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Abstract

Menu-cost models predict a hump-shaped relationship between real and nominal exchange rate
volatility. The hump occurs at higher values of nominal exchange rate volatility, the higher trade
costs and lower international substitution elasticities are. These predictions accord well with the
negative relationship between relative price and nominal exchange rate volatility documented us-
ing a dataset of prices collected in Eastern Europe in a volatile environment. In contrast, trade
costs must be sufficiently high or international substitution elasticities low in order for the model
to account for the positive correlation between real and nominal exchange rate volatility in the

aggregate data.
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1. Introduction

International relative prices for similar, apparently tradeable goods are volatile and per-
sistent, much more so than relative prices for locations within a country. Engel and Rogers
(1996) provide a metric that has often been used to gauge the impact that national borders
have on international relative price movements: the border between the United States and
Canada increases the volatility of relative prices for two cities it separates by as much as
75,000 miles would if the cities were located within a country.t

This paper quantifies the sources of these excessive relative price movements. Do they re-
flect real factors, i.e., transportation costs, trade barriers, combined with low substitutability
of goods produced in different countries and other impediments to goods-market arbitrage?
Or, rather, do they reflect nominal price stickiness coupled with volatile nominal exchange
rates?

Both of these explanations have received widespread support in earlier work. Interna-
tional trade costs, broadly defined, are large 2 and positively correlated with measures of law-
of-one-price deviations.®> Relative prices across countries, at all levels of aggregation, track
nominal exchange rates closely.* The volatility of nominal exchange rates across countries is
positively correlated with measures of international relative price variability, suggesting that
nominal frictions may indeed be partly responsible for the excessively large border effects.®

I revisit the question posed above quantitatively, using a model with trade costs and
price adjustment (menu) costs. I show that in models in which nominal rigidities arise
endogenously, due to fixed costs firms pay to adjust their prices, an increase in nominal

exchange rate volatility does not necessarily increase the variability of international relative

1See also Engel (1993, 1999) and Parsley and Wei (2001a) .

2 Anderson and van Wincoop (2004) find that total trade costs amount to a 70% ad valorem tax equivalent.
3E.g., Crucini and Shintani (2004), Crucini, Telmer and Zachariadis (2005).

4Isard (1977), Giovannini (1988) or Mussa (1986).

®Engel and Rogers (1996, 2001), Parsley and Wei (2001a, 2001b).



International Price Dispersion in State-Dependent Pricing Models 3

prices, as is the case in models in which the degree of price stickiness is assumed exogenous.®

Rather, an increase in the volatility of the environment has two effects on the volatility of
international relative prices. On the one hand, nominal exchange rates (NER) are explicitly
used to compute relative prices and higher NER volatility increases relative price variability:.
On the other hand, as the volatility of NER increases, firms reprice more frequently, thereby
more readily correcting relative price fluctuations induced by nominal shocks.

The relative strength of these two effects depends on the size of trade costs, as well
as the volatility of nominal exchange rates in the economy. In environments in which the
volatility of nominal exchange rates is small, prices adjust infrequently: relative prices inherit
the properties of nominal exchange rates and higher NER volatility increases the size of
deviations from the law of one price. As NER volatility increases, firms find it optimal to
pay the menu cost and adjust more readily. More frequent adjustment breaks the tight link
between nominal and real exchange rates. Higher NER volatility, through its effect on the
frequency of price changes, lowers the variability of relative prices.

The size of trade costs affects both the level as well as the slope of the relationship
between relative price and nominal exchange rate volatility. Firms that face smaller trade
costs have higher export shares and allow smaller law-of-one-price deviations because they
find it optimal to reprice more frequently. Relative price fluctuations are costlier for these
firms because, given the lower costs of arbitrage, they translate into more volatile movements
in quantities. Given that the sign of the relationship between real and nominal exchange
rate volatility depends on the frequency of price adjustment, the hump occurs earlier for
more tradeable goods, whose producers have a higher incentive to increase the frequency of

price adjustment in response to an increase in the volatility of nominal shocks. I use this

E.g., Taylor (1980) or Calvo (1983). See also Devereux and Yetman (2002) who study a related question
(the relationship between exchange rate pass-through and inflation) in the context of a time-dependent
model in which firms adjust prices at random intervals, in a Calvo fashion, but choose the (ex-ante) optimal
frequency of price changes given a cost of price adjustment.
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last prediction of the model to gauge the size of trade costs empirically.

Alvarez, Atkeson, and Kehoe (2002) document that high-inflation countries are charac-
terized by less volatility of real exchange rates relative to that of nominal exchange rates
and show that a model with endogenously segmented markets can replicate this behavior.
Burstein (2006) shows that the effect of nominal shocks on real activity is smaller in high-
inflation environments because firms adjust more frequently in the presence of fixed costs
of adjusting prices. He argues that a state-dependent pricing model can also reproduce the
lower ratio of real to nominal exchange rate volatility in high inflation environments. How-
ever, my open economy menu-cost model delivers a stronger result. According to the model,
real exchange rate volatility itself should eventually decrease with higher nominal exchange
rate volatility.

Both aggregate and disaggregated price data is used to test the predictions of the model.
The micro-dataset includes prices for agricultural products sold in open-air markets, a volatile
environment in which prices are changed frequently and where the model predicts, if any-
thing, a negative relationship between relative price and nominal exchange rate volatility.
Using data on the prices of 58 products collected biweekly over a three-year period in 12
Eastern European cities, I indeed find, using gravity-type equations, that city pairs and time
periods that are subject to larger shocks to their nominal exchange rates experience smaller
deviations from the law of one price.

I next show that in the aggregate, CPI-based data, the volatility of monthly changes
in real exchange rates increases with larger nominal exchange rate volatility even for pairs
of countries that have suffered from excessive nominal exchange rate fluctuations. The
menu-cost model can account for this lack of a hump in the data, but only in the presence
of high trade costs or low substitution elasticities across Home and Foreign varieties of a
good. I thus conclude that menu costs, on their own, cannot account for the large border

effects documented in work with international relative prices. Large trade frictions or low



International Price Dispersion in State-Dependent Pricing Models 5

substitution elasticities (or alternative frictions that reduce a firm’s incentive to respond to
nominal exchange rate movements) are necessary ingredients of a sticky price model capable
of reproducing the pattern of international relative price movements observed in the data.
The rest of this paper is organized as follows. Section 2 presents the model. Section
3 discusses the relationship between relative price variability and nominal exchange rate
volatility that the model generates. Section 4 evaluates the model empirically. Section 5
concludes. Appendices that discuss the solution method and the data used in the paper are

available online.”

2. The Model

The world consists of two countries, Home and Foreign. Each country is inhabited by
a continuum of identical consumers and a continuum of firms. Consumers buy goods from
Home and Foreign firms and supply labor to firms in their own country. They own local
firms and consume their profits. In addition, consumers in both countries have access to
a complete set of state-contingent securities denominated in Home’s currency. The Home
country is small relative to Foreign so that Foreign variables are unaffected by shocks in the
Home economy. This assumption is made in order to maintain computational tractability
and to allow the use of non-linear solution techniques.

I next describe the problem of the agents in Home. Foreign agents solve identical problems
and asterisks are appended to their variables. Throughout, let s, denote the event realized
at time ¢, s' = {sq, $1, ..., 5¢ } the history of events up to this period and 7 (s') the probability

of a particular history as of time 0.

"http://web.econ.ohio-state.edu/~midrigan /research.html
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2.1. Consumers

A representative consumer has preferences over a continuum of goods indexed by z €
(0,1). For each good z, two closely substitutable varieties, one produced in Home and
another in Foreign, are available for consumption. Letting C(z,; s') denote the consumption

of variety i € {h, f} of good z in s', the Home consumer solves

oI Zﬁ ZU (s") (1)

subject to
[ 0l i) 4 (@)els (21 59C e £35) ot 2)
+ZX t+1|8 t+1> (St)n(st) _i_H(St)_'_b(St)’
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is a CES aggregator over the different goods and
Cless) = (Clahis) T +CCe fis) 5 )T (4)

an aggregator over the two (Home and Foreign) varieties of good z. 6 and + are the elasticity
of substitution across goods and varieties, respectively. p(z; s) is the price of the domestically
produced variety of z, and p*(z; s') is the (Foreign currency) price of the Foreign variety. e
is the exchange rate, denominated in units of Home per Foreign currency. 7(z) is an iceberg
trade cost the consumer incurs in order to purchase goods from abroad: to consume 1 unit of
the foreign good, 7(z) > 1 must be purchased. Goods differ according to their tradeability:
G(7), the distribution of trade costs across goods, is calibrated below. y(s'™|s?) is the price

t+1

of a bond that pays 1 unit of Home currency if state s™! is realized tomorrow. b(s*)
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is the quantity of state-contingent bonds the consumer purchases. Finally, II(s") are the
profits earned by all Home firms, and n (s') is the household’s supply of labor. Implicit in
this formulation of the budget constraint is the convention that consumers own only their
country’s firms.®

The optimal consumption allocations chosen by the consumer that faces the problem

above satisfy

cn- (3)" (5

P(2) = [p(=)" 7 + (r(2)ep*(2) 7] T (7)

is the price index for good z, and

P= < /O 1 P(z)l_edz) - (8)

is the aggregate price index in this economy.

The share of good 2z imported from abroad depends on the price the Foreign firm charges
(in Home currency terms), times the good’s shipping cost, relative to a consumption-weighted
average price of the Home and Foreign varieties of this good. This problem is thus a gen-
eralization of the standard trade-cost model, exposited, for example, in Sercu, Uppal, and
van Hulle (1995), in which Home and Foreign varieties of a good are perfect substitutes

(7 — 00), and consumers purchase only the cheapest variety of a given good.

8This, as well as the restriction that state-contingent bonds are denominated in Home’s currency, are
notational conventions rather than assumptions. Given the availability of a complete set of state-contingent
Arrow-Debreu securities, any additional asset in this economy is redundant (it does not affect equilibrium
allocations), because it can be constructed using a combination of the state-contingent bonds available for
trade. Chari, Kehoe, and McGrattan (2002) employ a similar convention.
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Finally, the optimal supply of labor and demand for state-contingent securities is governed

by
t W(St) . Un(st)
") B T O 2
P(StJrl) UC(St+1)

X(s"s") = pr(s"]s")

U.(st) ’
where U, U, are the derivatives of the utility function with respect to its arguments.
Foreign consumers face a similar problem. In the exercises, it is assumed that the Foreign
economy is large compared to the Home economy. Formally, there is a unit mass of Home
agents and that Foreign’s population is /N times larger, where N — oo. Moreover, Foreign

consumers place little weight on their consumption of Home varieties of goods
0
* t * vk £y 2=t * 2=\ -1
C’(z;s)z(cuC(z,h;s)W +C(z,f;s)W> : (11)
and w* — 0. Without this assumption, Home firms would de facto sell only abroad indepen-
dent of the size of their trade costs, and this would preclude us from studying the role of
tradeability in the model. Foreign consumers’ demand for the Home-produced variety of a
given good is:

C*(2,h; ') = w™ <—€gg)g<'z’;3> > (e, (12)

where

P*(z; ') = <p*(z; s W <—T(Zi};§tz; St)) > (13)
is the aggregate price of good z from the perspective of the Foreign agent. Note here the
consequence of the assumption that w* — 0 : Foreign prices and quantities are independent
of disturbances originating in Home. Nevertheless, because Foreign is large relative to Home,

total demand for Home goods is non-zero.
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The nominal exchange rate in this model is determined from the Euler equation (10)
that governs the Home consumer’s demand for state-contingent securities. Together with its
Foreign counterpart, this equation implies the following relationship between the ratio of the

marginal utilities of consumption in Home and Foreign and the real exchange rate:

UCG) (), P
UC ), (5) e P )

(14)

where A is a constant that depends on initial conditions. Its value is normalized to ensure
that e = 1 in the steady state. Even though households trade a complete set of state-
contingent securities, the Home and Foreign marginal utilities fail to move in tandem to the
extent to which the real exchange rate deviates away from unity. This is the case whenever
transport costs are positive (so that consumption is skewed toward domestically produced
goods — otherwise, given the assumption of producer currency pricing, the real exchange rate

is equal to unity) and prices are irresponsive to nominal shocks.

2.2. Firms

Firms set a unique price p(z; s') or p*(z; s') denominated in their own country’s currency.
Both countries’ consumers buy at this price. Customers from abroad pay an additional
(iceberg) trade cost 7(z)—1 : in order to consume 1 unit of the good, 7(z) must be purchased.

Labor is the sole variable input in production: the firm’s technology is y(z) = I(2),
where [(z) is the quantity of labor the firm uses for production. Firms also face menu costs

of adjusting prices: the firm must hire {(z) additional units of labor every time it resets its

price. £ differs across firms; more on this below. A typical firm in Home solves

p(z;8t)

max ZZQ(St)H(z; sh, (15)

where Q(s') = 6%(?)% is the rate at which real profits at s are discounted in
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period 0, and TI(z; s) are the firm’s profits in state s,

p(zis) ooy WILS) o W(s")
P(St) ( ) ) - P(St) D(Z’ S )a - g(z)mzp(z;st)ip(z;stfl)a (16)

[(z;s") =

where £(2) V}L/((jtt)) is the additional cost the firm must pay every time it reprices, and D(z; s)

is total demand:
D(z;s") = C(z,h; s") + N7(2)C*(2, h; s") (17)

Note that per capita demand from Foreign consumers is 7(2)C*(z, h) because, given a desired
level of consumption C*(z, k), the consumer must purchase a total of 7(2)C*(z, h) units, of
which a fraction melts in transit. Parameter values in the Foreign economy are chosen to
ensure that per capita consumption and aggregate price levels are equal in both countries at
the steady state: C' = C*, P = P*, and that w**N = 1. These assumptions imply that, at
the steady state, a Home firm that faces no trade costs treats the Home and Foreign markets

symmetrically because its export share is close to %

2.8, Equilibrium

Money enters via a quantity theory money demand equation that assumes unitary veloc-
ity: P(s")C(s") = M(s'), and similarly for the Foreign economy. The Foreign money supply
is assumed constant. This, as well as the assumption that Foreign preferences are heavily
skewed toward the consumption of Foreign goods (w* — 0), implies that Foreign aggregate

variables are constant at their steady-state values. The only source of uncertainty in the

economy are shocks to the growth rate of the Home money supply: g(s') = log < M]\gfj)l)) .

The equilibrium is a sequence of prices p(z;s'),e(s"), W(s'), x(s'™|s!) and allocations
n(st),C(z,1,s"),b(s™) that satisfy firm and household maximization and market-clearing
and resource constraints.

The algorithm used to characterize the equilibrium of this economy recursively, including

the non-linear solution method employed, and the use of a Krusell and Smith (1997) - type
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approach to deal with the infinite-dimensional state space is discussed in detail in a technical

appendix available online.

3. The Relationship between RPV and NER Volatility

I next discuss the model’s key implication: the relationship between relative price and
nominal exchange rate volatility. I first discuss how the parameterization of the model and

then conduct numerical experiments.

3.1. Parametrization and Calibration

The utility function is
1 -
U(C,n) = —KC’ " —n. (18)

The length of the period is one month, and the discount factor is equal to 3 = .997. The
value of v is chosen to ensure that households work 30% of their discretionary time in the
steady state. I follow Chari, Kehoe, and McGrattan (2002) and set x = 5 so that the model
produces sufficiently large movements in real exchange rates. The elasticity of substitution
across goods is set equal to 8 = 3 to highlight the fact that goods are imperfect substitutes,
a lower bound of the range of elasticities used in closed-economy models.” On the other
hand, varieties of a good are assumed closely substitutable, and I set v = 15, somewhat
higher than the estimates reported by Hummels (2001) using disaggregated international
trade data. The high elasticity of substitution between Home and Foreign goods is chosen
because my goal is to quantify the ability of the model to generate relative price fluctuations
for seemingly identical goods. Indeed, the extent of international law-of-one-price deviations
in the data is puzzling especially because goods for which relative prices fluctuate so much

are arguably closely substitutable. This assumption is relaxed below.

9See Obstfeld and Rogoff (2000) for a brief survey.
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The production function y = [* reflects the fact that other factors of production are fixed

in the short run. The share of labor is set to o = 2.

w

To calibrate the distribution of trade costs, I use the US Imports and Exports Data
compiled by Robert Feenstra. This dataset contains information on the total value of ex-
ports by manufacturing firms at the SIC four-digit level for 1958-1994. I supplement this
dataset with the NBER Productivity Database, which contains, among others, data on total
shipments for these industries. Using the two sets of data, I calculate export shares for 396
industries for 1993.1° Based on these shares, I compute (weighted by the revenue share of
each industry) second (11.26%), third (1.43), and fourth (4.74) moments of the distribution
of export shares that I ask the model to match. I do not use the US data to calibrate
the mean export share given that the United States is a relatively closed economy and also
because the disaggregated data are available only for the manufacturing sector. Instead, I
use the OECD STAN Indicators Database for 1993, which provides data on export shares
for most of the OECD countries. The average (across OECD economies) export share is
11.87%. I assume a parametric functional form for the distribution of trade costs G(7) :
the beta distribution, for its flexibility. The two parameters of the distribution are chosen
so that the model delivers moments of the export shares distribution close to those in the
data. The calibrated distribution is G(7) =beta(a,az) with a; = 3.4 and a, = 13. Trade
costs range in the model from 2% to 48% (in a 50-node quadrature-based discretization of
this distribution), with a mean of 20% (7 = 1.2). This large dispersion of trade costs across
varieties is consistent with results from earlier work that has provided direct measurements
of the size of transport costs. A notable example is Hummels (2001), who has assembled
an extensive dataset of freight rates for two-digit SITC industries for the United States and

several other countries. He finds large dispersion in freight rates, across both commodities,

107 discovered several errors for the 1994 dataset downloaded from the UC Davis website and went back
one year in time to avoid them.
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and transportation modes: average freight rates range from 3.5% (Office Machines) to 28.6%
(Coal, Coke) for the United States, and are as large as 50% for other countries.

Menu costs of price adjustment £(z) are assumed to differ across firms: firms pay 1.2%
of their steady-state revenues each time they adjust prices. Firms that sell more abroad face
larger menu costs because of their larger market shares. This assumption is made in order
to ensure that the result that more tradeable firms adjust more frequently is not simply due
to the fact that these firms have smaller menu costs relative to their revenues. The choice
of the size of the menu cost implies that firms adjust every seven months on average for
monetary shocks of a size similar to that in the US data, an average price duration in the
neighborhood of that documented by Bils and Klenow (2004) and Nakamura and Steinsson
(2006) for a large dataset of BLS-collected consumer prices in the US economy. These menu
costs are also consistent with the evidence presented by Zbaracki et al. (2004), who study
the price adjustment practices of a large US manufacturing firm.

The model is used to study how goods prices respond to movements in exchange rates. I
thus require the model to generate nominal exchange rate fluctuations consistent with those
observed in the data. The process for the growth rate of the money supply is chosen to

ensure that nominal exchange rates follow, in equilibrium, a random walk process:
loge(s') =loge(s"™!) +e(s"), (19)

where € ~ N(0,0?). I vary o in simulations to study how the variability of relative prices
depends on the volatility of changes in nominal exchange rates. To be clear, even though the
nominal exchange rate follows in equilibrium a random walk subject to random disturbances,
it does not constitute an exogenous variable in the model. Rather, the growth rate of the
money supply is calibrated in order to generate nominal exchange rate fluctuations as in the

data.l!

Hlog % = (1-k)log % + e(sh).
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3.2. Results

Figure 1 plots a firm’s value of leaving its price unchanged: V", and that of adjusting
its price and paying the menu cost, V¢, as a function of the log deviation of the firm’s price
from its optimum when all other variables are at their steady-state levels. The figure plot
these functions for two firms: one that sells tradeable goods (7 = 1.02), and one whose good
is virtually untradeable, at the upper end of the distribution of trade costs in the model:
7 = 1.48. The two functions are normalized so that the maximum of the value of not changing
its price is 1.

If the firm adjusts, it resets the price to its optimal level: the firm’s value of adjustment
is therefore independent of p_;. The best a firm can do by not adjusting is if its past price
coincides with today’s optimum: the firm’s value of inaction in this case exceeds the value
of adjustment by the size of the menu cost. The intersection of the two value functions
determines the region of inaction — the (5, s) bands. Notice here that this inaction region is
narrower for the more tradeable good. For firms that have low trade costs, even small relative
price movements are costly because they generate large changes in quantities: consumers in
both markets can easily switch expenditure toward the cheaper variety (Home or Foreign)
of a particular good. In contrast, firms that sell goods that are less tradeable face less
competition from the foreign producer of the same variety, and face less elastic demand,
given the assumption that 6 < ~.

To see this, consider, for example, the elasticity of the Home consumers’ demand for a

Home firm’s good:

_ Olog D" (2)
dlogp(2)

where

= [v(1—s)+6s], (20)

p(z)' 1

() + (t(ep )T 1+ 7(z) (21)

S =
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is the Home firm’s market share for good z in the Home market.!? (The last equality assumes
a steady state in which the law of one price holds and p(z) = ep*(z).) This last expression

illustrates the role that trade costs play in the model: when 7 is close to 1, the firm’s market

1

C e T
5 and the demand elasticity is high: 75=. As the transport

share in a particular market is
cost increases, the firm’s share in the Home market is 1 and in the Foreign market is 0, so
the total demand elasticity is 6 because the firm only faces competition from producers of
other (much less substitutable) goods. This in turn implies that the inaction region is wider
for the high transport cost firm: it tolerates prices as far as 4% away from its optimum. A
low trade-cost firm adjusts more readily: every time its price deviates from the optimum by
1.5% in absolute value.

Given that the process for the nominal wage rate follows a random walk (the choice of
preferences implies W ~ % ~ e), an important component of the firm’s marginal costs
is unforecastable based on current information. Moreover, even though a, say, monetary
expansion increases aggregate consumption and thus the marginal cost of production, firms
that do adjust in times of a monetary expansion set prices that are higher than those of
other firms in the economy who have not yet responded to the nominal shock. Substitution
by consumers toward the cheaper goods thus reduces these firms’ total sales and hence their
marginal costs. These two opposite effects cancel each other out for my choice of parameter
values. As a result, adjusting firms in this economy respond approximately one-for-one
to a nominal shock, and the law-of-one-price holds for firms that have just reset prices.
Relative price variability is thus solely a function of the frequency of price adjustment and
the volatility of nominal exchange rates in this environment.

It is helpful, at this point, to relate the predictions of this model to those of the standard

trade-cost model that assumes that goods are perfectly substitutable and arbitrage eliminates

12 Atkeson and Burstein (2006) study the properties of a two-country model with a similar market structure
and the role of time-varying market shares and therefore markups in shaping international relative price
movements.
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law-of-one-price deviations whenever they are too large. A key prediction of the standard
trade-cost model is that the relative price of the good can deviate away from unity, but
is bounded by the size of the transport cost. As discussed above, models with imperfect
competition and menu costs share similar features with the simple trade-cost model.'® The
firm allows its price to deviate away from its optimum, as long as the deviation is within
the S, s bounds, and charges a price that (approximately) ensures that the law of one price
holds otherwise. Although the inaction bands are functions of the trade cost, elasticities of
substitution, as well as the volatility of the environment, the similarity with the standard
trade-cost model is evident. In particular, more tradeable goods command narrower inaction
regions in the menu-cost model, and allow smaller relative price fluctuations.

Figure 2 examines the relationship between the standard deviation of first-differenced
log relative prices and nominal exchange rate volatility that the model predicts. The left
panel plots this relationship for several values of the trade cost. The right panel plots the
frequency of price adjustment as a function of nominal exchange rate volatility.'* As the
figure indicates, the model predicts a hump-shaped relationship between relative price and
nominal exchange rate volatility. When the volatility of nominal exchange rates is sufficiently
low, firms adjust infrequently and relative prices inherit the properties of the nominal ex-
change rate. An increase in NER volatility then increases the volatility of relative prices.
Notice, however, that the positive relationship between nominal exchange rate volatility and
relative price variability holds only locally, in environments in which firms change prices
sufficiently infrequently. As the frequency of price changes increases, the tight link between

real and nominal international relative prices breaks down, and higher nominal exchange

13 Although time-dependent models with CRS production functions predict no relationship between the
degree of tradeability and the extent of relative price fluctuations, ours is not the only model of imperfect
competition that predicts larger law-of-one price deviations for more tradeable goods. See, e.g., Betts and
Kehoe (2001).

14These curves are computed from simulations of the model in which I vary the volatility of shocks to the
growth rate of the money supply in order to vary the volatility of nominal exchange rates. The plots are
Chebyshev interpolants on model-simulated data.
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rate variability, through its effect on the frequency of price changes, decreases the variability
of relative prices. In the calibration of the model, whenever nominal exchange rates are
sufficiently large to induce firms to adjust prices every two to three months, higher nominal
exchange rate variability decreases the volatility of relative prices.

Note also that the hump occurs for lower NER volatility the more tradeable goods are.
As the right panel of Figure 2 indicates, the difference arises because the frequency of price
adjustment is less sensitive to changes in the volatility of the environment the more tradeable
goods are. As a result, larger nominal exchange rate fluctuations are necessary in order to
induce high trade cost firms to adjust price sufficiently frequently so as to break the link
between real and nominal international relative prices.

I next turn to other measures of law-of-one-price (LOP) deviations. Figure 3 plots the
persistence of the relative price series, as measured by its AR(1) coefficient, p, as well as the
unconditional volatility of relative prices. The figure plot these statistics for a firm with the
median transport cost, 7 = 1.2, as a function of the volatility of nominal exchange rates in
each simulation (upper panels) and, also in the 7 space, for an economy in which o = .01.

Notice in the upper-left panel of the figure that the persistence of relative prices declines
with higher NER volatility: as o varies from 0 to 6%, the serial correlation of the relative price
varies from 1 to 0. Similarly, as the lower-left panel shows, the persistence of relative prices
depends on the good’s trade costs. Similar results hold for other measures of LOP deviations.
In particular, CPI-based real exchange rates behave similarly to the relative price of the good
with the median trade cost with a hump at ¢ = 2.5%. Moreover, unconditional measures of

relative price variability are also hump-shaped in the volatility of nominal exchange rates.
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4. The Data

I next study the relationship between relative price variability and nominal exchange rate
volatility in the data. I first turn to a micro-dataset of prices and then to CPI-based relative

price series in order to test the the model’s predictions.

4.1.  Ewvidence from Micro-Price Data

The first empirical exercise tests the predictions of the model using a micro-dataset of
prices. The model predicts a negative relationship between relative price variability and NER
volatility in environments in which firms adjust prices sufficiently frequently and/or goods
in different markets are highly tradeable or closely substitutable. The dataset used here is
collected in precisely such an environment: I work with prices for homogeneous agricultural
products sold in open-air markets, an environment in which prices change frequently and are
highly volatile. The data were collected in 12 cities in six Eastern European countries by
CAMIB, an NGO aimed at providing informational support to food exporters in the region.
The sample covers the years 2000 to 2002. Prices are collected on average once every two
weeks (usually during weekends) in all years except for 2000, when prices are sampled weekly.
A total of 83 time periods are available.®

Data on goods in four product categories (meat, fruit, vegetables, as well as a small
number of other agricultural products such as oil, honey, etc.) are available. The agency
hires representatives in all 12 cities who sample prices several times during the day, from
a number of vendors of a given product. An average price, across all vendors surveyed, is
then reported. To ensure homogeneity of goods sampled, the agency treats the most and
least expensive varieties of a good as separate items and records their prices separately. |

follow this convention as well and treat high- and low-quality varieties of a given product as

15 A data appendix available online describes the data in more detail and provides several robustness checks
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separate goods in the sample.

Not all prices are sampled in all periods: some goods drop out of the sample occasionally,
especially during winter. I choose to work only with those goods for which a panel of at least
six cities is available in at least 75% of the time periods in the sample. A total of 58 goods
make this cutoff.

Let q;ﬁg be the log-relative price of good ¢ at time ¢ for city pair 7. I focus on the time-series
properties of ¢ in order to characterize relative LOP deviations. In particular, I calculate
the time-series standard deviation of changes and levels of the relative price series in order
to gauge the extent to which relative prices fluctuate over time. Relative prices are very
volatile in the data, with an average standard deviation (across goods/city pairs) in excess
of 26% (changes) and 37% (levels). In contrast, the volatility of nominal exchange rates is
high, but much lower than that of relative prices. The average across city pairs separated
by national borders is 4.2%. This is, then, the type of environment in which the model
predicts, if anything, a negative relationship between nominal exchange rate volatility and
the variability of relative prices. To test this prediction, I resort to a cross-sectional gravity-
type equation relating the time-series volatility of changes (or levels) of qig for each of the
66 city pairs in the dataset to the volatility of nominal exchange rates, as well as a border
dummy and the distance between locations.

Given that prices are sometimes sampled at irregular intervals, it is assumed that changes
in relative prices are serially uncorrelated in order to compute the biweekly changes in relative
prices. Although this is a strong assumption, results based on first differences in relative

prices are reported for comparability with earlier work. The first estimated equation is
vol(Aq or q)g; = o + vy Border; + vy, log(dist), + ysstd(Ae); + i, + €gi, (22)

where vol(Aq or q)g; is the time-series volatility of changes or levels of relative prices. I use

two measures of relative price variability, the standard deviation as well as the interquartile
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range, to ensure robustness against outliers. City and type of good (meat, fruit, vegetables)
dummies are included in all regressions.

This regression pools together all 58 goods in the sample and assumes that p,, the good
specific effect, is a random variable uncorrelated with other regressors. Table 1 presents the
results. Note that the volatility of nominal exchange rates always enters with a negative
sign with a coefficient that is, in most cases, significantly different from zero at conventional
significance levels. The dataset used provides support for the state-dependent sticky price
model: larger NER volatility is associated with less relative price variability in an envi-
ronment in which costs of changing prices are low, idiosyncratic shocks volatile, and prices
adjust frequently.'® This result differs from that documented in a large number of studies
that, since Mussa’s (1986) seminal contribution, have documented a pervasive positive re-
lationship between the volatility of real and nominal exchange rates and suggests that this
relationship, just like the menu-cost model predicts, holds locally rather than globally.

I next use an alternative measure of deviations from the law of one price, by calculating
the volatility of Ag; across goods, rather than time. This is a typical measure of relative
price variability used in order to test the effect inflation has on relative price variability in
closed-economy studies. Parsley and Wei (2001a) use a similar statistic in a context similar
to ours. The reason movements in exchange rates generate relative price variability across
goods in sticky price models is staggered price adjustment: firms that adjust in different
periods have different relative prices. In the model, firm pricing is not synchronized because
of differences in trade costs. For this measure of law-of-one-price deviations, the model
predicts a similar hump-shaped relationship between price dispersion and NER volatility:

when NER volatility is sufficiently high, more volatile nominal exchange rates induce more

16T have performed several checks to ensure the robustness of these results. A negative relationship between
RPV and NER volatility is present when I estimate the gravity equation above separately for different good-
categories, for goods of high/low quality, by eliminating subsets of cities from the sample, and by allowing for
a quadratic NER volatility term. An iteratively weighted robust regression that penalizes outliers produces
qualitatively similar results.
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frequent price adjustment, firms are more likely to synchronize their price changes and the
cross-sectional volatility of relative prices is smaller.

Let q;t be again the relative price in period ¢ for good g for city pair i. When working
with levels of relative prices, q;t is detrended by its time-series mean because some cities
are more expensive on average than others: Q! = ¢, — ¢,. To compute the volatility of
changes in relative prices, I work with AQ?, = Ag}, — A_q; to filter the data of good-specific
trend growth in the relative price for a given city pair. To calculate the volatility of nominal
exchange rates in any given period, I use daily exchange rate data and calculate the standard
7

deviation of changes in daily nominal exchange rates in periods between price collections.?

I next estimate the following system of time-series regressions, pooled over all city pairs:
vol(AQ or Q)i = By + [ Border; + (5 log(dist),+55std(Ae) i + p1, + it (23)

where 7 is an index over city pairs and ¢ over time. Once again, the measures of volatility
are the interquartile range and the standard deviation, and it is assumed that time-specific
effects are uncorrelated with nominal exchange rates. City fixed effects are included as well.
As Table 2 suggests, the results of this exercise are consistent with those in the cross-sectional
regressions. Periods and city pairs for which nominal exchange rates are less volatile suffer

from less price dispersion, consistent with the predictions of the model.

4.2.  FEuvidence from Macro-Data

In the second exercise, I turn to trade-weighted (effective) real and nominal exchange
rate data for all 77 countries for which data are available from the International Financial
Statistics (IFS) for years 1980 to 1998. A broad set of countries is used because identifying
the non-linear relationship between real and nominal exchange rate volatility that the model

predicts requires a broader sample of countries, some of which have experienced large NER

ITHere it is again assumed that AQét is serially uncorrelated in order to compare observations in different
periods given the irregular intervals between price collections.
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movements. The measure of volatility is the interquartile range because it is less sensitive
to episodes of large nominal (and associated real) devaluations on which the model is silent,
although using the standard deviation generates qualitatively similar conclusions.

Figure 4 presents scatterplots of the interquartile range of changes in real versus that of
changes in nominal exchange rates, as well as the AR(1) coefficient of the real exchange rate
series against the volatility of changes in nominal exchange rates. The solid lines in this figure
are smoothed scatterplots obtained from locally weighted regressions in which observations
are weighted using Cleveland’s (1979) tricube function and employ a bandwidth length of
0.5. As the figure indicates, there is little evidence of a hump in the relationship between
real and nominal exchange rate variability in the aggregate price data. Moreover, although a
weak negative relationship between the persistence of real exchange rates and the volatility of
nominal exchange rates is apparent in the figure, even countries subject to excessively large
movements in nominal exchange rates are characterized by very persistent real exchange rate
movements, in contrast to what the model predicts.

How can one reconcile the lack of a hump in the data with the predictions of the menu-cost
model? Recall that the reason higher nominal exchange rate volatility eventually decreases
the volatility of relative prices in the model is the fact that firms, especially those with higher
export shares, find it optimal to increase the frequency of price adjustment in response to
more volatile nominal exchange rate movements. Work by Gopinath and Rigobon (2006)
suggests, however, that the duration of price spells of at-the-dock import prices varies little
with the importer’s nominal exchange rate volatility: an increase in volatility up to 20%
lowers the duration of price spells by only one month. A second prediction of the model that
receives little support in the data is that of a positive relationship between the firm’s export
share and the frequency of price adjustment. The correlation between the frequency of price
adjustment across different consumption goods from Bils and Klenow (2004) with the export

share of four-digit industries (available from Robert Feenstra’s dataset) for 95 consumption
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categories for which a close match between the two datasets is possible is low and, in fact,
negative (-.16).1®

The reason firms with higher export shares adjust prices more frequently in the model is
the assumption that Home and Foreign varieties of a good are closely substitutable, with an
elasticity of substitution, «, equal to 15. This is a natural assumption to start with, given
my interest in law-of-one price violations for seemingly identical goods. This assumption,
however, generates several predictions that are at odds with the data. I therefore ask next
whether lowering this elasticity allows the model to account for the data by lowering the
elasticity of substitution across varieties of a good z to v = 5. In doing so, I also recalibrate
the distribution of trade costs to allow the model to match the export share moments in
the data. Given that Home and Foreign goods are now much less substitutable, matching
the low export shares observed in the data requires much larger trade costs: the ad valorem
trade cost in the model now ranges from 0 to 129%, with a median of 85%.

As Figure 5 illustrates, this parametrization of the model can indeed account for the lack
of a hump in the relative price — nominal exchange rate volatility relationship: even for goods
that face no trade costs, the hump now occurs for values of nominal exchange rate volatility
in excess of 5%. Now that Home and Foreign varieties of a good are much less substitutable,
firms’ profits are less sensitive to nominal exchange rate-induced relative price movements,
and the frequency of price adjustment increases less with increases in the volatility of nominal
exchange rates. Moreover, as the right panel of Figure 5 indicates, differences in the size of
the trade cost across goods induce small differences in the frequency of price adjustment.
Finally, Figure 6 superimposes the relationship between real and nominal exchange rate
volatility in the aggregate data, together with the predictions of the two parametrizations of
the menu-cost model considered. The model with lower elasticities of substitution, although

incapable of accounting for all the volatility of real exchange rates in the data, is qualitatively

8The concordance between the two datasets is available from the author upon request.
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consistent with the lack of a hump-shaped relationship between real and nominal exchange

rate volatility I have documented.

5. Conclusion

Recent research!® has emphasized the importance of aggregation and substitution biases
in generating the observed correlation between nominal and real exchange rates in the data.
Because aggregate real exchange rates are constructed using consumption-based price indices,
they may reflect substitution by consumers toward cheaper, non-tradeable varieties of goods
whose prices do not immediately respond to exchange rate fluctuations. Moreover, some of
the properties of the real exchange rate series are heavily influenced by the behavior of its
most volatile components. Crucini, Telmer, and Zachariadis (2005) provide support for this
idea. They use a large dataset of actual transaction prices to construct real exchange rate
series immune to substitution biases and find that (at five-year horizons) real and nominal
exchange rates are weakly (in fact, negatively) correlated in a sample of European countries.
Crucini and Shintani (2004) show, using disaggregated relative price data, that the degree
of a good’s tradeability affects the behavior of its relative prices: relative prices of tradeable
goods are more transitory (half-lives less than two years) than the relative prices of non-
tradeable goods (half-lives in excess of four years).

Unless aggregation bias is indeed important in generating the type of real exchange
rate movements observed in the data — a question whose resolution is beyond the scope of
this paper — a sticky price model can rationalize the lack of a hump-shaped relationship
between real and nominal exchange rate volatility only if arbitraging international relative
price fluctuations is costly, because of high costs of international trade, low elasticities of

substitution, or additional frictions I have abstracted from in the quantitative analysis.

YBurstein, Eichenbaum, and Rebelo (2005), Campa and Goldberg (2005), Imbs et al. (2005), Taylor
(2001).
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Frictions that prevent goods-market arbitrage are therefore an important ingredient of a
micro-founded sticky price model capable of replicating the relationship between nominal

and real exchange rate volatility in the data.



International Price Dispersion in State-Dependent Pricing Models 26

References

Alvarez, F., Atkeson, A., Kehoe, P., 2002. Money, interest rates, and exchange rates with
endogenously segmented markets. Journal of Political Economy 110(1), 73-112.

Anderson, J., van Wincoop, E., 2004. Trade costs. Journal of Economic Literature 42(3),
691-751.

Atkeson, A., Burstein, A., 2006. Pricing to market, trade costs, and international relative
prices. Mimeo.

Betts, C., Kehoe, T., 2001. Tradeability of goods and real exchange rate fluctuations. FRB
Minneapolis Staff Report.

Bils, M., Klenow, P., 2004. Some evidence on the importance of sticky prices. Journal of
Political Economy 112(5), 947-985.

Burstein, A., 2006. Inflation and output dynamics with state-dependent pricing decisions.
Journal of Monetary Economics 53(7), 1235-1257.

Burstein, A., Eichenbaum, M., Rebelo, S., 2005. Large devaluations and the real exchange
rate. Journal of Political Economy 113(4), 742-784.

Calvo, G., 1983. Staggered prices in a utility-maximizing framework. Journal of Monetary
Economics 12(3), 383-398.

Campa, J.M., Goldberg, L., 2005. Exchange rate pass-through into import prices. Review of
Economics and Statistics 87(4), 679-690.

Chari, V.V., Kehoe, P., McGrattan, E., 2002. Can sticky price models generate volatile and
persistent real exchange rates? Review of Economics Studies 69(3), 533-563.

Cleveland, W., 1979. Robust Locally Weighted Regression and Smoothing Scatterplots. Jour-
nal of the American Statistical Association 74(368), 829-836.

Crucini, M., Telmer, C., Zachariadis, M., 2005. Understanding European real exchange rates.
American Economic Review 95(3), 724-738.

Crucini, M., Shintani, M., 2004. Persistence in law-of-one price deviations: evidence from
micro-data. Vanderbilt University Working Paper 02-W22R.

Devereux, M., Yetman, J., 2002. Price setting and exchange rate pass-through: theory and
evidence. In: Price Adjustment and Monetary Policy: proceedings of a conference held
by the Bank of Canada.

Engel, C., 1993. Real exchange rates and relative prices: an empirical investigation. Journal
of Monetary Economics 32(1), 35-50.



International Price Dispersion in State-Dependent Pricing Models 27

Engel, C., 1999. Accounting for U.S. real exchange rate changes. Journal of Political Economy
107(3), 507-538.

Engel, C., Rogers, J., 1996. How wide is the border? American Economic Review 86(5),
1112-1125.

Engel, C., Rogers, J., 2001. Deviations from purchasing power parity: causes and welfare
costs. Journal of International Economics 55(1), 29-57.

Giovannini, A., 1988. Exchange rates and traded goods prices. Journal of International Eco-
nomics 24(1/2), 45-68.

Gopinath, G., Rigobon, R., 2006. Sticky borders. NBER Working Paper 12095.
Hummels, D., 2001. Towards a geography of trade costs. Mimeo.

Imbs, J., Mumtaz, M., Ravn, M., Rey, H., 2005. PPP strikes back: aggregation and the real
exchange rate. Quarterly Journal of Economics 120(1), 1-43.

Isard, P., 1977. How far can we push the "law of one price”? American Economic Review
67(5), 942-948.

Krusell, P., Smith, A., 1997. Income and wealth heterogeneity, portfolio choice, and equilib-
rium asset returns. Macroeconomic Dynamics 1(2), 387-422.

Mussa, M., 1986. Nominal exchange rate regimes and the behavior of real exchange rates:
evidence and implications. Carnegie-Rochester Conference Series on Public Policy 25(0),
117-213.

Nakamura, E., Steinsson, J., 2006. Five facts about prices: a reevaluation of menu-cost
models. Mimeo.

Obstfeld, M., Rogoft, K., 2000. The six major puzzles in international macroeconomics.
NBER Macroeconomics Annual 15(1), 339-390.

Parsley, D., Wei, S-J., 2001a. Explaining the border effect: the role of exchange rate vari-
ability, shipping costs and geography. Journal of International Economics 55(1), 87-105.

Parsley, D., Wei, S-J., 2001b. Limiting currency volatility to stimulate goods market inte-
gration: a price-based approach. NBER Working Paper 8468.

Sercu, P., Uppal, R., van Hulle, C., 1995. The exchange rate in the presence of transaction
costs: implications for tests of purchasing power parity. Journal of Finance 50(4), 1309-
1319.

Taylor, A.M., 2001. Potential pitfalls for the purchasing power parity puzzle? Sampling and
specification biases in mean reversion tests of the law of one price. Econometrica 69(2),
473-498.



International Price Dispersion in State-Dependent Pricing Models 28

Taylor, J., 1980. Aggregate dynamics and staggered contracts. Journal of Political Economy
88(1), 1-23.

Zbaracki, M., Ritson, M., Levy, D., Dutta, S., Bergen, M., 2004. Managerial and customer
costs of price adjustment: direct evidence from industrial markets. Review of Economics
and Statistics 86(2), 514-533.



Table 1: Time-series volatility of relative prices

1 2 3 4

std(Aq) iqr(Aq) std(q) iqr(q)

border 22.37 29.83 45.27 82.97
(12.93) (9.43) (6.38) (9.80)

log-distance 0.03 0.33 23.64 44.09
(3.69) (2.69) (3.91) (6.00)
std(ANER) -1.90 -3.01 -0.09 -0.41
(1.55) (1.13) (0.13) (0.20)
# observations 3147 3147 3610 3610
adj. R? 0.28 0.47 0.39 0.36
Notes: 1. Coefficient estimates and standard errors (in parantheses) of a random effects model reported

2. The different columns use different measures of relative price variability as a dependent variable
3. Coefficient estimate and standard errors on log-distance and border multiplied by 1000
4. Regressions include meat/fruit/'vegetable as well as city dummies



Notes:

Table 2: Cross-goods volatility of relative prices

1 2 3 4

std(AQ) iqr(AQ) std(Q) iqr(Q)
border 10.72 11.34 45.10 64.83
(4.76) (3.91) (3.86) (4.40)
log-distance -0.58 0.76 28.00 34.66
(3.49) (2.86) (2.74) (3.13)
std(ANER) -0.72 -1.19 -0.72 -1.67
(0.52) (0.42) (0.41) (0.46)

# observations 6102 6102 6919 6919

adj. R? 0.08 0.14 0.20 0.21

1. Coefficient estimates and standard errors (in parantheses) of a random effects model reported
2. The different columns use different measures of relative price variability as a dependent variable
3. Coefficient estimate and standard errors on log-distance and border multiplied by 1000

4. Regressions include city dummies



Figure 1: Value Functions
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Figure 3: Other measures of LOP/PPP deviations
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Figure 4: Evidence. CPI-based real effective exchange rates

Real vs. Nominal Exchange Rate Volatility

0.02 0.04 0.06
NER volatility, % (iqr)

0.08

1980-1998

0.95

0.9

AR(1) coefficient of RER

0.8

0.75

Persistence of RER vs. NER volatility

0.02 0.04 0.06
NER volatility, % (iqr)

0.08



3.5

2571

std(Aq), %
N

15¢

0.5
0

Figure 5: Economy with low elasticity of substitution, y=5
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Figure 6: Real vs. Nominal Exchange Rates
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