nominal rigidities, (ii) international price discrimina-
tion (iii) the presence of a distribution sector intensive in local non tradable goods. To
do this we build a two-country NOEM model in which we include elements necessary
to address the questions of interest and we estimate it with and without: (a) nominal
rigidities, (b) international price discrimination in the tradable sector, (c) distribution
services.

Two main features are common to all model speifications: home bias in preferences
and non tradable goods: These features, together with international price discrimination,
are the determinants of real exchange rate movements. Regarding home bias, several con-
tributions in the literature emphasize its relevance to generate real exchange rate volatility
with respect to fundamentals and deviations from the PPP condition. The role of non
tradable goods in the explanation of the observed behaviour of prices and exchange rates
is still debated. Chari, Kehoe and McGrattan (2002) in a fundamental contribution to
the DSGE literature observe that empirically the real exchange rate dynamics is mainly



determined by rigidities in tradable goods prices so that the inclusion of a non tradable
sector in a model is unnecessary. Burnstein, Eichenbaum and Rebelo (2005), by care-
fully measuring import and export prices, reach opposite conclusions. Given this lack of
consensus, we decided to allow for all three sources of real exchange rate dynamics and
measure their relative importance by comparing results obtained with different model
specifications.

The distribution sector is introduced as in Corsetti, Dedola and Leduc (2006): firms
producing tradables need local nontradable goods to deliver their product to the final con-
sumers and this introduces a wedge between producer and consumer prices of tradable
goods. Firms in the tradable sector recognize the need to pay for this additional com-
ponent and, given that the prices of nontradables need not be the same across countries,
find it optimal to set different prices in the domestic and in the foreign markets.

Model specifications differ for the hypothesis concerning firms pricing behaviour, as
well as with respect to the way in which nominal rigidities enter into the firms’pricing
problem. A basic version of the model features flexible prices and wages, but still re-
tains the assumption of a distribution sector, thus leaving a source of international price
discrimination.

A second version simply adds sticky wages to this specification, since in estimated
closed economy DSGE models the presence of wage rigidities proved to be an important
feature to fit the data (see for example Smets and Wouters 2003).

The remaining three model specifications feature nominal price rigidities introduced in
two different ways, depending on the assumption made concerning the currency in which
prices are rigid. In one version exporters set their prices in their home currency and
thus, when exchange rates fluctuate, imported goods prices move one-for-one with it (the
producer currency pricing or PCP model). In the second and third versions exporters
set their prices in the buyers currency so that the exchange rate pass-through is not
complete.! Since in our setting international price discrimination can potentially come
from two sources, local currency pricing and distribution services, in order to disentangle
the differential effect of adding a distribution sector we estimate a version of the model
without distribution services (the local currency pricing or LCP model) and one with
both LCP and distribution costs (the complete model).

The contemporaneous presence of these two assumptions should limit the transmission
of real exchange-rate swings into consumer price movements, consistently with empirical
evidence, without assuming a counterfactually high level of import price stickiness. From
the estimation of the complete model we also derive a direct measure of the degree of
structural pass-through of nominal exchange rate into import prices, both at the consumer
and at the producer price level (i.e. at the frontier). These results constitue additional
evidence along which the goodness of fit and overall plausibility of the different model

!See Devereux & Engel (2000) and Obstfeld & Rogoff (2000) for a discussion of these alternative
hypothesis.



specifications can be judged.?
The main results of the estimation are the following.

First, data support nominal rigidities: the three NOEM models do an equally good
job in reproducing the features of the data, both in terms of overall goodness of fit (based
on a Bayesian marginal density test) and in terms of specific moments of interest; on
the contrary, the RBC model has the worst performance, given its limited capability of
reproducing the empirical persistence found in the data.

Second, the real exchange rate variance breakdown into its main economic determi-
nants along with parameters estimates prove that international price discrimination and
home bias are the main determinants of real exchange rate deviations from PPP, at least
for the complete and LCP models, where the incomplete pass-through limits the trans-
mission of exchange rate fluctuations to other variables. In the case of the PCP model
this is obtained through the home bias, whose estimated value becomes extremely high
so as to limit the effects of import prices, which fully react to exchange rate movements,
on consumer prices.

Third, the PCP model is the only one able to reproduce the positive correlation be-
tween the exchange rate and the terms of trade. In the models featuring local currency
pricing, estimates suggest that import prices are indeed more flexible than nominal wages
and nontradables prices, but not enough to reproduce the quoted moment.

Fourth, in the three models the relative prices of nontradable goods (which we termed
the internal real exchange rate) play a limited role in generating real exchange rate fluc-
tuations. However nontradable goods cannot be dismissed: in the complete model the
estimate of the distribution margin is around 50%, suggesting that distribution services
are an important component in the final sale price of tradables and hence an important
source of international price discrimination.

Finally, a forecast error variance decomposition shows that in the complete model
about 75% of the real exchange rate variability is explained by the shock to the uncovered
interest parity, and the rest by shocks to preferences. Real consumptions, inflation rates
and short-term interest rates are, on the contrary, mostly explained by technology and
preference shocks. While these results can be seen as simply reaffirming the difficulty
of explaining the real exchange rate in terms of ”fundamental” shocks, when seen in
conjunction with the economic decomposition of the real exchange rate variance they
shed some light on the propagation channels built into NOEM models and provide a first
(partial) step toward a better understanding of the exchange rate disconnect puzzle.

The paper is organized as follows. Section 2 illustrates the main features of the model
in relation to the exchange rate determination. Section 3 describes the solution of the
model and its estimation. Section 4 reports and discusses the estimation results. Section

20ther contributions that estimate NOEM models using Bayesian techniques are those of Lubik and
Schorfheide (2005), Rabanal and Tuesta (2005), Adolfson et al. (2004). However, they do not introduce
distribution costs or nontradable goods as we do.



5 concludes.

2 Main features of the model

The world economy is composed by two large countries of equal size (the Euro Area
and the United States). The two countries are symmetric in terms of technology and
tastes, with the notable exception of home bias in preferences. In each of them consumer
maximize their utility with respect to leisure and a composite good resulting from the
aggregation of non tradable and tradable commodities. The latter can be either imported
or produced at home. Monopolistic firms in the two sectors produce a differentiated
variety of either tradable or nontradable goods using a linear technology in labor.

The alternative model specifications that we estimate have many of the features pro-
posed in the literature to explain the real exchange rate fluctuations. In this section we
discuss how the real exchange rate dynamics can be decomposed into three parts, each one
coming from relaxing a different hypothesis behind the purchasing power parity (PPP)
condition: the symmetry of preferences across countries, the international law of one price,
the possibility of trading all goods. Relaxing at least one of these assumptions guarantees
that the PPP condition does not hold, i.e. that the real exchange rate is not constant at
some predetermined level. Then we move on to a brief overview of the relevant features
of the transmission mechanisms embedded in our economy, focusing on the structure of
international financial markets, the monetary policy and the specification of the stochastic
processes for the shocks.

2.1 Real exchange rate and nominal rigidities
The real exchange rate of the home country can be defined as?:

S, P}
2 (1)

where S, is the nominal exchange rate (units of home currency per unit of foreign cur-
rency), P} is the consumption based price index of foreign country (in units of foreign
currency), while P, is the corresponding index for the home country (in units of home
currency). The consumption price index P/ has the following specification:

RSt =

1

1-¢
P = arPp ™ + (1= ar) Py >0 (2)

where ar is the share of tradable goods in the foreign consumption bundle, Py, is their
price, Py, is the price of foreign nontradable goods, ¢ is the elasticity of substitution

3We adopt the convention that starred variables are expressed in units of the foreign country currency.



between the two types of goods.* The corresponding home price index, P;, has a similar
structure (the weight ar is the same). The utility-based price index of tradables, Pry, is:

1

* x1—p *1—p =r
Pr, = [(1 —agy) Py " +anPr, ] p>0 (3)

where Pj, is the price of home country exports, Pp, the price of tradables produced
and sold in the foreign country and p is the elasticity of substitution between domestic
and imported goods. The parameter ay is the weight of the domestic tradables in the
tradable consumption expenditure, as long as ay > 1/2, there is home bias in consumption
(a similar relation holds for Pr;).

We assume that each firm produces, in monopolistic competition, a differentiated
brand 5.5 The prices of the brands belonging to the same sector are aggregated according
to a Stiglitz-Spencer aggregator:

1 T=0,,
Papy = { / p(j)leMdj} Y Where Oy >1 and M= H,F,N,N*
0

where p(j) is the price of the generic brand j and ), is the elasticity of substitution across
brands of the same sector, which is greater than one.

Nominal rigidities are introduced as in Rotemberg (1996): each firm sets the price of
its brand j to maximize the expected profits subject to a standard demand function and
quadratic price-adjustment costs. Firms pay this adjustment cost by purchasing a CES
aggregated basket of all the goods in the sector they belong to, Dy, with .5

where %, is the parameter measuring the degree of price stickiness.

The representative household supplies labour under monopolistic competition; setting
nominal wages to maximize expected utility, subject to a standard labour demand function
and a quadratic wage adjustment cost:

ACY,, (1) = = (MKV—%) - 1) Dy (5)

With sticky wages, nominal marginal costs, and therefore prices, respond less to a
given shock, increasing inflation persistence in the model.

4The price indices are standard. They represent the minimum expenditure needed to buy the corre-
sponding consumption index.

5To save on space, in what follows we will refer to home firms. Similar equations hold for foreign
firms.

6In models where local currency pricing is assumed, firms belonging to tradable sector set two prices,
one for each country.



Wage and price rigidities together with LCP and distribution costs characterize the
complete model. The other models differ for the assumptions on nominal rigidities, on the
currency in which price are rigid and on the presence of distribution costs (see Table I)

Table I: Estimated models synoptic table

’ MODEL H Distribution services ‘ Wages ‘ Prices ‘ Exports invoice currency
All models ‘ Two sectors (T, NT), home bias, incomplete international financial markets
RBC yes flex flex
LCP_SW yes sticky flex buyers
LcpP yes sticky sticky buyers
PCP yes sticky sticky seller
Complete yes sticky sticky buyers

2.2 The components of the real exchange rate

The home real exchange rate can be decomposed into its main determinants (see Benigno
and Thoenissen, 2006). After log-linearization and some algebra we obtain:

ARSt = (1 — CLT)(ﬂ';(V’t — ﬂ-;’,t) — (1 — CI,T)(WN’t — 77T,t) + (6)
+(2ag — 1) (7pe — THt)
+ag (AS; + g — 7re) + (1 —ag) (ASy + 7y, — Taye) (7)

where ARS; and AS, are the percentage change in the real and nominal exchange rate
between period t and ¢t — 1, mp4, Ty, TEe, Ty Tepresent, respectively, the consumer
price inflation rates in the home country of tradable, home tradable, foreign tradable and
nontradable goods. The variables with a star represent the corresponding inflation rates
in the foreign country. The first two terms in equation (6) can be called ”home” and
" foreign” internal real exchange rate, respectively; the second row shows the deviations
from the international law of one price for the foreign and home tradable good, respec-
tively; finally, the last term is the home bias component of the real exchange rate. We
now consider each of them in turn.

2.2.1 The internal real exchange rate

The two terms in the first row of equation (6) represent the part of deviation from the
purchasing power parity due to nontradable goods. The importance of nontradables in
the explanation of the observed behaviour of the real exchange rate is disputed. Chari
et al. (2002) find that the fraction of the variance of real exchange rate between U.S.
and Europe due to relative prices of nontraded to traded goods is only 1.86 percent. On



the contrary, Burstein et al. (2005) find that for a wider set of countries and through
careful measurement of relative prices they account for roughly 50 percent of the cyclical
movements in real exchange rates. In this work we try to give an empirical assessment of
the role of relative prices in real exchange rate fluctuations.

In a symmetric equilibrium the optimal nontradable price condition, expressed in log-
linearized form (variables with “hat” are log-deviations from steady state levels, variables
without the time index are steady state values), has the following form:

~

On — 1
PNDN T

Oy — 1

RN

ng = BETN 41 — wwy (8)
The inflation rate of nontradable goods at time ¢, 7y, is a function of its expected value
Ei7tn 141(0 is the deterministic discount rate of the owner of the firm), of the relative price
of nontradable goods py, (in terms of the domestic consumption index) and of the real
wage W, (we assume labour is the only input in the productive process).

Note that in our model, the prices of nontradable goods affect the internal real ex-
change rate not only directly, but also indirectly through changes in tradables prices,
induced by distribution costs intensive in local nontraded goods.

2.2.2 Home bias

The second term in equation (6), (2ay —1)(7p¢—7w,), measures the home bias component
of the real exchange rate. When the parameter ay equals 0.5 (no home bias) this term
vanishes; when ay is greater than 0.5 then the higher the home bias, the wider are the
changes in the price of the imported good (relative to that of the domestic tradable good)
induced by changes in the real exchange rate.”

2.2.3 International price discrimination: distribution costs and nominal rigidi-
ties

The term ay (ASt + Ty — 7TF¢) + (1 —ap) (ASt + Ty — 7TH,t) in equation (6) is a mea-
sure of international price discrimination: if the law of one price holds (so that the price
of a tradable good, when expressed in a common currency, is the same in each country),
each of the two terms would be equal to zero. In our model the law of one price does not
hold because of two assumptions: distribution costs and price nominal rigidities.

We introduce distribution services as in Corsetti et al (2004): bringing one unit of
traded goods to consumers in the home country requires 7 units of a basket of differenti-

ated nontraded goods:
1 On—1 On—1
0= | [ oo ] 0
0

"See Warnock(2003).



Let p; (h) denote the price of the home tradable brand h expressed in the home currency,
at producer level. With a competitive distribution sector, the consumer price of good h
becomes:®

pe(h) = pe (h) + 0Py (10)
thus distribution services create a wedge between the producer and the consumer price
of tradables. Firms in the tradable sector, when setting their prices, will consider the
need to pay for additional distribution services intensive in local nontradable goods; since
prices of nontradables are not the same across countries, firms producing tradables will
discriminate the markets setting (optimally) two different prices, p; (k) and p; (h). Note
that distribution costs are per se sufficient to have international price discrimination. To
this real friction, however, we add more standard nominal ones. We also assume that
each firm in the tradable sector faces a quadratic cost when adjusting the price p(h) (or
p*(h)) where h is the brand sold in the home (foreign) country:

P _ Ky ((pe(h) . ?
ACT, (h) = % (% - w) (12)

Note that the degree of stickiness can be different across countries (kb # k%).

In a symmetric equilibrium, optimal prices satisfy the following log-linearized equa-
tions:

1. Phillips Curve (domestic producer prices inflation)

Tup = BT (13)

9T |: ﬁH ~

7 |7 = (77pN + w) Py
Ky (pu + 77PN>2 !
Or [ Ornpn _ ] .

+— | (O —w)| Pns
K L (B + npw)?
Or Wy

p W=
Ky DH +NPN

2. Home exports Phillips Curve (at the border):

7_?*H,t = ﬁ%H,tJrl (14)

Or [ DH —

T | = 2 (UPN + ’LU) p*
& L(Ba + npn)? e
Or [ 9T77PN _ ] -

+—5 | = (Pu — w)| i
& L (Br + pn)? o
0 m 0 RS

Ky Dm+mnpN Ky Pa 1PN

8Similar equations hold for the foreign tradable goods.



In each country the home good producer price inflation depends on the relative price of
local nontradable goods. International price discrimination results from nominal rigidities
and distribution services. In absence of distribution costs (n = 0), the only source of
international price discrimination would be the LCP hypothesis.

From these pricing equations we can also derive a structural coefficient measuring the
degree of the pass-through of nominal exchange rate into import prices (ERPT). From
equation (13), after some algebra, a structural coefficient measuring the short run pass-
through at the border can be obtained:

—_

ﬁ*H,t = ... QTU)

—1
L ) o [ 2L s )
Pr + PN (P + npw)

Structural ERPT is the percentage change in import prices - denominated in local
currency - resulting from a one percent change in the bilateral exchange rate, other
things equal. An higher pass-through implies that fluctuations of the nominal exchange
rate are transmitted to a greater extent to import prices, in the limiting case, when the
pass-through is complete (i.e. equal to 1) the fluctuations are transmitted one for one
into import prices. In our framework, the degree of pass-through is affected by nominal
rigidities and by distribution services. Each of these two features is per se sufficient
to generate an incomplete pass-through. Estimating the model we are able to quantify
the degree of short run pass-through and the role of nominal rigidities and distribution
costs rather than just ”calibrate” it. The long run structural pass-through coefficients
do not depend upon nominal rigidities and can be obtained setting the adjustment costs
parameters, x5, and x5, to zero, as we do in the "RBC” model.

2.3 Incomplete international financial markets

We assume that households belonging to the home country can allocate their wealth
among two bonds. Both bonds are risk-free with one-period maturity. One is denominated
in domestic currency and the other in foreign currency. In contrast, households that
belonging to the foreign country can allocate their wealth only in one risk-free nominal
bond denominated in the foreign currency.

The budget constraint of representative home agent is:

BH,t + StBF,t
(I+Re)  (1+ Rp)O(ZEEL) Zyrpy
_BH,t—l - StBF,t—l

< My + Iy,
+W,L, — P,C, — AC)" L,

(16)

By are the nominal holdings of "home” bond, which pay an interest rate R; and Bp are
the nominal holdings of the ”foreign” bond, which pays a nominal interest R;. Following
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Benigno (2001), domestic households take ®(.) as given when choosing foreign bonds’
holdings. We introduce this additional cost, which can be interpreted as a risk premium,
to pin down a well defined steady state for consumption and assets and add a risk pre-
mium shock Zysp; to allow for exogenous variations in international financial markets
conditions.® Households derive income from interests on bond holdings, from labor L,
supplied in a monopolistic competitive regime (facing a quadratic adjustment cost AC}”
in setting wages W;) and from profits, Il ;4 Il arising from ownership of home country
firms.

Given our financial structure, agents optimal decision concerning home and foreign
bonds holdings lead to a modified uncovered interest parity rule:

R, — R: + ¢(l;t) — Zyipy = By (ASi41)

that links the expected variations in nominal exchange rate to the interest rate differential
and to the risk premium (UIP) shock. The term qb(l;t) is the obtained by loglinearizing
the risk premium term ®(.). The uncovered interest parity allows the systematic part
of monetary policy (the Taylor rule) to affect the behaviour of the nominal (and real)
exchange rate!®.

When international asset trade is limited to riskless bonds, the relation between the
real exchange rate and marginal utilities of consumption holds only in expected values
and the log-linearized Euler equation derived from the solution of the consumer problem
is:

E, }/%TS'tH - étS't} = L |:JC<ét+1 - ét) - (ZP,t+1 - ZP,t):| -
Bu|0c(Cios = C1) = (Ziw = Z0,) | + 6(b) = Zures (17)

where Zyp; is the autocorrelated risk premium shock while Zp; and Z, are preference
(demand) shocks, affecting directly the agents’utility. Since the bond is traded only after
a given shock is realized, in the impact period the above equation does not necessarily
hold and the correlation between real exchange rate and relative consumption can be,
consistently with empirical evidence, negative. The sign of impact correlation depends on
the parameters values.!'!

2.4 Monetary Policy

When monetary policy is conducted in an “inertial” way, so that the adjustment of the
instrument toward its target is smoothed over time, the real exchange rate exhibits per-
sistence because, through the interest rate differential (the uncovered interest parity con-

9See Schmitt-Grohé and Uribe (2000).

10Tn particular the persistence (more details are given in the next section).

1 Corsetti et al.(2004) show that a sufficiently low degree of substitution between tradable goods, due
also to the presence of distribution costs, is key to get a negative correlation on impact.
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dition), its adjustment is also smoothed over time. The home monetary policy rule is
given by:

R, = pRRt—l + (L = pRr) pr7te + (1 — pr) pytc + (1 — pr) psAS; + Ry (18)

where R, is the interest rate set by the central bank, 7; is the consumer price inflation, g, is
total output and the coefficient pg, which assumes values between zero and one, captures
inertia in conducting monetary policy: the higher the coefficient, the more inertial is the
monetary policy. g, is an iid shock to the monetary policy function (an identical relation
with starred variables holds for the foreign country).

2.5 The shock processes

We introduced eleven shocks in the model that are commonly used in calibrated DSGE
models. Traditional explanations of the short run real exchange rate volatility rest upon
nominal rigidities and monetary shocks, while a combination of preference and technology
shocks proved useful in international real business cycle models to match observed corre-
lations between relative prices and quantities.!?> The real exchange rate volatility depends
in part on shocks other than the ”fundamental” ones (technology and monetary shocks)!?
and the UIP shock, whose structural interpretation is not clear cut, is a convenient way of
introducing an exogenous source of variability. We make the following assumptions about
the shocks:

e Monetary shocks g, and €%, are independently and identically distributed:
eps ~ 11d(0,0%)
€y ~ 1d(0,077)
e Each preference shock follows a stationary AR(1) process:
Zpy = ppLpi-1+Epy

* _ * k *
Zpy = Pplps1 tepy

where:
Ept ™~ iid(O, ‘71%)

epy ~ 1d(0, o)

12See Stockman and Tesar (1995).
13See Meese and Rogoff (1983) and Flood and Rose (1999).
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e For simplicity, we assume that in each sector - home tradable, home nontradable,
foreign tradable, foreign nontradable - the technology shock follows a stationary
AR(1) process:

ZM,t:pMthl—i_EM,t M:H7N7F7N*

where:
enrs ~ iid(0, o3

Technology shocks enter into the production functions, which are assumed linear in

labour: ) ) )
YM,t:ZM,t+LM,t M:H7N7F7N*

where Yy is output and Lg is labour employed.

e The UIP shock follows an AR(1) process:

Zurpt = puipZuipi—1 + EUIpt

Ul P7t 11 9 ()

e The wage markup shocks are i.i.d:
ewy ~ 1id(0, o5y)

ey ~ 1id(0, or2)

3 The empirical analysis

Our analysis is based on the estimation of various models that differ in terms of as-
sumptions on nominal rigidities: one model has sticky wages and prices with LCP (the
complete model); a second model has the same nominal rigidities but PCP is assumed,
a third model has LCP but with only sticky wages; finally we also considered a model
with flexible wages and prices, that still has two sectors and distribution costs (the RBC
model; see table I).14

3.1 Model solution

Since a closed form solution is not possible, the behaviour of the economy is studied by
looking at a loglinear approximation to the model equations in the neighborhood of a
deterministic steady state. In this steady state the shocks are set to their mean values,

14See Lubik and Schorfheide (2005), Smets and Wouters (2003, 2004a,b) for estimation of DSGE model
using data for the euro area and the U. S.
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price inflation, wage inflation and exchange rate depreciation are set to zero, interest rates
are equal to the agents’ discount rate, consumption is equalized across countries, the trade
balance is zero. Given the presence of distribution costs, price of nontradable goods is
different from that of traded goods; however, prices are symmetric between countries and
the real exchange rate is one. The elasticities of substitution between tradable brands
(67) and between nontradables (fy) are calibrated so that the steady state mark-ups are
equal across sectors.

3.2 The Bayesian estimation

The estimation procedure consists of various steps: the transformation of the data into
a form suitable for the computation of the likelihood function using the stationary state-
space representation of the model; the choice of appropriate prior distributions; the esti-
mation of the posterior distribution with Monte Carlo methods. These steps are discussed
in turn in this section.

The Bayesian approach starts form the assertion that both the data Y and of the
parameters © are random variables. Starting from their joint probability distribution
P (Y,0) one can derive the fundamental relationship between their marginal and condi-
tional distributions known as Bayes theorem:

P(O]Y) x P(Y|®)* P(©)

Reinterpreting these distributions, the Bayesian approach reduces to a procedure for com-
bining the a prior: information we have on the model, as summarized in the prior dis-
tributions for the parameters P (©), with the information that comes from the data, as
summarized in the likelihood function for the observed time series P (Y|©). The resulting
posterior density of the parameters P (0]Y') can then be used to draw statistical inference
either on the parameters themselves or on any function of them or of the original data.

3.2.1 The data

Estimations is based on nine quarterly key macroeconomic variables sampled over the
period 1983:1-2005:2: real consumption, CPI inflation, nontradable inflation and nominal
short-term interest rates for both countries (the Euro area and the U.S.) and the euro —
dollar real exchange rate. The model has implications for the log deviations from steady
state of all these variables, and thus we transformed them before estimating the model.
All series are demeaned and real consumption is detrended by fitting a linear trend to the
original series. Seasonality has been removed from those series that were available only
in unadjusted form regressing them on a set of seasonal dummies. The euro area is the
home country.
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3.2.2 Prior distributions and calibrated parameters

A very small number of parameters have been calibrated (4 in the complete model) for
all the other we have set the means and variances of the prior distributions.!?

The discount factor 3 is calibrated at 0.99, implying an annual steady-state real in-
terest of 4%; the elasticity of substitution between nontradable varieties, 0y, is set equal
to 6, while the elasticity of substitution between tradable varieties, 61 , is endogenously
determined so that 67 = 6y (14 n), which assures that markups are equal across sec-
tors; the parameter of labour disutility, 7, is set equal to 2; the elasticity of substitution
between labour varieties, 6y, to 4.3.

The prior distributions for the estimated parameters in the complete model are shown
in Table 1. We assume all distributions to be a priori independent.

The share of tradables in the consumption basket, ar, is set equal to 0.45 (standard
deviation 0.1).!6 The share of the home produced goods in the home tradable composite
good, ay, is set is set equal to 0.8 (standard deviation 0.1). The mean of intratemporal
elasticity of substitution between home and foreign tradable goods, ¢, is set equal to
1.14, while the mean of intratemporal elasticity of substitution between tradable and non
tradable goods p is equal to 0.74. The standard deviation is both cases is set equal to 0.1.
The parameter of the premium paid by home agents for their net foreign asset position
has a mean equal to 0.01 and a standard deviation of 0.005. The elasticity of marginal
utility with respect to consumption o¢ has a mean value equal to 2 (standard deviation
0.2), so that its inverse, which corresponds to the elasticity of intertemporal substitution,
is 0.5.

The priors on the coefficients in the monetary policy reaction functions are standard:
a relatively high prior mean on the inflation coefficient (1.5, with standard deviation equal
to 0.1) helps to guarantee a unique solution path when solving the model, the persistence
coefficient mean is set to 0.8 (standard deviation equal to 0.1), the output coefficient is set
equal to 0.1 (standard deviation 0.1), the coefficient of nominal exchange rate variation
is set equal to zero (with standard deviation equal to 0.1).

Parameters measuring the degree of price stickiness are assumed to have the same
mean value, equal to 5.6, with standard deviation equal to 10. Parameter measuring the
degree of wage stickiness have a mean value equal to 63, with standard deviation equal
to 40.

The autoregressive parameters of the shocks are assumed to follow a beta distribution
with mean values set to 0.9. The standard errors have a common value, equal to 0.05.
The variances of all shocks and the cross-correlation coefficients of technology shocks have
non informative distributions.

15The choice of the priors functional forms is rather standard, see table 1 in the appendix. Calibration
can be seen as setting a very strict prior.

16Stockman and Tesar (1995) suggest that the share of nontradables in the consumption basket of the
seven largest OECD countries is roughly 50 percent.
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In the sticky wage model, we calibrate the parameters regulating nominal price rigidi-
ties to an extremely low value (0.0001). In the RBC model, we also calibrate parameters
of wage stickiness equal to such a low value.

3.2.3 Simulating the posterior distribution of the parameters

The computation of the posterior distribution of the estimated parameters cannot be done
analytically and thus we resort to Monte Carlo simulations in order to obtain a sample
of draws from this distribution that can be used to compute all moments and quantities
of interest.!” We use a Metropolis-Hastings algorithm to explore the parameter space
starting from a neighborhood of the posterior mode (found by maximizing the kernel of the
posterior using a numerical routine) and then moving around using a random walk ”jump
distribution” whose covariance matrix is chosen so as to achieve an efficient exploration
of the posterior. The algorithm defines a Markov Chain which eventually generates draws
coming from the posterior distribution, although the sequence of draws will be correlated;
keeping one every n-th draws results in a sub-sample of almost uncorrelated draws which
can be used to approximate the posterior distribution.'®

4 Results

In this section we report the main results of our estimation exercise. It is divided into
five parts. First, we show the overall fit of the alternative model specifications and briefly
discuss their ability to reproduce the main stylized facts of the real exchange rate dy-
namics. Then we analyse the posterior estimates of some "key” parameters and next
their implications in terms of ERPT. In the fourth part we draw some conmclusion of
the estimation results for what concerns the breakdown of the exchange rate volatility.
Finally the role of the different shocks in driving the endogenous variables is discussed.
Detailed results can be found in the tables in the appendix.

4.1 Goodness of fit and moment matching with real exchange
rate

In Bayesian analysis the comparison among alternative models is typically carried out in
terms of posterior odds ratio and we follow this approach. Let’s assume that we are given
two models M; and M, and that we assign prior probabilities 7 o and 75 to the each of

17See An and Schorfheide (2005) for a review of Bayesian methods for estimation of DSGE models.

18Geweke (1999) reviews regularity conditions that guarantee the convergence to the posterior distri-
bution of the Markov chains generated by the Metropolis-Hastings algorithm. More details on bayesian
techniques and DSGE models are in Del Negro et al [2004], Schorfheide [2000], DeJong et al. [2000]. For
an applicaton of maximum likelihood methods see Ireland [2004] and Kim [2000].
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them, then the posterior odds ratio is defined as the product of the prior odds and the
Bayes factor:

T2, T 2.0 p(YT/M2)

Bayes factor

T, 710 y P(YT/M1)

where P (YT /MZ) is the marginal data density, obtained integrating the posterior kernel
over all possible parameters values. Assuming the models are a prior: equally weighed
and adopting Geweke’s (1999) harmonic mean approximation to evaluate P (Y7 /M;) we
obtain the results reported in table 2. There appear to be two clusters: a first group of
models, those with nominal price rigidities, have a better overall "fit” compared to the
" fully flexible specification” or to the one with only wage stickiness. From this preliminary
evidence we can conclude that the data clearly favour models with price rigidities.

Since nominal rigidities seem to be required to achieve a better fit, in the following we
focus on the first three specifications (which we name the ”complete” model, the "PCP”
model and the "LCP” model) and ask whether they are equally able to reproduce the
stylized facts concerning the real exchange rate dynamics. As shown in table 3 all three
models perform equally well in terms of volatility and persistence of the real exchange
rate. Incomplete markets and price rigidities are sufficient to obtain negative correlation
between relative consumption and real exchange rate, as in the data, thus avoiding the
Backus - Smith puzzle.

Overall, these results show that the models with nominal rigidities are a fairly accurate
description of the data and of the real exchange rate movements.

4.2 Posterior estimates

Parameter estimates are overall quite similar across the three specifications (see Table 4).

The home bias parameter estimates are high, and range from 0.9 (complete model)
to 0.97 (PCP model). Especially for the PCP model, such a high value is suspicious
and should be taken with care: in fact in this case import prices adjust one-for-one
with movements of the nominal exchange rate (by hypothesis) and pushing the share
of imports in the consumption basket toward one is the model’s way to neutralize their
effect on domestic inflation. On the other hand, many previous attempts to estimate or
calibrate this parameter ended up in the same ballpark of our numbers: both Rabanal
and Tuesta (2004) and Lubik and Schorfheide (2005) find a value of 0.87, while Chari et
al. (2004) choose 0.984 in their calibration.

The estimates of the LCP and complete models lend strong support to international
price discrimination: posterior estimates of the price-adjustment cost parameters for ex-
porting firms (k}; for European exporters and xr for U.S. exporters) confirm the empirical
relevance of local currency pricing (see Table 5). The frequency of price adjustments in
all sectors of the economy are reported in Table 6. In the complete model U.S. import
prices at the border change on average once every two quarters (1.5 in the PCP model),
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while in the Euro area import prices change once every quarter (1.5 in the PCP model).
Our numbers are roughly half of those found for the US by Gopinath and Rigobon (2006),
who report a trade-weighted average price duration of four quarters for imports; for the
Euro area Faruquee et al. (2004) in a VAR analysis reports an average duration of import
prices of around three quarters.

International price discrimination is also due to the presence of distribution services.
95% of the probabily mass for the parameter 7 lies between 0.92 and 1.27 in the complete
model, with a median value of 1.08. Corsetti et al. (2006), following Burstein et al. (2003),
set 1 equal to 1.22, to match the share of the retail price of traded goods accounted for
by local distribution services in the U.S. (approximately equal to 50%). Nontradable
prices are, as expected, more rigid than tradable ones in both countries (and consistently
so across specifications; see Table 4). Nontradable goods are relevant not only for their
role as distributive services, but also as consumption goods: their median weight in the
consumer preferences, (1 — ar), is not negligible and ranges from 0.37 (PCP model) to
0.46 (LCP model).

As shown in the literature, the preference side of the model is crucial in determining the
dynamics of the real exchange rate. The data tend to push the elasticity of substitution
between home and foreign tradables (¢) slightly above its prior mean (1.1) to 1.2 in all
three models, getting close to the value 1.5 set by Chari et al. (2002). Data are also
informative about the degree of substitutability between tradable and nontradable goods:
p is pushed below the prior mean (1.2) to 0.91 in the complete model and 0.75 in the LCP
and PCP models. This result is in line with the 0.74 estimated by Mendoza (1991) for a
sample of industrialized countries. The coefficient of relative risk aversion o¢ is slightly
higher than 2 in all three models.?

The ability of the model to reproduce the persistence of the real exchange rate and
of other variables hinges, among other things, on the interplay between the degree of
monetary policy inertia, the degree of nominal rigidities and the persistence provided
exogenously by the shocks. Regarding monetary policy, in both countries the parameter
regulating nominal interest rate inertia is pushed up by the data, while they are not
informative on the response of U.S. monetary policy to inflation and output. The estimates
of wage-adjustment cost parameters are high: according to the PCP and complete models,
in both the euro area and the U.S. wages are adjusted every two years and a half; according
to the LCP model, they are adjusted roughly once every five quarters.?’ The estimated
structural shocks are rather persistent and their volatilities are in line with values used
in the literature. In particular, the variances of technology shocks and preferences have
roughly the same magnitude as in Stockman and Tesar (1995).

T ubik and Schorfheide (2005) estimate a posterior mean value of o¢ slightly below 4.0; Chari et al.
(2002) set it equal to 5.0.

20Smets and Weuters (2004) for the U.S. estimate an average length of wage contract equal to five
quarters, for the euroarea equal to three quarters.
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4.3 The Exchange Rate Pass-Through

To get a sense of what the parameters imply for international relative prices and exchange
rate pass-through, we plot the responses to a UIP shock in the complete model.

Figure 1 presents evidence of incomplete ERPT and of international price discrim-
ination. First, pass-through incompleteness at the border is confirmed by the reaction
of import prices p*(h) and p(f), which is lower than that of the nominal exchange rate.
Second, ERPT is even lower at the consumer level: consumer prices of imported goods
p*(h) and p(f) move less than their border counterparts, given the presence of distribu-
tion costs. Finally, domestic prices of tradable goods, contrary to export prices, are not
significantly affected by the UIP shock.

In Table 7 we report the structural ERPT coefficients (see equation 15). In the short
run in the complete model ERPT to import prices at the border is 40 per cent for euro
area and 10 per cent for the U.S.; the presence of distribution costs halves the ERPT at
the consumer level in both countries. In the long run, as suggested by the RBC model,
pass-through is higher and almost complete at the border (90 percent); at consumer level,
it is incomplete and roughly equal to 40 percent.

4.4 Decomposing the dynamics of the real exchange rate

Incomplete ERPT at the border and at the consumer level is related to international price
discrimination. Table 8 shows the variance breakdown for the real exchange rate changes
using equation 62'. The main result is the importance of tradable goods price fluctuations:
the variance term attributable to the international price discrimination explains around
56 per cent of the whole variance in the complete model, 25 per cent in the LCP model.
Home bias is also not negligible, given that it weighs 7.5 per cent in the complete model,
36 per cent in the LCP model and almost 100 per cent in the PCP case. The covariance
between home bias and international price discrimination terms plays a significant role
in the first two models. The contribution of the internal real exchange rate is small, as
shown by the variance and covariance terms in which they are involved. These results are
in line with Chari et al. (2002) but in our case the importance of nontradable goods is
also related to international price discrimination via price setting decisions in tradables
sector.

4.5 The role of the different shocks in driving fluctuations

In order to gain some insight on which shocks are driving fluctuations in the model, we
computed the asymptotic variance decomposition, which is reported in Table 9.

21Variances and covariances, divided by the variance of the real exchange rate changes, are obtained
simulating the models.
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Slightly more than three quarters of the real exchange rate variance are accounted
for by the UIP shock. The remaining part is explained by preference shocks (around 20
per cent). Technology and interest rate shocks are not relevant for RER fluctuations.
To the contrary, consumption and nominal interest rate fluctuations are mainly driven
by domestic preference shocks, while inflation rates by domestic technology shocks (in
particular by the domestic tradable technology shock). Wage shocks are not important,
while monetary policy shocks are, to some extent, only relevant for their country interest
rate fluctuations.

The prominent role played by the UIP shock in RER volatility is in line with previous
empirical results as well as with strong deviations from UIP observed in the data. Also
shocks to preferences are to some extent relevant in explaining the RER fluctuations.The
UIP shocks do not greatly affect variables other than the RER; this is in line with the
empirical evidence of an ‘exchange rate disconnect puzzle’.

5 Concluding remarks

This paper gives a contribution to the estimation of New Open Economy Macroeconomic
models, fitting several versions of a two-country model to data from the U.S. and the Euro
area. The models are able to reproduce the stylized facts of the real exchange rate without
sacrificing the matching of other variables. Nominal price rigidities seem an essential part
of the story: if they are not introduced, the model lacks the persistence found in the data.
The frictions introduced to limit the transmission of the high volatility of the exchange
rate to the fundamentals - home bias, local currency pricing and distribution services -
are all empirically relevant. As a further and related result, the pass-through is estimated
to be rather low at the border and even lower at the consumer level. When pass-through
at the border is assumed to be complete (PCP model) the home bias is estimated to be
extremely and implausibly high, so as to compensate for the lack of international price
discrimination.

When looking at the economic determinants of the real exchange rate variance, pricing-
to-market and home bias emerge as empirically relevant mechanisms, while the internal
real exchange rate plays almost no role. The ”disconnect” between real exchange rate and
fundamentals and the capability of the models to reproduce it, is reaffirmed when looking
at the forecast error variance decomposition, in which the UIP shock is estimated to be
the main forcing process behind real exchange rate fluctuations, followed by preference
shocks.

These results stimulate further work. In this paper, consistently with the theoretical
NOEM literature, we focused on the relationship between real exchange rate and nominal
prices. However more empirical work is needed to test recent development on the rela-
tionship between international relative prices and quantities. To this end, we would need
to take to the data a richer model with endogenous capital accumulation and investment.
This is left for future research.
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Table 1A. Calibrated parameters

parameter symbol value
intertemporal discount factor 15} 0.99
labour disutility T 2
elasticity of substitution (NON tradables) 6Oy 6
elasticity of substitution (labour inputs) Oy 4.3

Table 1B. Prior distributions of the estimated parameters

param type mean st. dev param type mean st. dev
Ko Gamma  0.01 0.005 U Beta 0.90 0.05
) Gamma 1.14 0.10 PLr Beta 0.90 0.05
P Gamma 0.74 0.10 pUIP Beta 0.90 0.05
oc Gamma 2.0 0.20 J Beta 0.90 0.05
PR Beta 0.80 0.10 PN Beta 0.90 0.05
Pr Gamma  1.50 0.10 J Beta 0.90 0.05
Py Normal 0.0 0.10 PN Beta 0.90 0.05
ps Normal 0.0 0.10 oy Uniform[0,1]  0.50 0.29
Pr Beta 0.80 0.10 oy Uniform[0,1]  0.50 0.29
px Gamma  1.50 0.10 ouIp Uniform|[0,1]  0.50 0.29
oy Normal 0.0 0.10 og Uniform|[0,1]  0.50 0.29
P Normal 0.0 0.10 oy Uniform|[0,1]  0.50 0.29
Ki Gamma 5.6 10.0 o Uniform|[0,1]  0.50 0.29
Kp Gamma 5.6 10.0 oN Uniform[0,1]  0.50 0.29
KN Gamma 5.6 10.0 o Uniform[0,1]  0.50 0.29
Kip Gamma 5.6 10.0 oN Uniform[0,1]  0.50 0.29
K Gamma 5.6 10.0 ow Uniform[0,1]  0.50 0.29
Ky Gamma 5.6 10.0 oy Uniform|[0,1]  0.50 0.29
Ky Gamma  63.0 40.0 eta Gamma 1.20 0.10
Ky Gamma  63.0 40.0 g Beta 0.80 0.10
ar Beta 0.45 0.10
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Table 2. Overall goodness of fit

Model Marginal density
LCP with DC 2977
PCP without DC 2974
LCP without DC 2970
LCP with sticky wages only 2902
"RBC” (no nominal rigidities) with DC 2803
Notes: The marginal density is computed using the harmonic mean estimator proposed by Geweke
(1999).

Table 3. Performance of models with nominal rigidities in reproducing the main
properties and stylized facts of the euroarea-US real exchange rate

Moment LCP with DC PCP without DC LCP without DC
Volatility 14.71 14.51 14.21
Persistence 0.93 0.93 0.93
corr (RSt, CQ) -0.39 -0.51 -0.36
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Table 4. Posterior median estimates for models with price rigidities

parameter Complete model LCP PCP

i 1.08 - -
am 0.90 0.95 0.97
ar 0.61 0.54 0.63
o) 1.22 1.17 1.22
p 0.91 0.75 0.74
ky 10.13 9.01 3.52
kp 3.27 5.32 -
kn 53.63 71.11 19.62
ki 22.65 3.25 -
k3 2.83 5.31 3.31
kN 26.79 61.35 5.65
kw 283.88 74.09 342.28
Eyy 348.96 56.05 366.35
oc 2.35 2.27 2.17
PR 0.87 0.86 0.86
Pr 1.67 1.75 1.65
Py 0.20 0.01 0.23
Pe -0.02 -0.01 -0.02
Py 0.90 0.87 0.91
oL 1.52 1.60 1.49
Py 0.10 0.09 0.10
p: -0.02 -0.01 -0.01
ko 0.01 0.01 0.01
Pub 0.92 0.94 0.91
Py 0.93 0.93 0.91
Puip 0.93 0.95 0.95
Por 0.92 0.96 0.96
Pan 0.92 0.97 0.95
j 0.89 0.95 0.90
pPz3, 0.94 0.94 0.97
Ou, 0.03 0.03 0.03
Ou; 0.02 0.02 0.02
Ouip 0.00 0.00 0.00
OR 0.00 0.00 0.00
oy 0.00 0.00 0.00
o 0.02 0.01 0.01
OZn 0.01 0.01 0.01
oz 0.02 0.01 0.01
o7y 0.01 0.01 0.00
o 0.46 0.08 0.28
oz 0.41 0.04 0.22
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Table 6. Nominal rigidities in the complete model

Nominal rigidities cost probability frequency
Euro area
Import (border) 3.27 0.19 1.2
Domestic tradable (wholesale)  10.13 0.36 1.6
Nontradable 53.63 0.74 3.8
Wages 283.88 0.9 10.0
U.S.
Import (border) 22.65 0.5 2.0
Domestic tradable (wholesale) — 2.83 0.17 1.2
Nontradable 26.79 0.65 2.9
Wages 348.96 0.91 11.1

Notes: The column denoted with cost reports the parameter measuring the
cost for adjusting prices. The column denoted with probability reports the
implicit Calvo probability for a firm of not being able to reset prices optimally.
The column denoted with frequency reports the average duration of prices,
computed on the basis of the Calvo probability. All figures are based on the
output of the Metropolis-Hastings algorithm with 1,000,000 draws.

Table 7. Nominal exchange rate pass-through into import prices (%)

Exchange rate pass-through

at the: Short Run Long Run
Border EA 41 91
Consumer EA 20 43
Border U.S. 10 90
Consumer U.S. 5 4

Table 8. Real exchange rate fluctuations: economic decomposition

(% of variance of Rer explained)

Component Complete LCP PCP
Var(Internal Rer) 0.2 0.7 0.2
Var(Home bias) 7.5 35.7  96.6
Var(IPD) 55.9 24.9 0.0
cov(Int Rer,Homebias) -0.1 1.7 3.1
cov(Int Rer,IPD) 2.2 1.9 0.0
cov(Home bias,IPD) 34.0 346 0.0
Total 99.8 99.4  100.0
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Table 9. Variance decomposition: complete model

Variable ZH  Zp AN ZN 2R %%k U 25y zuip Aw Zyy  tot
UEM C 10.2 0.3 13.3 0 5.4 0 63.9 0.7 59 03 0 100
UEM 7, 478 0.4 29.3 0 0.7 0.1 15.5 0.2 4.8 1.1 0 100
UEM 7,t 14.8 0 59.7 0 0.8 0 21.6 0.2 1.7 1.2 0 100
UEM re 1.5 06 05 03 02 03 111 8 77.5 0 0 100
UEM R 16.7 0.1 16.2 0 8.4 0 56.2 0.2 1.8 04 0 100
U.Ss. C 0.8 3.8 0 8.3 0 131 14 642 82 0 0.2 100
U.S. 7w 0.4 53 0 28 0 1.7 07 104 44 0 14 100
U.S. m,t 0.1 8.2 0 64.2 0 2.4 1.1 17.2 5.2 0 1.7 100
U.S. R 01 76 0 142 0 182 1.1 531 5.4 0 03 100

Table 10. Volatility, persistence e cross-correlations of selected variables

Variable

UEM real exchange rate
UEM CPI inflation

U. S. CPI inflation

UEM nontradable inflation
U. S. nontradable inflation
UEM interest rate

U. S. interest rate

UEM consumption

U. S. Consumption

UEM import inflation

U. S. import inflation

Volatility Persistence
Data model Data model
20.74 15.66  0.97 0.93

0.41 0.48 0.75 0.61
0.36 0.46 0.4 0.50
0.55 0.41 0.85 0.79
0.36 0.36 0.57 0.73
0.77 0.48 0.98 0.95
0.55 0.36 0.97 0.93
1.94 1.39 0.49 0.85
1.78 1.13 0.96 0.83
1.85 3.26 0.62 0.32
1.51 2.44 0.29 0.50

Variables

Cross-correlations

Rer, relative consumption

Rer, CPI inflation
Rer, U.S. inflation

Rer, nontradable inflation

Rer, U.S. nontradable inflation
Rer, import price inflation

Rer, U.S. import price inflation

Consumptions

UEM trade balance, output

Data
-0.48
0.54
0.03
0.52
0.38
-0.24
-0.11
-0.1

model

-0.43
-0.11
0.11
-0.18
0.19
0.23
-0.27
-0.11
-0.37
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