
 
 

IMES DISCUSSION PAPER SERIES 
 
 

 
 
 

 
 
 

INSTITUTE FOR MONETARY AND ECONOMIC STUDIES 
 

BANK OF JAPAN 
 

2-1-1 NIHONBASHI-HONGOKUCHO 

CHUO-KU, TOKYO 103-8660 

 JAPAN 

 

 

You can download this and other papers at the IMES Web site: 

http://www.imes.boj.or.jp 
 

Do not reprint or reproduce without permission. 

 
International Business Cycle Accounting 

 
 

Keisuke Otsu 
 

Discussion Paper No. 2009-E-29 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NOTE:  IMES Discussion Paper Series is circulated in 

order to stimulate discussion and comments. Views 

expressed in Discussion Paper Series are those of 

authors and do not necessarily reflect those of 

the Bank of Japan or the Institute for Monetary 

and Economic Studies.   



IMES Discussion Paper Series 2009-E-29 
November 2009 

 
International Business Cycle Accounting 

 
Keisuke Otsu* 

 
Abstract 

In this paper, I extend the business cycle accounting method a la Chari, Kehoe and 
McGrattan (2007) to a two-country international business cycle model and quantify 
the effect of the disturbances in relevant markets on the business cycle correlation 
between Japan and the US over the 1980-2008 period. This paper finds that 
disturbances in the labor market and production efficiency are important in 
accounting for the recent increase in the cross-country output correlation. If 
international financial market integration is important for considering the recent 
increase in cross-country output correlation, it must operate through an increase in the 
cross-country correlation of disturbances in the labor market and production 
efficiency, and not in the domestic investment market. 

 

 
Keywords: Business Cycle Accounting; International Business Cycles 

JEL classification: E32, F41 

 
 

*Faculty of Liberal Arts, Sophia University (E-mail: k-otsu@sophia.ac.jp) 
 
The author would like to thank Toni Braun, Ippei Fujiwara, Shin-ichi Fukuda, Hidehiko Ishihara, 
Lee Ohanian, Masaya Sakuragawa, Etsuro Shioji, Yoshimasa Shirai, Tomoyoshi Yabu, and the 
participants of the seminars at the Institute of Statistical Research, Keio University, the Japan 
Center of Economic Research, University of Tokyo, Econometric Society Australasian Meeting, 
and the Far Eastern Meeting of the Econometric Society. This research was supported by the 
Murata Science Foundation.   Views expressed in this paper are those of the author and do not 
necessarily reflect the official views of the Bank of Japan. 
 
 



1 Introduction

In this paper, I extend the business cycle accounting method a la Chari,

Kehoe, and McGrattan (2007) to a two country international business cycle

model and quantify the e¤ect of disturbances in relevant markets on the busi-

ness cycle correlation between Japan and the US over the 1980�2008 period.

The main �ndings are as follows: (i) disturbances in the labor market and

production e¢ ciency are important in accounting for the recent increase in

the cross-country output correlation; (ii) disturbances in the international �-

nancial market are necessary for considering the low cross-country correlation

of consumption; and (iii) the main role of the disturbances in the investment

market is to prevent resources from �owing into the relatively e¢ cient coun-

try. If �nancial market integration is important for considering the recent

increase in cross-country output correlation, it must operate through an in-

crease in the cross-country correlation of disturbances in the labor market

and production e¢ ciency, not in the domestic investment market.

The quarterly correlation of the US and Japanese business cycles during

the 1980�2008 period is surprisingly low. The correlation of output is approx-

imately zero during the 1980s and negative during the 1990s. Nonetheless,

the famous quantity anomaly shown by Backus, Kehoe, and Kydland (1992)

still holds because the cross-country correlation of consumption is even lower

than the cross-country correlation of output during the period. While the

overall cross-country output correlation is low, it dramatically increased dur-

ing the 2000s. In this paper, I apply the business cycle accounting method

to a two-country model and quantitatively account for the Japanese and US

business cycle correlation.

The model�s foundation is one-good two-country model a la Baxter and

Crucini (1995), which consists of �nal good �rms, households, and govern-

ments in both countries. The �nal good �rms in both countries produce an

identical �nal good from capital and labor using constant returns to scale pro-

duction technology. The �nal good �rms face Hicks-neutral disturbances in
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production e¢ ciency. The in�nitely-lived representative households in both

countries gain utility from consumption and leisure. The households in each

country earn income from capital stock and labor supplied to the �nal good

�rms with which they purchase consumption and investment. Moreover,

they trade state contingent international claims whose returns are a¤ected

by international �nancial disturbances. The governments in each country

collect distortionary labor income and investment taxes from the household,

purchase �nal goods, and rebate the remainder as a lump-sum transfer.

Chari et al (2007) show that distortions created by various frictions can

be mapped into a prototype model with distortionary taxes. Following that

study, I assess where the important distortions in accounting for the busi-

ness cycle correlation between Japan and the US are located, instead of

analyzing the e¤ects of actual distortionary taxes on the business cycles, as

in Braun (1994) and McGrattan (1994). The disturbances in resource, la-

bor, investment, production e¢ ciency, and international �nancial markets

are computed as �wedges� from equilibrium conditions using data of out-

put, consumption, labor, investment, and government purchases. Resource,

labor, investment, and production e¢ ciency wedges are identical to those in-

troduced in the original literature. Resource wedges are disturbances in the

resource constraints that correspond to government purchases in the data.

Labor wedges are disturbances in the labor �rst order condition that capture

the discrepancy between the intratemporal marginal rate of substitution of

leisure to consumption and the marginal product of labor. Investment wedges

are disturbances in the capital Euler equation that capture the discrepancy

between the intertemporal marginal rate of substitution and the return on

investment. Production e¢ ciency wedges are equivalent to total factor pro-

ductivity, i.e., Solow residuals. Wedges in the international �nancial market

are natural additions that I made to the original literature as I extended the

business cycle accounting model to a two-country framework. International

price wedges are disturbances in the cross-country arbitrage condition that
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drives wedges between the marginal utility of consumption across countries.

International resource wedges are disturbances in the international resource

constraint that captures the residual in the aggregate trade balance evaluated

at international prices.

This paper is consistent with existing business cycle accounting literature

on the US and Japanese economies. The original business cycle accounting

paper by Chari et al (2007) concludes that labor and e¢ ciency wedges are

important in accounting for the US output �uctuation during the Great

Depression and the 1982 recession. Kobayashi and Inaba (2006) show that

labor and e¢ ciency wedges are important in accounting for the lost decade in

the 1990s. Otsu and Pyo (2009) and Chakraborty (2009) show that not only

e¢ ciency wedges but also investment wedges contributed to the build-up of

the bubble economy in the late 1980s. While all of these studies use a closed

economy models and linearly detrended data, the present study uses an open

economy model with HP-�ltered data. Nonetheless, I �nd that labor and

e¢ ciency wedges are important in accounting for the HP-�ltered �uctuation

in US output, while e¢ ciency wedges are important in accounting for that

in Japan over the 1980�2008 period.

This paper is also related to international real business cycle models such

as Baxter and Crucini (1995), Backus, Kydland, and Kehoe (1994), and

Stockman and Tesar (1995). Considering productivity shocks to be given,

the simulated cross-country output correlation generated from the model is

low and cross-country consumption correlation generated from the model is

extremely high relative to data respectively. This paper quanti�es the sources

of this well-known quantity anomaly by the wedges in each market. Cross-

country output correlation is very low in a canonical model since production

factors shift toward the relatively productive country. Therefore, production

factors have negative cross-country correlations even if productivity shocks

are positively correlated across countries. The international business cycle

accounting results show that labor and investment wedges are indeed impor-

3



tant in increasing the cross-country correlation of output. The international

state-contingent claim enables international risk sharing that leads to the

high cross-country consumption correlation. International price wedges are

needed in order to lower the cross-country correlation of consumption. A suc-

cessful model for explaining business cycle patterns in a two-country setting

must account for the movements in these key wedges.

Furthermore, the business cycle accounting framework enables the assess-

ment for identifying the wedges that are important for considering the recent

increase in the cross-country US-Japan business cycle correlation. While

the cross-country correlation of all of the domestic wedges increased in the

2000s, the increase in the cross-country correlation of the labor and e¢ ciency

wedges are quantitatively important in accounting for the increase in the

cross-country output correlation. Therefore, if international �nancial market

integration is the driving force of the recent increase in cross-country output

correlation, it must manifest itself as an increase in cross-country correlation

of labor and/or e¢ ciency wedges, not investment wedges.

Moreover, I provide simple observational equivalence mapping from inter-

national real business cycle models to the prototype international business

cycle accounting model with wedges. Backus, Kehoe, and Kydland (1994)

and Stockman and Tesar (1995) extend the one-good two-country model to

two-good two-country models. I show that such extensions can be interpreted

as attempts to endogenously consider the movements of international price

wedges. The incomplete capital markets model can also be interpreted to be

endogenously accounting for changes in international price wedges by limit-

ing international risk sharing. Therefore, these models can be mapped into

the prototype model with wedges. In addition, models with alternative pref-

erences can be mapped into the prototype model with wedges. Therefore, the

prototype model serves as a benchmark to investigate the e¤ectiveness of ad-

ditional assumptions not only on the model structure, but also on household

preferences.
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The remainder of the paper is organized as follows. In section 2, I as-

sess the business cycle �uctuation facts in Japan and the US In section 3,

I describe the prototype international business cycle accounting model. In

section 4, I explain the quantitative method and present the simulation re-

sults. In section 5, I discuss simple observational equivalence results between

international business cycle models with additional structure or alternative

preferences, and the prototype model with wedges. Section 6 concludes the

paper. Sensitivity analysis results are presented in the appendix.

2 Data

In this section, I present data of the recent business cycle correlation pattern

between Japan and the US that focuses on output, consumption, labor, and

investment. Output is de�ned as GDP plus the �ow income from durable

goods and government capital stock; consumption is de�ned as the sum of

expenditures on nondurable goods and services and the service �ow from

durable goods and government capital stock; investment is de�ned as the sum

of gross capital formation, government �xed investment, and expenditure of

durable goods; and labor refers to the total hours worked. The data source

is the BEA website for the US and the ESRI website for Japan.

Table 1 shows the cross-country correlations of quarterly data for 1980�

2008 after being detrended by the Hoddrick-Prescott (HP) �lter1. Japanese

and US data show positive but low cross-country correlation of output and

labor. In fact, output correlation is almost zero during the 1980s and negative

during the 1990s. Ambler et al (2004) show that the cross-country correlation

of output between developed countries has fallen during the 1990s, as com-

pared to that for the time-frame used by Backus et al (1994). Surprisingly,

the cross-country correlations of consumption and investment are negative

1Correlations of linearly detrended data are presented in the appendix table 1. The
major results do not change whether we use HP �ltered data or linearly detrended data.
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on average over the entire period. Therefore, the so-called quantity anomaly

such that the cross-country correlation between output is higher than that

of consumption still holds. The entire period is sub divided into decades

because spnas of ten years seemed as natural divisions given the output �uc-

tuation patterns shown below in Figure 1. The business cycle correlation of

the Euro area with Japan and the US also increased during the 2000s. The

cross-country output correlations of the Euro area2 with Japan and the US

for 1991�1999 are 0.11 and 0.25, while those for 2000�2008 are 0.72 and 0.55

respectively. I have not included the Euro area in the analysis because of the

limited data period covered by reliable data sources3.

Figure 1 shows the HP-�ltered output series in Japan and the US. During

the early 1980s, the US experienced a recession, whereas Japan was relatively

stable. In the late 1980s, Japan experienced a large expansion, referred to

as the bubble economy, while the US was relatively stable. The business

cycle correlation was negative in the 1990s because the US underwent steady

growth, whereas Japan experienced a decade-long recession, known as the

lost decade. The business cycle correlation was stronger for the 2000s. Both

countries faced a mild recession in 2000. After a boom during the early

to mid-2000s, both economies went into a recession in 2007. The dramatic

increase in cross-country output correlation is not solely because of the recent

global recession. Excluding 2007 and 2008 from the sample does not dampen

the strong cross-country correlation.

Figures 2a and 2b show the HP-�ltered �uctuations in key macroeconomic

variables in both countries. The correlation of each variable with output

follow the stylized facts of the real business cycle literature. Consumption,

labor, and investment are all procyclical in each country over the 1980�

2Due to data availability issues, real GDP per capita is used as output for the Euro area,
and the countries included are Austria, Belgium, Denmark, Finland, France, Germany,
Italy, Netherlands, Norway, the UK, and Switzerland.

3For instance, GDP data is available for Germany from 1991, while the data on the
average weekly hours worked is available from 1998 for most countries. The data source
is the Eurostat website.
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2008 period. Consumption and labor are less volatile than output, whereas

investment is much more volatile than output.

3 The Prototype Model

The model is a competitive market version of a standard two-country model a

la Baxter and Crucini (1995) wherein both countries produce a single tradable

�nal good. Each country i = JP; US consists of a representative household,

�rm, and government. Following Chari, Kehoe and McGrattan (2007), I

introduce wedges in relevant markets, represented as distortionary shocks.

The full description of the model is as follows.

3.1 Final Good Firms

The �nal good �rms in each country produce aggregate output Yt from capital

stock Kt and labor supply Lt4 using Cobb-Douglas production technology

that is a¤ected by aggregate TFP, At:

Y it = A
i
t(K

i
t)
�i(lit)

1��i ; (1)

where � represents the capital share. I decompose the aggregate TFP into

the trend component, �t = (1+ )�t�1, also known as the labor augmenting

technical progress, and the stationary component zt:

Ait = exp(z
i
t)(�

i
t)
1��i :

4Output and capital stock are divided by the adult population. Labor supply consists
of average hours worked per worker and the number of workers per adult population.
The average hours worked per worker are de�ned as the average weekly hours worked per
worker divided by 14 � 7, assuming that 14 hours is the maximum that each worker can
work per day.
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Then, dividing both sides of (1) by �t, the production function can be rewrit-

ten as

yit = exp(z
i
t)(k

i
t)
�i(lit)

1��i ; (2)

where yit and k
i
t are output and capital detrended by �t respectively. Finally,

the detrended pro�t maximization problem for the �nal good �rm can be

written as

max
h
exp(zit)(k

i
t)
�i(lit)

1��i � witlit � ritkit
i
;

where wt and rt are real wages and real return on capital respectively5.

3.2 Households

The households in each country maximize lifetime utility:

U =
1X
t=0

X
st

�t�(st)u(cit(s
t); lit(s

t));

where ct and lt denote detrended consumption and labor supply respectively.

The current state is de�ned as st, while the unconditional probability of

that state to occur is denoted as �(st). I assume the following conventional

periodical preference function:

u(cit(s
t); lit(s

t)) = 	i ln cit(s
t) + (1�	i) ln(1� lit(st)): (3)

The maximization problem is subject to a budget constraint:

(1� � ilt(st))wit(st)lit(st) + rit(st)kit(st) + pit(st)dit(st) + trit(st)
= cit(s

t) + (1 + � ixt(s
t))xit(s

t) + pit(s
t)
X
st+1t jst

qt(s
t+1jst)dit+1(st+1jst) + �t(st)kit(st);

5According to the Kaldor growth facts, real wages grow as the labor augmenting tech-
nical progress �t increases. Thus, they are detrended by �t. On the other hand, real
interest rates do not follow any particular trend.
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where xt is investment, dt is the state contingent international claim, qt is

the price of the claim, � lt and �xt represent distortionary taxes on labor

income and investment respectively, and trt is the lump-sum transfer from

the government. I assume that the international claim is denominated in

Japanese �nal goods so that pJPt = 1 and pUSt = pt. Future variables depend

on the future state conditional on the current state st+1jst.
Investment is assumed to follow the capital law of motion:

�ikit+1(s
t) = xit(s

t) + (1� �i)kit(st�1): (4)

The investment adjustment cost �t is assumed to take the form of

�t(s
t) =

�i

2

�
xit(s

t)

kit(s
t�1)

� di
�2
;

where di = �i � (1 � �i)6. Following Christiano and Davis (2006), I set the
parameter of capital adjustment cost �i so that the marginal Tobin�s q is

equal to one.

3.3 International Financial Market

The state contingent international claims are traded at the international price

qt. The assumption that the claim is denominated in Japanese �nal goods

means that the e¤ective price of the claim is qt for Japan and ptqt for the US.

This disturbance pt can be considered to be a disturbance in the conversion

rate of resources in Japan to that in the US.

The international �nancial constraint can be written as

[qtd
JP
t+1 � dJPt ] + [qtdUSt+1 � dUSt ] = � t:

The residual term � t captures the �ow of goods from Japan or the US to other

6This guarantees that the adjustment cost is equal to zero in the steady state.
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countries in the world and vice versa; this is not captured in the model.

This term is important because we need both domestic and international

resource constraints to hold in order to operate the accounting procedure.

This condition can be rewritten into an international trade balance constraint

tbJPt + tbUSt =pt = � t; (5)

where tb is the trade balance.

3.4 Government

The government collects taxes from households, purchases goods and services,

and rebates the remaining to the household as a lump-sum transfer in order

to satisfy the government budget constraint:

� iltw
i
tl
i
t + �

i
xtx

i
t = tr

i
t + g

i
t: (6)

Braun (1994) and McGrattan (1994) show that distortionary taxes are

important in accounting for the postwar US business cycles. However, the

main focus of this paper is not to analyze the e¤ect of distortionary taxes,

but to identify the wedge that is important in accounting for the business

cycle correlation in Japan and the US. Chari, Kehoe and McGrattan (2007)

show that several sophisticated models can be mapped into the prototype

model with distortions. For instance, monetary shocks with sticky nominal

wages manifest themselves as distortions in the labor market. On the other

hand, �nancial frictions such as in Bernanke, Gertler, and Gilchrist (1998)

and Carlstrom and Fuerst (1997) manifest themselves as distortions in the

investment market. Focusing only on distortionary taxes will overlook the

e¤ect of these channels. Therefore, I do not use actual data of distortionary

taxes in this paper.
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3.5 Shocks

The 10 exogenous state variables are s = fgi; � il; � ix; zi; p; �g. I assume that
they follow a VAR process, as follows:

st = P0 + P � st�1 + "t; (7)

where " = f"ig; "il; "ix; "iz; "p; "�g. I assume that the error terms " are normally
distributed with a mean zero, while there are no restrictions on its variance-

covariance matrix V . Agents form rational expectations on future levels of

exogenous variables according to this process.

3.6 Equilibrium

The competitive equilibrium is characterized by the prices and quantities

fyi; ci; li; xi; tbi; ki; wi; ri; tri; gi; � il; � ix; zi; q; p; �g, such that (i) households op-
timize given prices and wedges fwi; ri; q; p; � i; � il; � ixg; (ii) �nal goods �rms
optimize given prices and wedges fwi; ri; zig; (iii) government budget con-
straint (6) holds; (iv) the domestic resource constraints,

yit = c
i
t + x

i
t + g

i
t + tb

i
t + �tk

i
t; (8)

hold; and (v) wedges follow the stochastic process (7).

The equilibrium can be summarized by the following 10 equations7. The

Euler equation in both countries

�i(1+� ixt+�
0
t)u

i
ct = �

iEt

�
uict+1

�
�i
yit+1
kit+1

+ (1� �i)(1 + � ixt+1) + �0t+1
kt+2
kt+1

+ �t+1

��
;

(9)

7For simplicity, I abbreviate the state notations and use conventional expectation op-
erator instead.
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the labor �rst order condition in both countries

�u
i
lt

uict
= (1� � ilt)(1� �i)

yit
lit
; (10)

the international �rst order condition

pt =
uJPct
uUSct

�; (11)

the domestic resource constraints in both countries (8), the production func-

tion in both countries (2), the capital law of motion in both countries (4),

and the international resource constraint (5), where uict = 	i=cit and u
i
lt =

�(1�	i)=(1� lit). The constant term � in the international �rst order con-

dition (11) depends on the initial conditions of the economy. Without loss of

generality, if we assume a symmetric initial state, we get � = 18. These 12

equations characterize the equilibrium of the following 12 endogenous vari-

ables fyi; ci; li; xi; tbi; kig, given 10 exogenous variables fgi; � il; � ix; zi; p; �g,
and the initial value of capital stock, the endogenous state variable, in both

countries.
8The international �rst order condition

pt
uUSct
uJPct

= pt+1
�USuUSct+1

�JPuJPct+1

must hold for every possible state owing to the complete markets assumption. This con-
dition can be iterated backwards, which yields

pt
uUSct
uJPct

= p0
(�US)�tuUSc0
(�JP )�tuJPc0

= �:

If �US = �JP , p0 = 1 and uUSc0 = uJPc0 , then � = 1.
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4 Quantitative Analysis

The business cycle accounting procedure is conducted as follows. First, I use

the equilibrium conditions and data of output, consumption, labor, invest-

ment, and government purchases for 1980�2008 to calibrate and estimate the

parameter values. Second, I obtain linear decision rules for endogenous vari-

ables using the method of undetermined coe¢ cients. Third, I compute the

wedges using data and linear decision rules. Finally, I simulate the model us-

ing the computed wedges and linear decision rules. In this section, I explain

the quantitative method in detail and present the simulation results.

4.1 Parameter Values

I assume that there is symmetry in the structural parameters in Japan and

the US for simplicity. I use the average of the separately calibrated parame-

ter values as the common parameter values in both countries. The values of

structural parameters are listed in Table 2. The detailed calibration proce-

dure is as follows.

The capital share parameter � is calibrated as follows for each country.

First, the capital income share

�p =
unambiguous capital income + �xed capital consumption

GDP - ambiguous capital income

is directly calculated from national income and product accounts9. The val-

ues are 0.36 for Japan and 0.29 for the US10. Since output is de�ned as GDP

plus the �ow income from durable and government capital stock (FLOW ),

the capital share is computed as

� =
�p �GDP + FLOW
GDP + FLOW

:

9For details, see Cooley and Prescott (1995).
10I use the Hayashi and Prescott (2002) data set for 1980�2002 for Japan, and BEA

data for 1980�2006 for the US.
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The depreciation rate is computed directly from the data using the capital

law of motion (4)11. The average growth rate of per capita output is used for

the growth trend �. The subjective discount rate � is calibrated to the data

of the average capital-output ratio using the steady state version of capital

Euler equation (9)

�i(1 + � ix) = �
i

�
�i
yi

ki
+ (1� �i)(1 + � ix)

�
:

The utility parameter 	 is calibrated to match the data of average labor

and consumption-output ratio with the steady state version of the labor �rst

order condition (10)

1�	i
1� li = (1� �

i
l)(1� �i)

yi

li
	i

ci
:

I assume that the steady state values of wedges f� il; � ix; zig are zero for sim-
pli�cation. The steady state levels of government wedges g are computed

directly from the data. The steady state levels of international prices p and

trade shocks � are computed from the steady state versions of (11) and (5)

respectively.

The persistence parameters of the shock process (7) is obtained using

maximum likelihood estimation12. For the estimation, I use linearly de-

trended data of output, consumption, labor, investment, and government

purchases for both countries as observable variables. Since there are 10 shocks

and 10 observable variables, the system is just identi�ed. Since there are no

restrictions on the variance-covariance matrix of the error terms, they are

contemporaneously correlated. Unlike the structural parameters, I do not

assume symmetry across countries in the stochastic process.

11The capital stock series is constructed by the perpetual inventory method.
12Resource wedges, labor wedges, production e¢ ciency wedges, and international wedges

can all be directly computed from the equilibrium conditions. However, computing invest-
ment wedges involves expectational terms. Hence, they cannot be directly computed.
Therefore, the entire system must be estimated.
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4.2 Wedges

Once the parameter values are obtained, the model can be numerically solved

for decision rules. I use the linear solution method a la Uhlig (1999) to solve

the model. Following Chari et al (2007), I compute the wedges using the

obtained linear decision rules and the data of the observable variables used

for the estimation.

The linear decision rules DR of endogenous variables are functions of

state variables fki; gi; � il; � ix; zi; p; �g. Initial capital stock in each country is
assumed to be at the steady state level. Once the initial capital stock level is

given, the entire series of wedges can be computed. The detailed procedure

is as follows.

1. Solve the model for linear decision rules:

fkit+1; yit; cit; lit; xit; gitg = DRfki;yi;ci;li;xi;gig(kit; git; � ilt; � ixt; zit; pt; � t):

2. Assuming ki0 = k
i
ss, compute fgi0; � il0; � ix0; zi0; p0; � 0g from

fyi0; ci0; li0; xi0; gi0g = DRfyi;ci;li;xi;gig(ki0; gi0; � il0; � ix0; zi0; p0; � 0):

3. Compute ki1 from

ki1 = DRfkig(k
i
0; g

i
0; �

i
l0; �

i
x0; z

i
0; p0; � 0):

4. Solve for fgi1; � il1; � ix1; zi1; p1; � 1g from

fyi1; ci1; li1; xi1; gi1g = DRfyi;ci;li;xi;gig(ki1; gi1; � il1; � ix1; zi1; p1; � 1):

5. Repeat 4 and 5 for the whole period.

Figures 3a and 3b plot the domestic wedges in each country along with

detrended output, while Figure 3c plots the international wedges. All wedges
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are detrended by the HP �lter. Investment wedges are at least twice more

volatile than the other wedges in each country. However, this does not im-

mediately imply that investment wedges are important in accounting for

business cycles. In order to evaluate the importance of each wedge, we have

to simulate the model. One notable fact is that the model predicts a fall in

relative prices of Japanese goods during the late 1980s and mid-1990s, which

is when the yen actually appreciated in real terms against US dollars to a

historical level. The fact that international price wedges cannot replicate real

exchange rates is related to the international price anomaly a la Backus and

Smith (1993). In this paper, I will not discuss the price issues and focus on

the �uctuations of quantities.

The key economic e¤ects of the changes in each wedge are as follows.

A rise in domestic and international resource wedges will generate a nega-

tive income e¤ect for the household that tends to reduce consumption and

leisure leading to an increase in labor and output. An increase in labor

wedges increases the relative price of leisure to consumption, which causes

a substitution e¤ect that leads the household to reduce consumption and

increase leisure. A decrease in labor leads to an output decline. An increase

in current investment wedges increases the relative price of investment to

consumption, which leads to an increase in consumption and a reduction in

investment. An increase in production e¢ ciency wedges causes a real busi-

ness cycle e¤ect that increases output, consumption, labor, and investment.

An improvement in production e¢ ciency directly increases production. La-

bor increases because a rise in the marginal product of labor drives up labor

demand. Investment increases because the expected future marginal product

of capital is high because of an expectation of high e¢ ciency to persist. An

increase in wages leads to an increase in consumption. Finally, a rise in the

international price wedges raises the price of Japanese resources relative to

US resources should lead to a fall in Japanese consumption and a rise in US

consumption.
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Table 3 presents the correlation of domestic wedges with output in each

country as well as the cross-country correlation of wedges. In both countries,

government wedges have low correlation, investment wedges have strong neg-

ative correlations, and e¢ ciency wedges have strong positive correlations with

domestic output. Furthermore, the cross-country correlations of government,

labor, investment, and e¢ ciency wedges all increased during the 2000�2008

period. Therefore, the fact that output correlation increased during 2000�

2008 can be attributed to the rise in cross-country correlation of wedges.

In the following section, I simulate the model in order to investigate the

quantitative impact of each wedge.

4.3 Simulation

Simulation is done by plugging the computed (non-HP �ltered) wedges into

the linear decision rules. All simulation results are detrended by the HP

�lter. Table 4 presents the results in terms of the �t of simulated series to

the data and the cross-country correlation generated from the model. The �t

of simulated series to the data of output, consumption, labor, and investment

is measured by

corr(model; data)� std(model)
std(data)

:

This measure indicates whether the simulated variable is moving to the cor-

rect direction as well as whether its generated �uctuation is large enough13. If

the simulation perfectly reproduces the data series, the measure of �t will be

equal to one14. However, technically speaking, the measure is not bounded.

13The measure can be rewritten as

cov(Model;Data)

var(Data)

by de�nition. Measuring the �t using mean squared errors between the model and the
data leads to similar results to those presented below.
14Notice that the data can be perfectly replicated once all of the wedges are plugged

into the decision rules.
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The table shows that in Japan, e¢ ciency wedges are important in account-

ing for �uctuations in output; e¢ ciency and international price wedges are

important in accounting for �uctuations in consumption; labor wedges are

important in accounting for �uctuations in labor; and investment wedges are

important in accounting for �uctuations in investment. In the US, labor

and e¢ ciency wedges are important in accounting for �uctuations in output;

international price wedges are important in accounting for �uctuations in

consumption; labor wedges are important in accounting for �uctuations in

labor; and investment wedges are important in accounting for �uctuations

in investment. As Chari et al (2007), I �nd that investment wedges are not

important in accounting for output �uctuations in both countries. Further, I

simulate the model with e¢ ciency wedges in both countries, which is equiv-

alent to a canonical international real business cycle model a la Baxter and

Crucini (1995)15. The results listed in the bottom row show that while the

�t of output is high in both Japan and the US, those for consumption, labor,

and investment are all low in a canonical real business cycle model.

The cross-country correlation of variables are useful to break down the

sources of the quantity anomaly. First, without international price wedges,

the cross-country correlation of consumption is always equal to one. This is

obvious from the international risk sharing condition (11), which guarantees

that consumption across countries is perfectly correlated without interna-

tional price wedges. Therefore, international price wedges are necessary to

account for the low cross-country correlation of consumption. Next, output,

labor, and investment are all negatively correlated across countries only with

e¢ ciency wedges in either country. When e¢ ciency is high in one country, the

other country is better o¤ borrowing from that country and postponing in-

vestment in order to increase consumption. The additional resources shifted

from abroad through the international claim generates positive wealth e¤ects;

15The only di¤erence is that there are spillover e¤ects from e¢ ciency wedges onto other
wedges.
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this reduces labor in the borrowing country. Thus, production factors and

output should rise in the country that experienced a positive productivity

shock and should fall in the other. This intratemporal risk sharing operates

even when both countries experience positive productivity shocks16. There-

fore, canonical models with only productivity shocks fail to explain the order

of cross-country correlations of output and consumption. The result in the

bottom row shows that the cross-country correlation of output is far below

that of consumption, i.e., the quantity anomaly.

Table 5 presents the cross-country correlation of simulated output by

decade. For instance, the �rst column corresponds to the simulation of the

model with all wedges except for domestic resource wedges in both countries.

The di¤erence between the data and the simulated correlation indicates the

importance of the wedges. The model is e¤ective without resource wedges.

Labor and e¢ ciency wedges are particularly important in accounting for the

rise in output correlation in the 2000s. Investment wedges increase the cross-

country correlation of output throughout the whole period by preventing

resources to �ow into the relatively e¢ cient country. However, they do not

explain the rise in output correlation during the 2000s. Therefore, if global

�nancial market integration is the source of increased output correlation be-

tween Japan and the US, it must operate through the increased correlation

of e¢ ciency and labor wedges.

4.4 The Role of Capital Adjustment Costs

International real business cycle models typically assume capital adjustment

costs since the �uctuation of simulated investment is extremely sensitive to

productivity shocks. Since the international business cycle accounting model

is based on a canonical two-country model, the prototype model includes ad-

justment costs. The role of capital adjustment costs have been under debate

16Yahkin (2007) shows that there must be distortions in labor and investment markets
in order to solve the puzzle.
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in the closed economy business cycle literature. Chari et al (2007) show that

investment wedges without capital adjustment costs are not important in

accounting for the US output drop during the Great Depression. Christiano

and Davis (2006) show that capital adjustment costs increase the impor-

tance of investment wedges. In this section, I investigate the role of capital

adjustment costs by simulating the model without them.

Table 6 presents the simulation results of the model without capital ad-

justment costs, which corresponds to Table 4. Obviously, the quantitative

importance of investment wedges falls without capital adjustment costs. The

results that e¢ ciency wedges are important in Japan, while e¢ ciency and la-

bor wedges are important in the US in accounting for output �uctuation are

emphasized. One interesting result is that the �uctuation of simulated in-

vestment is reasonable even without adjustment costs. This is because the

estimated stochastic process has spill-over e¤ects across all wedges17.

Table 7 presents the cross-country output correlation, which corresponds

to Table 5. The results show that the model with all wedges except for invest-

ment wedges is e¤ective in replicating the cross-country output correlation

when capital adjustment costs are ignored. This means that the quantita-

tive impact of investment wedges on output correlation is even weaker than

the prototype model when adjustment costs are ignored. Otherwise, there is

very little di¤erence in the patterns of correlation with and without capital

adjustment costs.

5 Observational Equivalence

Early studies on international business cycles such as Backus et al (1994)

and Stockman and Tesar (1995) can be considered as models that improve

the quantity anomaly by connecting international price wedges to domes-

17A sensitivity analysis forcing the shock persistence matrix to be orthogonal shows that
investment is extremely sensitive to e¢ ciency wedges when there are no capital adjustment
costs.
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tic wedges. Moreover, the incomplete capital market setting improves the

quantity anomaly by a¤ecting the international �rst order condition. In this

section, I show how these models can be mapped into the prototype inter-

national business cycle accounting model with wedges18. In addition, I show

that models with alternative preferences can be mapped into the prototype

model with wedges. I further discuss a potentially useful way to narrow down

successful models.

5.1 The Backus, Kehoe, and Kydland Model

In Backus et al (1994), two countries produce intermediate goods. The inter-

mediate goods are combined in both countries to form �nal goods according

to an Armington aggregator

Git =
�
�i(ait)

"�1
" + (1� �i)(bit)

"�1
"

� "
"�1
= cit + x

i
t;

where a and b are intermediate goods produced in each country. The inter-

national �rst order condition is

uJPct
uUSct

=
GUSat
GJPat

=
GUSbt
GJPbt

: (12)

In this setting, productivity shocks to intermediate goods �rms in both

countries endogenously shift the international relative prices GUSat
GJPat

=
GUSbt
GJPbt

.

That is, comparing (12) with (11), if G
US
at

GJPat
=

GUSbt
GJPbt

= pt, then the model with

intermediate goods is observationally equivalent to the prototype model with

international price wedges. The extent to which the productivity shocks in

each country a¤ect international price wedges depends on the elasticity of

substitution between home goods and foreign goods ", and the home bias �.

18The simple mapping presented in this section only focuses on the resource allocations
in the prototype model and the alternative model. I do not provide formal proofs because
they are obvious. Inaba and Nutahara (2009) show equivalence conditions not only for
resource allocation, but also for the stochastic process in the two models.
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With their parameter setting, an increase in productivity in Japan and/or

a decrease in the US productivity will lead to a reduction in the interna-

tional relative price of Japanese goods19. Although productivity shocks en-

dogenously generate �uctuations in international price wedges, the quantity

anomaly is not solved using the Backus, Kehoe, and Kydland model. This

implies that there still is a need for other wedges in this setting.

5.2 The Stockman and Tesar Model

The Stockman and Tesar (1995) model has two key features: the distinction

of tradable and nontradable sectors and the introduction of taste shocks.

First, I discuss the e¤ect of the two-sector setting on the equilibrium. Next, I

discuss the channels through which the taste shocks operate. Both extensions

can be mapped into a prototype model with wedges.

In the case of tradable and nontradable goods, the international relative

prices depend on the changes in the nontradable good price. The essence of

the two-good model can be described using a simple consumption composite

index

ci = (ciT )
(ciNT )

1� ;

where cT and cNT are consumption of tradable and nontradable goods re-

spectively. The equilibrium international relative price is

P JP

PUS
=

�
pJPNT
pUSNT

�1�
;

where piNT is the price of nontradables relative to the tradables
20. Therefore,

the model with tradable and nontradable goods is observationally equivalent

19In this model, productivity shocks are not equivalent to Solow residuals. Since they
appear in the intermediate good production function, the Solow residuals include changes
in intermediate good productivity and changes in the relative price of intermediate goods
to �nal goods. Therefore, there is feedback from pt to e¢ ciency wedges in the Backus et
al (1994, 1995) model.
20See Obstfeld and Rogo¤ (1991) for the full setting and derivations.
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to the prototype model with international price wedges if
�
pJPNT
pUSNT

�1�
= pt.

Productivity shocks in the nontradable sector a¤ect the international rela-

tive price through typical Balassa-Samuelson e¤ects. That is, an increase in

Japanese nontradable productivity endogenously leads to a reduction in the

international price wedges. Although this helps in reducing the discrepancy

between the cross-country correlations of output and consumption, it is found

that this additional channel alone does not solve the quantity anomaly.

In addition, Stockman and Tesar (1995) introduce taste shocks that di-

rectly a¤ect the relative importance of goods within the household�s prefer-

ence function. In a simpli�ed one-sector version of their model, the preference

function with taste shocks can be written as

u(cit; l
i
t) = 	

i
t log c

i
t + (1�	it) log(1� lit);

where 	t is the stochastic taste shock. This setting is equivalent to the

one-good demand shock model introduced by Wen (2007). With this modi�-

cation, the marginal utilities become uict = 	
i
t=c

i
t and u

i
lt = �(1�	it)=(1�lit).

Therefore, the capital Euler equation (9), the labor �rst order condition (10),

and the international �nancial equation (11) are all a¤ected by �uctuations

in taste shocks. Intuitively, taste shocks will work as investment wedges by

a¤ecting the relative value of today�s consumption to tomorrow�s consump-

tion. However, the mapping of the model with taste shocks to a model with

investment wedges requires linearization. The model with taste shocks can

be mapped into the prototype model with labor wedges if

	it
1�	it

=
	i

1�	i (1� �
i
lt): (13)

The model with taste shocks can be mapped into the prototype model with

international price wedges if

	USt =	
JP
t = pt: (14)
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Since taste shocks are not related to e¢ ciency wedges, taste shocks alone

cannot fully account for the �uctuation in output. Moreover, it is unlikely

that taste shocks alone can account for investment, labor, and international

price wedges all together by coincidence21. Nonetheless, the introduction of

taste shocks improves the quantity anomaly by reducing the correlation of

consumption.

5.3 The Incomplete Asset Market Model

Baxter and Crucini (1995) investigate the importance of the asset struc-

ture of the international �nancial market on the cross-country business cycle

comovement among developed countries. They �nd that if shocks are trend-

stationary and there are cross-country spillovers of productivity shocks, com-

plete markets and incomplete markets yield very similar allocations. The in-

complete asset market model can also be mapped into the prototype model

with international price wedges.

When only a risk free bond bt is traded in the international �nancial

market instead of the state-contingent claim dt, the household cannot diver-

sify country-speci�c risks because the return on the bond is predetermined.

The international �rst order condition without international price wedges

becomes
uJPct
uUSct

=
�JPEt

�
uJPct+1

�
�USEt

�
uUSct+1

� : (15)

Therefore, the expected cross-country marginal rate of substitution of future

consumption operates as the international price wedge. If
�JPEt[uJPct+1]
�USEt[uUSct+1]

= pt,

then the incomplete asset market model is observationally equivalent to the

prototype model with international price wedges. The result of Baxter and

Crucini (1995) can be interpreted as a statement on how productivity shocks

21In other words, the value of taste shocks can be di¤erent, depending on whether they
were computed from the capital Euler equation, the labor �rst order condition (13) or the
international �rst order condition (14).
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a¤ect the right-hand side of (15). When productivity shocks are permanent,

consumption will jump up in the country hit by a positive productivity shock,

while it will jump down in the other due to the large wealth e¤ects. However,

when productivity shocks are transitory, consumption in both countries will

rise in response to either country�s positive productivity shock due to the

lack of strong wealth e¤ects. Therefore, the incomplete market model can

endogenously account for pt when the productivity shocks are persistent,

whereas it cannot when they are trend-stationary.

5.4 Models with Alternative Preferences

The business cycle accounting results are a¤ected by alternative preference

assumptions. I show that the model with alternative forms of preferences

can also be mapped into the prototype model with wedges. In this section, I

present simple equivalence results of models with non-separable preferences,

habit formation preferences, and GHH preferences to the prototype model

with wedges. Quantitative results are presented in the appendix.

5.4.1 Non-Separable Utility

First, I consider a preference function that is non-separable between con-

sumption and leisure

u(c; l) =
(c	t (1� lt)1�	)1��

1� � :

The curvature parameter represents the degree of risk aversion of the house-

hold. The preference in (3) is a special case of this preference function in

which � = 1. With non-separable preferences, � 6= 1, marginal utilities of

consumption in each countries are not only functions of consumption, but

also labor.

The marginal utilities for non-separable preferences are uict = 	
i(cit)

	i(1��)�1(1�
lit)
(1�	i)(1��) and uilt = (1�	i)(cit)	

i(1��)(1� lit)(1�	
i)(1��)�1. The labor �rst
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order condition does not change. The capital Euler equation (9) and the

international �rst order condition is a¤ected by the additional leisure term

that enters the marginal utility. Therefore, the leisure term can be considered

as partially endogenizing investment wedges and international price wedges.

Sensitivity analysis provided in the appendix shows that a model with � = 5

produces results very similar to those of the prototype model.

5.4.2 Habit Formation Utility

Next, I consider a case in which the household consumption forms habit

persistence

u(c; l) = 	 log(ct � bbct�1) + (1�	) log(1� lt):
The habit persistence parameter b is assumed to be equal to 0.65, following

the estimation of Christiano, Eichenbaum, and Evans (2005). For simplicity,

I assume that the habit is formed upon the lagged aggregate consumption bc,
which is not a¤ected by individual decisions. This preference helps inducing

persistence in consumption. Since both countries want to gradually increase

consumption when one of the countries experiences high e¢ ciency, they have

a motive to accumulate wealth for the future. Dmitriev and Krznar (2009)

�nd that this channel is strong enough to generate positive cross-country

investment correlations when the adjustment cost for capital is su¢ ciently

high.

With habit persistence, the marginal utility of consumption will become

uict = 	
i=(cit� bbcit�1), which is a function of consumption growth rather than

the level of consumption. The marginal utility of labor is the same as in

the prototype model. This a¤ects the capital Euler equation (9), labor �rst

order condition (10), and international �rst order condition (11). However,

the international �rst order condition still guarantees that consumption is

perfectly correlated across countries without international price wedges since
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the growth of consumption is perfectly correlated across countries. Sensitivity

analysis shows that the quantity anomaly still exists because this alternative

preference has little impact on the responses of labor.

5.4.3 GHH Preferences

Finally, I consider the GHH preferences a la Greenwood, Hercowitz, and

Hu¤man (1988):

u(c; l) = log(ct � �l�t ):

GHH preferences are widely used in the small open economy literature be-

cause of their ability to generate high volatility in consumption and coun-

tercyclical trade balance through the lack of income e¤ects on labor supply.

The GHH preferences can be considered to be a reduced form of preferences

with home production. The implicit home production term operates as taste

shocks.

The marginal utilities become uict = 1=(c
i
t��(lit)�) and uilt = ��(lit)��1=(cit�

�(lit)
�). This a¤ects the capital Euler equation (9), labor �rst order condi-

tion (10), and international �rst order condition (11). Ra¤o (2008) shows

that the GHH preference can generate a countercyclical trade balance in the

Backus et al (1994, 1995) two-country model through countercyclical �uc-

tuation of goods rather than counter cyclical international prices. The logic

is as follows. With the lack of income e¤ects on labor, productivity shocks

generate larger �uctuations in consumption. If the �uctuation of domestic

absorption in response to productivity shock is greater than that of output,

productivity shocks can generate a counter-cyclical trade balance.

This �nding is closely related to the quantity anomaly. The more the

consumption reacts to the �uctuation of the domestic productivity shocks,

the lower is the cross-country consumption correlation. Furthermore, since

labor reacts less to foreign productivity shocks because of the lack of income
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e¤ects, labor supply becomes more volatile22. Therefore, this helps solv-

ing the quantity anomaly even in a single good setting such as Baxter and

Crucini (1995) wherein consumption and labor becomes more volatile, which

leads to higher cross-country output correlation and a lower cross-country

consumption correlation. I �nd that the simulated cross-country correlation

of output and consumption using only e¢ ciency wedges in both countries are

�0:13 and 0:14 respectively, as opposed to �0:66 and 1:00 in the prototype
model. Therefore, the GHH preference assumption improves the quantity

anomaly, but does not solve it.

5.5 A Hint for Successful Models

Since the stochastic process (7) does not restrict the contemporaneous cor-

relation of the error term, the errors are inter-related with each other. Table

10 shows the correlation between the error terms. International price wedges

are negatively correlated to the Japanese e¢ ciency wedges while they are

positively correlated to the US e¢ ciency wedges. E¢ ciency wedges are neg-

atively correlated to investment wedges and positively correlated to labor

wedges in both countries. This information is useful in narrowing down the

potentially successful models.

The challenge to build a sophisticated model based on the business cycle

accounting results is that we do not know the causality relationship among

the wedges. Christiano and Davis (2006) show that in order to understand

the nature of shocks to the economy, one has to orthogonalize the error terms.

Only by doing so can we de�ne fundamental economic shocks and understand

how they form wedges. That is, the error terms can be expressed as

"t = Cet;

22From the international �rst order condition (11), marginal utilities of consumption
across countries can be equalized by movements not only in consumption but also in labor.
The link between consumption and leisure across countries weakens since an increase in
both consumption and leisure nulli�es any movement in the marginal utility.
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where ee0 = I. However, this involves an identi�cation process of the matrix

C, which is usually problematic since there is not enough information.

Sophisticated international business cycle models, such as those men-

tioned above, identify the contemporaneous relationship of error terms by

assuming a certain structure of the economy. As long as this identi�cation is

consistent with the statistical correlation of the computed wedges, the model

should be successful. In order to solve the quantity anomaly, a model should

introduce additional shocks that manifest themselves as important wedges

or generate a su¢ ciently large spill-over from one wedge to another. As dis-

cussed above, Backus et al (1994) and Stockman and Tesar (1995) have the

endogenous spill-over of productivity shocks, i.e., e¢ ciency wedges onto the

international price wedges. Since the error terms of e¢ ciency wedges and

international price wedges are negatively correlated in Japan and positively

correlated in the US, both of these models are supported by the data. Fur-

ther, the correlation of the error terms of labor wedges and international

price wedges are positive in Japan and negative in the US. This is consistent

with the Stockman and Tesar (1995) model with taste shocks.

Finally, the business cycle accounting results that investment wedges are

not the main source of business cycle �uctuations do not directly imply that

shocks in the domestic �nancial market are unimportant. The negative cor-

relation between investment and e¢ ciency wedges in both Japan and the US

gives rise to a possibility that �nancial frictions lead to drops in production

e¢ ciency and vice versa. Therefore, the recent �nancial market integration,

illustrated by the increase in the cross-country investment wedges correlation,

may have caused the increase in cross-country e¢ ciency wedge correlation.

Hence, the accounting results of this paper supports models linking interna-

tional �nancial market integration to the increase in cross-country business

cycle correlation.
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6 Conclusion

This study extends the business cycle accounting method a la Chari, Kehoe,

and McGrattan (2007) to a two-country open economy framework for con-

sidering the business cycle correlation patterns between Japan and the U.S.

over the 1980-2008 period. In terms of accounting for �uctuations in output,

e¢ ciency wedges are important in Japan, while labor and e¢ ciency wedges

are important in the US. Furthermore, the increase in the cross-country cor-

relation of the labor and e¢ ciency wedges is important in accounting for

the recent increase in the cross-country output correlation. In addition, in-

ternational price wedges are necessary to account for the low cross-country

consumption correlation. The main role of investment wedges is to prevent

resources from �owing into the relatively e¢ cient country. A successful model

for business cycle correlations between Japan and the US must account for

this fact.

A useful way to narrow down successful models is to investigate the cor-

relation between wedges. The relationship between e¢ ciency wedges and

international price wedges modeled in order to solve the quantity anomaly

in existing studies are supported by data. Furthermore, the relationship

between investment wedges and e¢ ciency wedges supports models linking

international �nancial market integration to the increase in cross-country

business cycle correlation. Since exploring detailed models is not the main

focus of this paper, this will be left as a future research topic.
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A Sensitivity Analysis

In this section, I conduct sensitivity analysis of the quantitative results. I test

the robustness of the results using alternative assumptions on the model. For

each alternative model, I reestimate the stochastic process and recompute

the wedges. Tables A2 to A7 report the sensitivity analysis results which

correspond to Tables 4 and 5.

In sensitivity analysis A2, I simulate the model using parameter values

separately calibrated in each country, as reported in Table 2. The results are

similar to those of the prototype model. Therefore, the common parameter

assumption in the prototype model does not a¤ect the quantitative results.

Next in sensitivity analysis A3, I simulate the model imposing a restriction on

the stochastic process such that there are no spillover e¤ects across wedges.

That is, I estimate the matrix P in (7) with an orthogonality restriction.

The results are almost identical to those from the prototype model. There-

fore, the spillover e¤ects are not quantitatively important in the prototype

model. In sensitivity analysis A4, I impose the no spillover assumption on

the model without adjustment costs. Comparing the results to Tables 6 and

7, the no spillover assumption a¤ects the results signi�cantly in the model

without adjustment costs. The �uctuation of investment explodes in reac-

tion to investment, e¢ ciency, and international price wedges23. Therefore,

the spillover of wedges is important in the model without adjustment costs.

In sensitivity analysis A5, I simulate the model with non-separable prefer-

ences assuming � = 5. Indeed, the nonseparability on consumption and

leisure reduces the cross-country correlation of consumption as expected24.

However, the quantitative impact of this modi�cation is not large in terms

of the �t of the model as well as the impacts of each wedge on output. In

23The absolute value of the �t of variables are ridiculously large because the standard
deviation of the model simulation relative to that of the data is much larger than one.
24The cross-country correlation of consumption with e¢ ciency wedges in both countries

improves from 1.00 to 0.66.
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sensitivity analysis A6, I simulate the model with habit formation prefer-

ences25. The �t of the model and the quantitative impacts of each wedge are

very similar to those of the prototype model. Habit persistence generates

positive investment correlation with e¢ ciency wedges in both countries as

shown in Dmitriev and Krznar (2009). However, it cannot account for the

low cross-country correlation of consumption, nor the positive cross-country

correlation of labor. In sensitivity analysis A7, I simulate the model with

GHH preferences. The �t of the model is similar to that of the prototype

model, whereas the quantitative importance of investment and international

wedges falls. Furthermore, the results with only e¢ ciency wedges in both

countries in terms of cross-country correlation of output and consumption is

much closer to the data than any other setting.

B Tables and Figures

Table 1. Japan-US Quarterly Business Cycle Correlation

HP Filtered (1980-2008)

Y C L X

total period 0.06 -0.08 0.24 -0.06

1980-1989 0.09 -0.14 -0.04 -0.01

1990-1999 -0.33 -0.11 -0.08 -0.47

2000-2008 0.70 0.23 0.73 0.63

25With habit persistence, consumption in both countries are de�ned as endogenous state
variables. Otherwise, the solution method is the same as the prototype model.
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Table 2. Parameter Values

Japan US Common

� 0.457 0.387 0.422

� 0.02 0.014 0.017

� 1.004 1.005 1.004

� 0.982 0.986 0.984

	 0.269 0.214 0.241

l 0.252 0.202 0.227

c=y 0.592 0.659 0.626

x=y 0.258 0.220 0.239

g=y 0.134 0.145 0.139

Table 3. Correlation of Wedges

Correlation with Japanese Output (total period)

gJP �JPl �JPx zJP p �

0.04 0.23 -0.79 0.89 -0.31 0.57

Correlation with US Output (total period)

gUS �USl �USx zUS p �

-0.06 -0.73 -0.89 0.71 0.75 -0.17

Correlation across Countries

gJP ; gUS �JPl ; �
US
l �JPx ; �

US
x zJP ; zUS

total period -0.21 0.14 -0.03 -0.13

1980-1989 -0.42 -0.30 0.03 -0.06

1990-1999 -0.06 0.24 -0.41 -0.36

2000-2008 0.07 0.48 0.50 0.08
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Table 4. Simulation Results

Fit of Simulated Series to Data26 Cross-Country

Japan US Correlation

Y C L X Y C L X Y C L X

gJP 0.00 0.01 0.01 0.00 -0.01 0.02 -0.02 0.01 0.97 1.00 0.99 -1.00

�JPl -0.12 0.05 0.76 -0.06 -0.01 0.06 -0.02 0.00 -1.00 1.00 -1.00 -1.00

�JPx 0.14 -0.02 0.15 0.74 0.04 -0.07 0.08 0.00 0.53 1.00 0.88 0.01

zJP 1.04 0.44 0.08 0.37 0.00 -0.04 -0.03 0.00 -1.00 1.00 -1.00 -1.00

gUS -0.01 0.01 -0.02 0.00 0.00 0.00 -0.01 0.00 0.97 1.00 0.99 0.99

�USl -0.04 -0.02 -0.16 -0.02 0.50 0.39 0.97 0.10 -1.00 1.00 -1.00 -1.00

�USx -0.03 0.10 0.04 0.00 0.21 -0.24 0.25 0.76 0.67 1.00 0.92 -0.84

zUS 0.04 -0.12 0.02 0.01 0.52 0.26 0.10 0.13 -1.00 1.00 -1.00 -1.00

p -0.11 0.57 0.06 -0.01 -0.22 0.51 -0.30 -0.02 -1.00 -1.00 -1.00 -1.00

� 0.08 -0.02 0.07 -0.04 -0.02 0.11 -0.02 0.01 0.99 1.00 1.00 1.00

zJP ; zUS 1.08 0.32 0.09 0.38 0.51 0.22 0.07 0.13 -0.66 1.00 -1.00 -0.45

Data 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 -0.08 0.24 -0.06

Table 5. Simulation Results

Cross-Country Correlation of Simulated Output without

gJP ; gUS �JPl ; �
US
l �JPx ; �

US
x zJP ; zUS p&� Data

total period 0.08 -0.12 -0.26 -0.12 -0.32 0.06

1980-1989 0.11 0.05 -0.21 -0.28 -0.45 0.09

1990-1999 -0.33 -0.36 -0.64 -0.38 -0.58 -0.33

2000-2008 0.72 -0.12 0.43 0.22 0.48 0.70

26The �t of simulated series is de�ned as

corr(model; data) � std(model)
std(data)

:
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Table 6. Simulation Results (no Adjustment Costs)

Fit of Simulated Series to Data Cross-Country

Japan US Correlation

Y C L X Y C L X Y C L X

gJP 0.00 0.01 0.02 0.00 -0.02 0.03 -0.03 -0.01 1.00 1.00 1.00 0.68

�JPl -0.12 0.6 0.74 -0.01 0.00 0.07 -0.01 -0.01 -1.00 1.00 -1.00 0.05

�JPx -0.05 -0.02 -0.04 0.38 0.03 0.04 0.01 0.47 -0.99 1.00 -0.88 -0.98

zJP 1.10 0.38 0.10 0.33 -0.01 -0.06 -0.03 -0.03 -1.00 1.00 -1.00 0.31

gUS -0.01 0.01 -0.03 -0.01 0.00 0.00 -0.02 -0.01 0.99 1.00 1.00 -0.66

�USl 0.00 0.00 -0.03 0.11 0.65 0.05 1.24 0.30 -0.79 1.00 -0.77 1.00

�USx 0.09 0.06 0.14 0.26 -0.02 0.11 0.00 -0.02 1.00 1.00 1.00 0.89

zUS 0.02 -0.07 0.01 -0.05 0.62 0.15 0.15 0.26 -0.99 1.00 -0.98 0.21

p -0.11 0.58 0.05 0.00 -0.22 0.51 -0.30 0.03 -1.00 -1.00 -1.00 -0.36

� 0.07 -0.01 0.05 -0.02 -0.01 0.10 -0.02 0.01 0.99 1.00 1.00 -0.13

zJP ; zUS 1.12 0.31 0.10 0.28 0.60 0.09 0.12 0.23 -0.50 1.00 -0.86 0.09

Data 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 -0.08 0.24 -0.06

Table 7. Simulation Results (no Adjustment Costs)

Cross-Country Correlation of Output Simulated without

gJP&gUS �JPl &�
US
l �JPx &�

US
x zJP&zUS p&� Data

total period 0.09 -0.15 0.03 -0.23 -0.32 0.06

1980-1989 0.13 -0.11 0.20 -0.57 -0.44 0.09

1990-1999 -0.32 -0.27 -0.45 -0.41 -0.58 -0.33

2000-2008 0.72 -0.10 0.61 0.23 0.48 0.70
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Table 8. Cross-Correlation of Error Terms

"JPl "JPx "JPz "USg "USl "USx "USz "p "�

"JPg 0.04 0.16 0.03 0.00 0.11 0.11 -0.21 -0.01 0.00

"JPl -0.30 0.56 -0.03 0.21 0.06 -0.13 0.08 0.24

"JPx -0.35 -0.06 -0.09 0.05 -0.12 -0.14 -0.30

"JPz -0.09 -0.03 0.09 -0.12 -0.56 0.27

"USg 0.23 0.16 0.23 0.12 -0.03

"USl 0.08 0.18 -0.13 0.18

"USx -0.69 -0.24 0.00

"USz 0.33 0.12

"p 0.10

Table A1. Japan-US Quarterly Business Cycle Correlation

Linearly Detrended (1980-2008)

Y C L X

total period 0.14 -0.03 -0.54 -0.26

1980-1989 0.75 -0.74 0.16 0.45

1990-1999 -0.85 -0.32 -0.88 -0.87

2000-2008 0.79 -0.57 0.90 0.58

38



Table A2a. Sensitivity Analysis (separate parameters)

Fit of Simulated Series to Data Cross-Country

Japan US Correlation

Y C L X Y C L X Y C L X

gJP 0.00 0.00 0.01 0.00 -0.01 0.02 -0.02 0.00 0.99 1.00 1.00 1.00

�JPl -0.09 0.06 0.71 -0.02 0.00 0.07 -0.02 0.00 -1.00 1.00 -1.00 1.00

�JPx 0.18 -0.05 0.21 0.87 0.08 -0.10 0.13 0.00 0.44 1.00 0.88 -0.99

zJP 0.96 0.51 0.08 0.13 -0.03 -0.03 -0.07 -0.01 -1.00 1.00 -1.00 1.00

gUS 0.00 0.01 -0.01 0.00 0.00 0.00 -0.01 0.00 0.99 1.00 1.00 1.00

�USl -0.02 -0.02 -0.13 0.02 0.58 0.36 1.05 0.04 -1.00 1.00 -1.00 1.00

�USx -0.02 0.08 0.02 0.00 0.19 -0.18 0.21 0.83 0.57 1.00 0.88 -1.00

zUS 0.03 -0.11 0.02 -0.01 0.51 0.21 0.10 0.05 -1.00 1.00 -1.00 1.00

p -0.09 0.51 0.04 0.01 -0.31 0.58 -0.38 0.07 -1.00 -1.00 -1.00 -1.00

� 0.06 0.01 0.06 -0.01 0.00 0.07 0.00 0.00 1.00 1.00 1.00 1.00

zJP ; zUS 0.99 0.41 0.10 0.12 0.48 0.19 0.03 0.04 -0.70 1.00 -0.99 0.99

Data 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 -0.08 0.24 -0.06

Table A2b. Sensitivity Analysis (separate parameters)

Cross-Country Correlation of Output Simulated without

gJP&gUS �JPl &�
US
l �JPx &�

US
x zJP&zUS p&� Data

total period 0.08 -0.17 -0.26 -0.17 -0.31 0.06

1980-1989 0.12 -0.03 -0.14 -0.43 -0.41 0.09

1990-1999 -0.33 -0.34 -0.68 -0.44 -0.60 -0.33

2000-2008 0.71 -0.17 0.38 0.27 0.48 0.70
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Table A3a. Sensitivity Analysis (no spillover)

Fit of Simulated Series to Data Cross-Country

Japan US Correlation

Y C L X Y C L X Y C L X

gJP 0.00 0.00 0.01 0.00 -0.01 0.02 -0.02 0.00 1.00 1.00 1.00 1.00

�JPl -0.12 0.06 0.74 -0.03 0.00 0.07 -0.01 0.00 -1.00 1.00 -1.00 1.00

�JPx 0.13 -0.01 0.17 0.71 0.07 -0.10 0.10 -0.01 0.41 1.00 0.85 -1.00

zJP 1.01 0.48 0.07 0.35 0.00 -0.04 -0.04 0.01 -1.00 1.00 -1.00 -1.00

gUS -0.01 0.01 -0.02 0.00 0.00 0.00 -0.01 0.00 1.00 1.00 1.00 1.00

�USl -0.04 -0.02 -0.16 -0.02 0.50 0.39 0.97 0.11 -1.00 1.00 -1.00 -1.00

�USx 0.00 0.07 0.04 -0.02 0.19 -0.24 0.24 0.77 0.60 1.00 0.90 -1.00

zUS 0.04 -0.12 0.02 0.01 0.52 0.26 0.10 0.13 -1.00 1.00 -1.00 -1.00

p -0.10 0.55 0.05 -0.01 -0.23 0.53 -0.31 -0.03 -1.00 -1.00 -1.00 -1.00

� 0.09 -0.02 0.08 -0.01 -0.02 0.12 -0.03 0.00 1.00 1.00 1.00 1.00

zJP ; zUS 1.05 0.36 0.09 0.37 0.52 0.22 0.06 0.15 -0.69 1.00 -0.98 -0.80

Data 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 -0.08 0.24 -0.06

Table A3b. Sensitivity Analysis (no spillover)

Cross-Country Correlation of Output Simulated without

gJP&gUS �JPl &�
US
l �JPx &�

US
x zJP&zUS p&� Data

total period 0.08 -0.14 -0.29 -0.10 -0.32 0.06

1980-1989 0.12 0.04 -0.28 -0.26 -0.43 0.09

1990-1999 -0.33 -0.39 -0.64 -0.37 -0.58 -0.33

2000-2008 0.72 -0.13 0.43 0.23 0.48 0.70
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Table A4a. Sensitivity Analysis (no spillover no adjustment costs)

Fit of Simulated Series to Data Cross-Country

Japan US Correlation

Y C L X Y C L X Y C L X

gJP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 1.00 1.00 1.00 1.00

�JPl -0.23 0.00 0.97 -2.16 -0.09 0.08 -0.08 1.79 -0.79 1.00 -0.59 -1.00

�JPx -2.45 0.44 -1.05 -20.48 -0.55 -0.09 -0.73 -42.92 -1.00 1.00 -1.00 -1.00

zJP 2.07 0.09 0.51 6.39 0.03 -0.09 0.03 -1.36 -0.88 1.00 -0.88 -1.00

gUS 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 1.00 1.00 1.00 1.00

�USl -0.12 0.00 -0.24 0.82 1.12 0.02 1.68 2.51 -0.98 1.00 -0.93 -0.99

�USx -1.00 -0.07 1.57 -32.96 -9.91 0.41 -6.69 -22.86 -1.00 1.00 -1.00 -1.00

zUS 0.10 -0.03 0.06 1.34 1.12 0.08 0.38 1.76 -0.91 1.00 -0.90 -1.00

p 2.62 0.55 -0.81 48.18 9.27 0.53 6.43 61.98 -1.00 -1.00 -1.00 -1.00

� 0.02 0.01 0.00 -0.14 0.01 0.07 -0.02 0..07 1.00 1.00 1.00 1.00

zJP ; zUS 1.04 0.44 0.08 0.37 0.00 -0.04 -0.03 0.00 -1.00 1.00 -1.00 -1.00

Data 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 -0.08 0.24 -0.06

Table A4b. Sensitivity Analysis (no spillover no adjustment cost)

Cross-Country Correlation of Output Simulated without

gJP&gUS �JPl &�
US
l �JPx &�

US
x zJP&zUS p&� Data

total period 0.06 -0.57 -1.00 -0.84 -1.00 0.06

1980-1989 0.10 -0.73 -1.00 -0.92 -1.00 0.09

1990-1999 -0.33 -0.44 -1.00 -0.89 -1.00 -0.33

2000-2008 0.71 -0.55 -0.99 -0.66 -0.99 0.70
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Table A5a. Sensitivity Analysis (non-separable preference)

Fit of Simulated Series to Data Cross-Country

Japan US Correlation

Y C L X Y C L X Y C L X

gJP 0.00 0.00 0.01 0.00 -0.01 0.02 -0.01 0.01 0.98 1.00 1.00 0.86

�JPl -0.09 0.10 0.55 -0.02 0.00 0.02 0.00 0.00 -0.99 0.99 -1.00 1.00

�JPx 0.12 0.01 0.18 0.71 0.04 -0.05 0.07 0.00 0.54 0.98 0.94 -1.00

zJP 0.95 0.57 0.06 0.35 -0.01 -0.03 -0.02 -0.01 -1.00 1.00 -1.00 1.00

gUS 0.00 0.00 -0.01 0.01 0.00 0.00 -0.01 0.01 0.98 1.00 1.00 1.00

�USl -0.01 0.00 -0.04 0.00 0.37 0.69 0.72 0.08 -1.00 1.00 -0.99 -0.98

�USx -0.01 0.11 0.04 0.00 0.17 -0.20 0.22 0.70 0.70 0.99 0.96 -1.00

zUS 0.02 -0.06 0.01 -0.01 0.48 0.32 0.07 0.17 -1.00 1.00 -1.00 1.00

p -0.04 0.27 0.15 0.01 -0.04 0.14 -0.02 0.01 -1.00 -1.00 -1.00 -1.00

� 0.07 -0.01 0.05 -0.05 -0.01 0.09 -0.02 0.03 1.00 1.00 1.00 1.00

zJP ; zUS 0.97 0.51 0.06 0.34 0.47 0.29 0.05 0.16 -0.46 0.66 -0.98 0.28

Data 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 -0.08 0.24 -0.06

Table A5b. Sensitivity Analysis (non-separable preferences)

Cross-Country Correlation of Output Simulated without

gJP&gUS �JPl &�
US
l �JPx &�

US
x zJP&zUS p&� Data

total period 0.07 -0.01 -0.20 0.05 -0.09 0.06

1980-1989 0.11 0.12 -0.18 -0.24 -0.10 0.09

1990-1999 -0.33 -0.28 -0.58 -0.14 -0.44 -0.33

2000-2008 0.71 0.16 0.48 0.44 0.57 0.70
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Table A6a. Sensitivity Analysis (habit formation preferences)

Fit of Simulated Series to Data Cross-Country

Japan US Correlation

Y C L X Y C L X Y C L X

gJP 0.00 0.00 0.01 0.00 -0.01 0.02 -0.02 -0.02 0.69 1.00 0.93 -1.00

�JPl 0.01 0.22 0.67 -0.01 0.01 0.07 -0.01 0.00 -0.97 1.00 -0.98 1.00

�JPx 0.17 0.00 0.27 0.74 0.07 -0.14 0.15 0.01 0.84 1.00 0.97 1.00

zJP 0.99 0.24 0.09 0.23 -0.03 -0.10 -0.07 0.00 -0.97 1.00 -0.91 1.00

gUS 0.00 0.00 -0.02 0.00 0.00 0.00 -0.01 0.00 0.99 1.00 1.00 1.00

�USl -0.02 -0.02 -0.22 -0.02 0.49 0.40 0.92 0.13 -0.98 1.00 -0.98 -0.97

�USx -0.03 0.07 -0.05 0.02 0.19 -0.13 0.20 0.71 0.75 1.00 0.95 -0.99

zUS 0.05 -0.10 0.03 -0.02 0.50 0.23 0.10 0.06 -0.96 1.00 -0.88 1.00

p -0.23 0.57 0.14 0.03 -0.23 0.55 -0.27 0.05 -1.00 -1.00 -1.00 -1.00

� 0.08 0.02 0.08 0.03 0.01 0.10 0.00 0.06 0.84 1.00 0.97 -0.99

zJP ; zUS 1.04 0.14 0.12 0.21 0.47 0.13 0.03 0.05 -0.75 1.00 -0.84 0.92

Data 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 -0.08 0.24 -0.06

Table A6b. Sensitivity Analysis (habit formation preferences)

Cross-Country Correlation of Output Simulated without

gJP&gUS �JPl &�
US
l �JPx &�

US
x zJP&zUS p&� Data

total period 0.08 -0.25 -0.21 -0.12 -0.50 0.06

1980-1989 0.14 -0.21 -0.22 -0.23 -0.55 0.09

1990-1999 -0.34 -0.40 -0.54 -0.38 -0.72 -0.33

2000-2008 0.71 -0.25 0.51 0.20 0.19 0.70
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Table A7a Sensitivity Analysis (GHH preference)

Fit of Simulated Series to Data Cross-Country

Japan US Correlation

Y C L X Y C L X Y C L X

gJP 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.02 -0.33 0.98 0.00 -1.00

�JPl -0.36 -0.89 0.86 -0.17 -0.02 -0.06 -0.01 -0.03 0.06 -0.99 0.13 -1.00

�JPx 0.01 0.26 -0.03 0.63 0.02 -0.06 0.01 -0.01 -1.00 0.91 -1.00 -1.00

zJP 1.34 1.30 0.15 0.72 0.00 -0.03 0.00 0.00 -0.07 1.00 -0.08 0.99

gUS 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.96 0.99 0.94 1.00

�USl 0.00 0.00 0.00 -0.01 0.27 0.67 0.73 0.05 -0.04 -1.00 0.01 -1.00

�USx -0.03 0.03 -0.02 -0.08 -0.01 -0.38 0.01 0.87 -1.00 0.85 -1.00 -1.00

zUS 0.00 -0.05 0.00 -0.02 0.69 0.72 0.23 0.25 -0.17 0.98 -0.19 1.00

p 0.01 0.33 0.02 0.01 0.03 -0.04 0.01 -0.21 -1.00 -1.00 -1.00 -1.00

� 0.03 0.00 0.02 -0.09 0.02 0.15 0.01 0.05 1.00 1.00 1.00 1.00

zJP ; zUS 1.34 1.26 0.15 0.69 0.69 0.69 0.23 0.25 -0.13 0.14 -0.13 -0.08

Data 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 -0.08 0.24 -0.06

Table A7b. Sensitivity Analysis (GHH preferences)

Cross-Country Correlation of Output Simulated without

gJP&gUS �JPl &�
US
l �JPx &�

US
x zJP&zUS p&� Data

total period 0.06 -0.11 0.02 -0.01 0.02 0.06

1980-1989 0.09 -0.09 0.06 -0.40 0.20 0.09

1990-1999 -0.33 -0.24 -0.38 0.04 -0.43 -0.33

2000-2008 0.71 0.08 0.53 0.28 0.62 0.70
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