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Abstract

This paper examines the role of both technology and non-technology shocks in international
business cycle comovement. Using industry-level data on 30 countries and up to 28 years, we first
provide estimates of utilization-adjusted TFP shocks, and an approach to infer non-technology
shocks. We then set up a quantitative model calibrated to the observed international input-output
and final goods trade, and use it to assess the contribution of both technology and non-technology
shocks to international comovement. We show that unlike the traditional Solow residual, the
utilization-adjusted TFP shocks are virtually uncorrelated across countries. Transmission of TFP
shocks across countries also cannot generate noticeable comovement in GDP in our sample of
countries. By contrast, non-technology shocks are correlated across countries, and the model sim-
ulation with only non-technology shocks generates substantial GDP comovement. While shocks
transmit across countries through production networks, the contribution of trade openness to co-
movement depends also on whether more or less correlated sectors get larger as the country opens
to trade. We conclude that in order to understand international comovement, it is essential to
both model and measure non-TFP shocks in a framework with international production networks.
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1 Introduction

Real GDP growth is positively correlated across countries. In spite of a large amount of research into
the causes of international comovement, we still lack a comprehensive account of this phenomenon.
Two related themes cut through the literature. First, is international comovement driven predomi-
nantly by technology (Backus, Kehoe, and Kydland, 1992) or non-technology (Stockman and Tesar,
1995) shocks? Second, does comovement occur because shocks are transmitted across countries (e.g.
Frankel and Rose, 1998; di Giovanni, Levchenko, and Mejean, 2018), or because the shocks themselves
are correlated across countries (Imbs, 2004)?

This paper uses sector-level data for 30 countries and up to 28 years to provide a forensic account
of the sources of international comovement. The first step in our exercise is measurement of both
technology and non-technology shocks. On the technology side, we provide estimates of utilization-
adjusted TFP growth rates in our sample of countries, sectors, and years. Basu, Fernald, and
Kimball (2006, henceforth BFK) develop a methodology to estimate TFP shocks for the United States
controlling for unobserved input utilization and industry-level variable returns to scale. Importantly,
BFK show that doing so produces a TFP series with dramatically different properties than the
traditional Solow residual. We bring this insight into the international context by developing a
method to estimate utilization adjusted TFP series for a large sample of countries, and analyzing
the international correlations in these series.

Having measured the TFP shocks at the country-sector level, we next use our framework to infer
non-technology shocks. The objective is to obtain a shock that rationalizes the change in primary
factor inputs conditional on the technology shock. In our model, sectors use capital, labor, and
intermediate inputs from potentially all countries and sectors in the world. For each sector, real
output growth is therefore moved by (i) its TFP shock; (ii) the change in the use of its intermediate
inputs; and (iii) the non-technology shock to the supply of the primary factors – capital and labor
– to this sector. It is this non-technology shock that we are interested in measuring. Using data
on productivity shocks, sectoral prices, and the world input-output matrix, we back out the non-
technology shock that rationalizes the data on output and input growth in each country, sector, and
year.

Using these technology and non-technology shocks in our sample of countries and sectors, we assess
the role of both the shocks and the international goods market linkages for cross-country busi-
ness cycle comovement. We do this by means of two exercises: an accounting decomposition and
model-based counterfactuals. The accounting decomposition writes real GDP growth as a sum of
two components, the TFP growth and the input growth. Thus, the GDP covariance between any
two countries is the sum of the covariance of TFP, covariance of inputs, and the TFP-input cross-
covariance terms. We show that TFP growth is virtually uncorrelated across countries, implying
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that TFP covariance has a small direct contribution to observed comovement in our sample of coun-
tries. By contrast, input growth is significantly more correlated across countries, with a correlation
coefficient nearly half of the correlation of GDP.

Of course, input growth is endogenous as inputs respond to both domestic and foreign TFP shocks.
Thus, the finding that TFP growth is uncorrelated does not necessarily imply TFP shocks do not
contribute to international comovement. It could be that correlated observed input growth is driven
by the propagation of TFP shocks. We must instead examine the properties of the non-technology
shocks, that are constructed after netting out TFP. We show that in contrast to TFP, the aggregated
non-technology shocks are quite correlated across countries, with the correlation coefficients about
one-third of the correlation in real GDPs. To develop the full picture of the role of different types of
shocks, correlated shocks, and international transmission, we perform model-based counterfactuals.

Our quantitative DSGE framework features multiple countries and sectors, and trade in both final
and intermediate goods. It is implemented on the data from the World Input-Output Database
(WIOD). Final consumption in each country and sector is an Armington aggregate of the goods
coming from different source countries. Each sector uses labor, capital, and intermediate inputs in
production. The intermediate inputs can come from any sector and country in the world, and we take
the information on input usage directly from WIOD. Between periods, capital and employees can be
accumulated in each sector. However, within a period, labor and capital supply to each sector and
country are upward-sloping in the real prices of labor and capital, respectively, and subject to shocks.
It is these shocks to factor supply that we back out from the data and label as non-technology shocks.
We simulate the world economy’s responses to shocks in two ways: first, using the approach of Dekle,
Eaton, and Kortum (2008) and shutting down intertemporal factor accumulation, and second, by
simulating the fully dynamic version of our model.

The model features standard international transmission mechanisms. A positive foreign shock lowers
the prices of intermediate inputs coming from that country, stimulating demand in countries and
sectors that use those inputs in production. At the same time, a positive shock in a foreign country
makes final goods supplied by that country cheaper, reducing demand for final goods produced by
countries competing with it in final goods markets. Prior to simulating the model, we first structurally
estimate two key elasticities – the final demand elasticity and the elasticity of substitution between
intermediate inputs. Estimates of these elasticities vary substantially in the literature, and any
assessment of the role of transmission vs. correlated shocks will be influenced by these parameters.
Our estimates imply an elasticity of substitution between intermediate inputs that is not statistically
different from 1. On the other hand, we obtain a range of estimates for the elasticity of substitution
in final demand. Given the uncertainty in the appropriate value of this elasticity, our quantitative
analysis uses two values, 1 and 2.75, reflecting our range of estimates.
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To focus on the distinction between technology and non-technology shocks, we simulate the model
with only one type of shock at a time. It turns out that a model with only TFP shocks cannot
generate almost any international comovement, whereas the model with only non-technology shocks
can produce a correlation that is 60% of the correlation in the data. Thus, non-technology shocks
are much more successful at generating the observed comovement than technology shocks, a result
insensitive to the choice of elasticities.

To assess the role of trade and input linkages in the transmission of shocks, we perform several related
exercises. First, we compute impulse responses to a hypothetical shock abroad on each country’s
GDP. We simulate three kinds of shocks: a 1% increase in U.S. productivity and the non-technology
shocks, a 1% increase in those parameters in every other country in the world (rest of the world or
ROW shock), and a 1% increase in these parameters in all countries simultaneously. The impulse
responses point to positive comovement in response to shocks: real GDP in all countries increases
following a shock to the U.S., though the effect is much more pronounced under a low substitution
elasticity. In response to a 1% ROW shock, the real GDP in the mean country increases by 0.7%
under the low elasticity of substitution, and by 0.2% under the high one, suggesting substantial
responsiveness of countries to developments in the world economy. Using insights from the literature
studying the transmission of shocks in networks (for instance Acemoglu et al., 2012; Baqaee, 2018),
we decompose the effects of the shocks in the third exercise in the the direct “influence” of own-
country shocks and the transmission of other countries’ shocks. We find that the direct effects are
much more important than transmission, in particular for larger economies like the US.

We then simulate the model under the observed shocks, but in which every country is in autarky.
This counterfactual reveals how much comovement would occur purely due to correlated shocks, and
without any transmission of shocks through trade. However, when shocks are correlated and input
linkages propagate sectoral shocks within a country, the choice of autarky production structure will
matter. We report results for three autarky models. In the first, we shut down all input linkages and
consider a value-added only model. In the second, we keep the domestic input coefficients exactly
the same as in the data, and increase the value added share by the total cost share of imported
inputs. This amounts to the assumption that if inputs were not imported from abroad, they would
be produced as value added by the using sector. Hence, the importance of the domestic inputs is not
changed. In the final case, we increase the domestic input coefficients at each input-output sector
pair by the amount of observed foreign purchases. That is, if inputs weren’t imported, they would
be sourced from the corresponding domestic supplying sector such that the total input spending is
unchanged.

The main result is that among the G7 countries autarky correlations in the value-added-only autarky
model are actually quite a bit higher than the correlations under trade. Allowing for domestic input
linkages lowers the autarky correlations substantially, bringing them more in line with the baseline
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trade model.

To understand this result, we write the difference in GDP comovement between the trade and autarky
equilibria as a sum of two terms: the international transmission of shocks through trade linkages, and
the changes in the weights assigned to the domestic shocks times the covariance of those shocks. The
latter term captures the notion that the relative importance of domestic shocks in different sectors
will change when going from autarky to trade, and the overall change in GDP comovement will
depend on whether the fundamentally more or less correlated sectors are increasing in importance.
It turns out that moving from trade to autarky increases the relative importance of sectors whose
shocks are more correlated, producing the paradoxical outcome that autarky correlations are higher
than the trade ones. These results reveal the unexpected role of input linkages in cross-border
comovement – input linkages provide significant diversification away from the most internationally
correlated sectors.

All in all, the quantitative importance of transmission depends both on the assumptions about the
input-output structure and on the elasticity of substitution. We provide clear evidence of transmission
of shocks through input-output networks, however, such transmission appears less important for
GDP growth than the direct effects of correlated shocks. The input-output structure does play a
very important role in regulating comovement. Absent the observed input-output structure, the
directly measured correlated sectoral shocks would lead to international comovement substantially
higher than the data. Here, there is not much distinction between amplified domestic input linkages
or cross-border linkages – both play an important role in regulating international comovement.

Our paper contributes to the literature on international comovement. There is a small number of
papers dedicated to documenting international correlations in productivity shocks and inputs (Imbs,
1999; Ambler, Cardia, and Zimmermann, 2004). Also related is the body of work that identifies
technology and demand shocks in a VAR setting and examines their international propagation (e.g.
Canova, 2005; Corsetti, Dedola, and Leduc, 2014; Levchenko and Pandalai-Nayar, 2018). Relative
to these papers, we use sector-level data to provide novel estimates of both utilization-adjusted
TFP and non-technology shocks, and expand the sample of countries. A large literature builds
models in which fluctuations are driven by productivity shocks, and asks under what conditions
those models can generate observed international comovement (see, among many others, Backus,
Kehoe, and Kydland, 1992; Kose and Yi, 2006; Johnson, 2014). A smaller set of contributions adds
non-technology shocks (Stockman and Tesar, 1995; Wen, 2007). In these analyses, productivity
shocks are proxied by the Solow residual, and non-technology shocks are not typically measured
based on data. Our quantitative assessment benefits from improved measurement of both types of
shocks. Finally, our paper generalizes some of the insights in the literature studying the transmission
of shocks through networks (e.g. Acemoglu et al., 2012; Baqaee, 2018) to an international setting.
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The rest of the paper is organized as follows. Section 2 lays out a basic GDP accounting framework
and presents some decompositions underlying the sources of comovement. Section 3 introduces
the dynamic multi-country, multi-sector model of production and trade necessary to back out non-
technology shocks. The approach to measuring the shocks and estimating key elasticities is detailed
in Section 4, together with the results. Section 5 uses the model to perform static counterfactuals
and illustrate the role of the network for comovement. Dynamic counterfactuals are in Section 6.
Section 7 concludes.

2 Accounting Framework

Let there be J sectors indexed by j and i, and N countries indexed by n, m, and k. Time is indexed
by t. Gross output in sector j country n is:

Ynjt = Znjt

[(
Knjt(Z, ξ)αjLnjt(Z, ξ)1−αj

)ηj X1−ηj
njt

]γj
. (2.1)

Total output is a Cobb-Douglas aggregate of primary factor inputs Knjt and Lnjt and materials
inputs Xnjt, with possibly non-constant returns to scale (γj 6= 1). The sector is directly affected by
two shocks: a TFP shock Znjt, and a non-TFP shock that shifts factor supply ξnjt. The vectors
Z, ξ of length NJ collect all the TFP and non-TFP shocks in the world. Because the economy
is interconnected through trade, output in every sector and country is in principle a function of
all the worldwide shocks. The non-technology shocks ξnjt can have either a literal interpretation
as exogenous shifts in intra-temporal factor supply curves, or more broadly as business cycle shocks
that are orthogonal to contemporaneous productivity, such as news shocks (e.g. Beaudry and Portier,
2006), or sentiment shocks (e.g. Angeletos and La’O, 2013). For parsimony, there is only a single
non-technology shock ξnjt that affects both capital and labor, though it does not need to move the
two factors of production in the same way. When it comes to measurement, it will be important that
Knjt and Lnjt are true, utilization-adjusted inputs that may not be directly observable. The bundle
of inputs Xnjt can include foreign imported intermediates.

Define real GDP at time t, evaluated at base prices (prices at t− 1) by:

Ynt =

J∑
j=1

(
Pnjt−1Ynjt(Z, ξ)− PXnjt−1Xnjt(Z, ξ)

)
,

where Pnjt−1 is the gross output base price, and PXnjt−1 is the base price of inputs in that sector-
country.
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A first order approximation to the log change in GDP of country n can be written as:

d lnYnt ≈
∑
m

∑
i

sZmnitd lnZmit +
∑
m

∑
i

sξmnitd ln ξmit, (2.2)

where sZmnit ≡ ∂ lnYnt
∂ lnZmit

∣∣∣
Zt−1,ξt−1

and sξmnit ≡
∂ lnYnt
∂ ln ξmit

∣∣∣
Zt−1,ξt−1

are the elements of the global influence

matrix, that give the elasticity of the GDP of country n with respect to TFP and non-TFP shocks
in sector i, country m.1

To highlight the sources of international GDP comovement, focus on the comovement driven by one
type of shock (TFP without loss of generality). Real GDP growth can be written approximately as

d lnYnt =
∑
j

sZnnjd lnZnjt︸ ︷︷ ︸
Dn

+
∑
j

sZmnjd lnZmjt︸ ︷︷ ︸
Pn

+
∑

n′ 6=n,m

∑
j

sZn′njd lnZn′jt︸ ︷︷ ︸
Tn

. (2.3)

This equation simply breaks out the double sum in (2.2) into the component due to country n’s own
shocks (Dn), the component due to a particular trading partner’s m shocks (Pn), and the impact of
“third” countries that are neither n nor m (Tn).

Then, the GDP covariance between country n and country m is:

Cov(d lnYnt, d lnYmt) = Cov(Dn,Dm)︸ ︷︷ ︸
Shock Correlationmn

(2.4)

+ Cov(Dn,Pm) + Cov(Pn,Dm) + Cov(Pn,Pm)︸ ︷︷ ︸
Bilateral Transmissionmn

(2.5)

+ Cov(Dn + Pn + Tn, Tm) + Cov(Tn,Dm + Pm)︸ ︷︷ ︸
Multilateral Transmissionmn

(2.6)

This equation underscores sources of international comovement. Economies might be correlated even
in the absence of trade, if the underlying shocks themselves are correlated (Cov(d lnZnjt, d lnZmit) >

0), especially in sectors influential in the two economies (large sZnnjs
Z
mmi). This is captured by the

first term:
Cov(Dn,Dm) =

∑
j

∑
i

sZnnjs
Z
mmiCov(d lnZnjt, d lnZmit).

Thus, a full account of international comovement would have to start with a reliable estimation of
the shock processes hitting the economies.

1The form of sZmnit is known for some simple economies. For instance, if country n is in autarky, factors of production
are supplied inelastically, and returns to scale are constant, sZnnit = Pnit−1Ynit−1/Pnt−1Ynt−1 are the Domar weights
(Hulten, 1978; Acemoglu et al., 2012), and sZmnit = 0 ∀m 6= n. In general for an economy with international trade there
will not be closed-form solutions for sZmnit. We derive closed-form solutions in some special cases in Section 5.
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The second term captures bilateral or direct transmission. If the GDP of country n has an elasticity
with respect to the shocks occurring in country m (sZmnit > 0), that would contribute to comovement
as well. Taking one of the terms of the Bilateral Transmission component:

Cov(Dn,Pm) =
∑
j

∑
i

sZnnjs
Z
nmiCov(d lnZnjt, d lnZnit)

= sZ′nnΣZ
n sZnm, (2.7)

where ΣZ
n is the J×J covariance matrix of shocks in country n, and sZnm is the J×1 influence vector

collecting the impact of shocks in n on GDP in m. This expression underscores that one source of
comovement is that under trade, both country n and country m will be affected by shocks in n.

Finally, the Multilateral Transmission term collects all the other sources of comovement between n
and m that do not come from shocks to either n or m, such as shocks in other countries.

We can now write the difference in covariances between autarky and trade as a sum of two terms:

∆Cov(d lnYnt, d lnYmt) =
∑
j

∑
i

(
sZnnjs

Z
mmi − sZAUT,njsZAUT,mi

)
Cov(d lnZnjt, d lnZmit)︸ ︷︷ ︸

∆Shock Correlationmn

(2.8)

+ Bilateral Transmissionmn+Multilateral Transmissionmn,

where sZAUT,mi are the elements of the influence vectors in autarky. This expression shows that
trade opening can affect GDP covariance in two ways. First, it can make countries sensitive to
foreign shocks, as captured by the Bilateral Transmissionmn and Multilateral Transmissionmn terms.
Second, and more subtly, opening to trade can re-weight sectors in the two economies either towards,
or away, from sectors with more correlated fundamental shocks. This is captured by the first line of
the equation above.

While the exposition above is focused on TFP shocks, the same line of reasoning applies to the
non-TFP shocks ξ. To summarize, in order to provide an account of international comovement, we
must (i) measure TFP and non-TFP shocks in order to understand their comovement properties;
(ii) assess how sectoral composition (the distribution of snnjt’s) translates sectoral comovement of
the primitive shocks into GDP comovement. Further, in order to understand the contribution of
international trade to international comovement, we must (iii) capture not only the cross-border
elements of the influence vectors (the snmjt’s), but also how going from autarky to trade changes the
sectoral composition of the economy (the differences between snnj and sAUT,nj for both shocks).
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3 Quantitative Framework

While the decomposition above is general and would apply in any model with trade, any attempt to
measure the technology and non-technology shocks and assess the importance of correlated shocks
and transmission will be conditional on a specific model framework, within which the elements of the
influence matrix can be calculated. We now illustrate one such framework and use it to understand
the role of correlated shocks and transmission through networks.

Preliminaries Each country n is populated by Ln households. Each household consumes the final
consumption good available in country n and supplies labor and capital to firms. Trade is subject to
iceberg costs τmnj to ship good j from country m to country n (throughout, we adopt the convention
that the first subscript denotes source, and the second destination).

Our benchmark model assumes financial autarky. As highlighted by Heathcote and Perri (2002),
models featuring financial autarky outperform complete and incomplete markets models when ex-
plaining business cycle comovement. We therefore assume that there are only goods flows across
countries, and further, trade is balanced period by period.2

Households We assume that there is a continuum of workers in a representative household who
share the same consumption. The problem for households is

max
{mnjt},{Nnjt},

{hnj},{enjt},{unjt}

E0

∞∑
t=0

βtU

cnt −∑
j

ξnjtNnjtG(hnjt, enjt, unjt)−
∑
j

ΨN (Nnjt)

 ,

subject to

Pnt

cnt +
∑
j

Injt

 =
∑
j

wnjtNnjthnjtenjt +
∑
j

rnjtunjtmnjt +
∑
j

πnjt

mnjt+1 = (1− δ)mnjt + Injt + Ψm (mnjt,mnjt−1)

where cnt is per-capita consumption, Nnjt is the number of workers employed in sector j, hnjt is the
number of hours per worker, enjt is the amount of effort per worker, unjt is the capital utilization
rate, Injt is investment, and mnjt is the amount of machines.

Let Cnt ≡ cnt +
∑

j Injt denote the final goods consumption, which is a Cobb-Douglas aggregate

2Alternatively we can incorporate deficits in a manner similar to Dekle, Eaton, and Kortum (2008), without much
change in our results.
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across sectors. The functional form and its associated price index are given by

Cnt =
∏
j

C
ωjn
njt , Pnt =

∏
j

(
P cnjt
ωjn

)ωjn
,

where Cnjt is the consumption of sector j in country n, and P cnjt is the consumption price index in
sector j and country n. Within each sector, aggregation across source countries is Armington, and
the sector price index is defined in a straightforward way:

Cnjt =

[∑
m

ϑ
1
ρ

mnjCmnjt
ρ−1
ρ

] ρ
ρ−1

, P cnjt =

[∑
m

ϑmnjP
c
mnjt

1−ρ

] 1
1−ρ

,

where Cmnjt is consumption in n of sector j goods coming from country m, and P cmnjt is the price
of Cmnjt.

Different from a standard international business cycle model, we allow households also choose efforts
that change the effective amount labor supply and utilization rates that change the effective amount
of capital supply. These margins capture the idea that utilization rates of factor inputs typically vary
over the business cycle. Let Lnjt = enjthnjtNnjt denote the total labor supply and Knjt = unjtmnjt

denote the total capital supply, both of which are sector-specific. While households can freely adjust
hours, effort, and utilization rates within a period, the number of employed workers and machines in
a sector is predetermined. Specifically, the number of workers in a particular sector has to be chosen
in the previous period before observing current shocks. The adjustment costs of employment and
capital are given by ΨN (Nnjt) and Ψm (mnjt,mnjt−1).

Our framework implies that within a period, labor and capital supply are upward-sloping, which is
similar to using the Greenwood, Hercowitz, and Huffman (1988) preferences for labor and a similar
isoelastic formulation of the utilization cost of capital (e.g. Christiano, Motto, and Rostagno, 2014).
The GHH preference mutes the interest rate effects and income effects on the choice of hours, effort,
and utilization rates, which helps to study the properties of the static equilibrium where the number
of machines and employees are treated as exogenous variables.

This specification also helps to infer the factor utilization shocks ξnjt, as will become clear below.
As mentioned earlier, these shocks can have either a literal interpretation as exogenous shifts in
intra-temporal factor supply curves, or more broadly as business cycle shocks that are orthogonal to
contemporaneous productivity.

Static Decision Notice that the households’ intra-temporal optimization problem leads to

hnjtGh (t) = enjtGe (t) .
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This condition implies that the unobserved choice of effort is a function of the observed choice of
hours. This property facilitates the estimation of the utilization-adjusted TFP process in Section 4.
A similar expression can be derived for the relationship between the optimal choice of unobserved
utilization and the optimal choice of hours:

hnjtGh (t)

unjtGe (t)
=
wnjtNnjthnjtenjt
rnjtunjtmnjt

.

From the firms’ problem, we will show that the right-hand side of the equation above is equal to the
ratio of output elasticities αj/(1 − αj), which is a constant. As a result, the utilization rate is also
a function of hours worked. These conditions capture the idea that the variations of flexible inputs
tend to move jointly in the same direction.

In order to place a structural interpretation for the coefficients estimated in next section, we assume
the following functional form for G (.):

G (hnjt, enjt, unjt) =

(
hnjt
ψh

)ψh
+

(
enjt
ψe

)ψe
+

(
unjt
ψu

)ψu
. (3.1)

The responsiveness of effort and utilization rates depend on elasticities, which can be partially
identified in the next section. We also define a composite elasticity term

ψ̃ =
1

ψh
+

1

ψe

for notational convenience later.

Dynamic Decision Households also face intertemporal decisions determining capital accumula-
tion and labor allocation over time. The first-order condition with respect to capital accumulation
is

U ′njt = βEt
[
U ′njt+1

rnjt+1

Pnt+1
unjt+1

]
, (3.2)

which is similar to the standard Euler equation but is sector specific and adjusted by the utilization
rate.

As mentioned earlier, employment is chosen one period ahead before observing current shocks. The
optimality condition for Nnjt is

Et−1

[
u′njt

(
wnjt
Pnt

hnjtenjt − ξnjtG(hnjt, enjt, unjt)−Ψ′N (Njt)

)]
= 0. (3.3)
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Firms A representative firm in sector j in country n operates a CRS production function

ynjt = ZnjtΘnjt

(
k
αj
njt`

1−αj
njt

)ηj
x

1−ηj
njt , (3.4)

where the total factor productivity ZnjtΘnjt is taken as given. The intermediate input usage xnjt is
an aggregate of inputs from potentially all countries and sectors:

xnjt ≡

∑
m,i

µ
1
ε
mi,njx

ε−1
ε

mi,njt

 ε
ε−1

,

where xmi,njt is the usage of inputs coming from sector i in country m in production of sector j in
country n, and µmi,nj is the input coefficient.

The total factor productivity consists of two parts: the exogenous shocks Znjt and the endogenous
part Θnjt. The latter is assumed to be

Θnjt =
((
K
αj
njtL

1−αj
njt

)ηj
X

1−ηj
njt

)γj−1
, (3.5)

where γj controls possible congestion or agglomeration effects. As a result, the sectoral level aggregate
production function is then

Ynjt = Znjt

[(
K
αj
njtL

1−αj
njt

)ηj
X

1−ηj
njt

]γ
, (3.6)

which is the same as in equation (2.1).

Let Pnjt denote the price of output produced by sector j in country n,3 and let pmi,njt be the price
paid in sector n, j for inputs from m, i. Due to the competitiveness assumption, the prices “at the
factory gate” and the price at the time of consumption or intermediate usage are related by:

pmi,njt = P cmnit = τmniPmit.

In a competitive market, primary factors and inputs receive compensation proportional to their share
in total input spending. This implies:

rnjtKnjt = αjηjPnjtYnjt

wnjtLnjt = (1− αj) ηjPnjtYnjt
pmi,njtXmi,njt = πxmi,njt (1− ηj)PnjtYnjt, (3.7)

3Note this is not the same as the ideal price index P cnjt of sector j final consumption in n, which aggregates imports
from the other countries.
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where πxmi,njt is the share of intermediates from country m sector i in total intermediate spending
by n, j, given by:

πxmi,njt =
µmi,nj (τmniPmit)

1−ε∑
k,l µkl,nj (τknlPklt)

1−ε .

The sectoral level price needs to satisfy

Pnjt = Z
− 1
γj

njt Y

1−γj
γj

njt

(
rnjt
αjηj

)αjηj ( wnjt
(1− αj) ηj

)(1−αj)ηj (∑
m,i µmi,njp

1−ε
mi,njt

1− ηj

) 1−ηj
1−ε

.

Equilibrium An intertemporal equilibrium in this economy is a set of goods and factor prices
{Pnjt, wnjt, rnjt}, factor allocations {Lnjt,Knjt}, and goods allocations {Ynjt}, {Cmnjt}, and {Xmi,njt}
for all countries and sectors such that (i) households maximize utility; (ii) firms maximize profits;
and (iii) all markets clear.

Total expenditure on exports from n to m in sector j is the sum of final consumption expenditure
and expenditure on intermediates by all sectors i in m:

EXnmjt = πcnmjtωjmPmtCmt +
∑
i

πxnj,mit (1− ηj)PmitYmit,

where πcnmjt ≡
ϑnmj(τnmjPnjt)

1−ρ

(P cmjt)
1−ρ is the share of country n in the total final consumption expenditure

of sector j, country m, and thus πcnmjtωjmPmtCmt is the total final consumption expenditure in m
on j sector goods from n, and

∑
i π

x
nj,mit (1− ηj)PmitYmit is the intermediate spending. Then, total

spending on output produced by country n, sector j is:

Υnjt =
∑
m

[
πcnmjtωjmPmtCmt +

∑
i

πxnj,mit (1− ηj) Υmit

]
,

where we defined Υnjt ≡ PnjtYnjt as the total revenue in sector j, country m, which will be exposi-
tionally convenient.

4 Measurement

4.1 Estimating TFP Shocks

Unobserved Factor Utilization As emphasized by BFK, measuring TFP innovations is difficult
because the intensity with which factors are used in production varies over the business cycle, and
cannot be directly observed by the econometrician. As unobserved factor utilization will respond to
TFP innovations, it is especially important to account for it in estimation, otherwise factor usage
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will appear in estimated TFP. BFK develop an approach to control for unobserved factor utilization
which leads to a TFP series in the United States that has very different properties than the Solow
residual. Our approach in this paper is similar in spirit.

In the model above, the true factor inputs were Knjt ≡ unjtmnjt and Lnjt ≡ enjthnjtNnjt. The true
capital input is the product of the quantity of capital input (“machines”) mnjt that can be measured
in the data, and capital utilization unjt that is not directly observable. Similarly, the true labor input
is the product of the number of workers Nnjt, hours per worker hnjt, and labor effort enjt. While
Nnjt and hnjt can be obtained from existing datasets, enjt is unobservable.

Log-differencing (2.1), and writing input usage breaking up the observed and the unobserved com-
ponents yields:

d lnYnjt = γj (αjηjd lnmnjt + (1− αj)ηjd ln (hnjtNnjt) + (1− ηj)d lnXnjt)︸ ︷︷ ︸
Observed Inputs

(4.1)

+γj (αjηjd lnunjt + (1− αj)ηjd ln enjt) + d lnZnjt︸ ︷︷ ︸
Unobserved Inputs

.

To derive an estimating equation for the true TFP process, we use the simple general equilibrium
framework above. We begin by considering the profit maximization problem of the firm with the
production function given by equation 3.4. The first-order conditions of this problem imply that the
cost shares of the composite labor and capital inputs are (1− αj) ηj and αjηj respectively. Given a
wage wnjt or a rental rate rnjt, the firm is indifferent between increasing effort/hours or employees
holding other inputs constant, and similarly between utilization and machines. However, we assumed
that the household faces increasing disutility from supplying more on any individual margin (effort,
hours, or utilization of capital). In our full model in section 3, sectoral allocations of Nmjt and mmjt

are predetermined within a period. The market-clearing wages and rental rates therefore pin down
the equilibrium choices of effort, hours, and utilization in a period. This further implies that the
household’s optimal choices of unobserved utilization and effort will be proportional to its choice
of observed hours. The intra-temporal first-order conditions for the household therefore allow us
express unobserved effort and capital utilization as a log-linear function of observed hours:

γj (αjηjd lnunjt + (1− αj)ηjd ln enjt) = ζjd lnhnjt, (4.2)

where ζj = ηj

(
(1− αj) ψ

h

ψu + αj
ψh

ψe

)
.

Notice that this structure is similar to assuming that firms face an upward-sloping cost schedule for
increasing effort, hours, or utilization holding other factors constant, which is the model in BFK.
While our framework is somewhat less general, an advantage is that we do not have to assume ad-hoc
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convex cost functions for firm choices.

Plugging these relationships into (4.1) yields the following estimating equation:

d lnYnjt = δ1
j (αjηjd lnmnjt + (1− αj)ηjd ln (hnjtNnjt) + (1− ηj)d lnXnjt) (4.3)

+δ2
j d lnhnjt + δnj + d lnZnjt,

where we also added country×sector fixed effects δnj to allow for country-sector specific trend output
growth rates. The estimation proceeds to regress real output growth on the growth of the composite
observed input bundle and the change in hours. The coefficient δj1 is clearly an estimate of returns-
to-scale γj . In Section 5 we provide specific functional forms under which we can provide a structural
interpretation for the constant δ2

j = ζj .4

We use a strategy similar to BFK when implementing this estimation. First, input usage will move
with TFP shocks d lnZnjt, and thus the regressors in this equation are correlated with the residual.
To overcome this endogeneity problem, we use potentially three instruments. The first is oil shocks,
defined as the difference between the log oil price and the maximum log oil price in the preceding
four quarters. This oil price shock is either zero, or is positive when this difference is positive,
reflecting the notion that oil prices have an asymmetric effect on output. The annualized oil shock
is the sum over the four quarters of the preceding year. The second instrument is the growth rate in
real government defense spending, lagged by one year. Finally, the third instrument is the foreign
monetary policy shock interacted with the exchange rate regime. This instrument follows di Giovanni
and Shambaugh (2008) and di Giovanni, McCrary, and von Wachter (2009), who show that major
country interest rates have a significant effect on countries’ output when they peg their currency
to that major country. The assumption in specifications that use this instrument is that for many
countries, interest rates in the US, Germany, or the UK are exogenous.

In practice, we estimate two separate sets of regressions. The first is confined to only the G7
countries, and uses only the first two instruments (oil and military spending). This tends to lead
to the strongest instruments and most precisely estimated coefficients. Since these are the major
world economies, the foreign interest rate instrument is not appropriate here. Second, we estimate
this equation on the full sample of countries excluding the “base interest rate” countries of the US,
Germany, and the UK, in which case we use all three instruments.

Finally, following BFK, to reduce the number of parameters to be estimated, we restrict δ2
j to take

only three values, according to a broad grouping of sectors: durable manufacturing, non-durable
manufacturing, and all others.

4The setting in BFK implies the same reduced-form estimating equation, derived under different assumptions. The
structural interpretation of the estimated parameters differs slightly from BFK in our framework, but we can still
recover estimates of returns-to-scale and adjust for unobserved utilization.
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Conditional on these estimates and the log changes in the observed inputs, we obtain the TFP
shocks d lnZnjt as residuals. We use the estimate of ζj in two places, as we need it to construct the
d ln

[(
K
αj
njtL

1−αj
njt

)ηj
X

1−ηj
njt

]
term:

d ln
[(
K
αj
njtL

1−αj
njt

)ηj
X

1−ηj
njt

]
= d ln

(
m
αjηj
njt N

(1−αj)ηj
njt h

(1−αj)ηj+
ζj
γj

njt X
1−ηj
njt

)
,

where we substituted for unobserved inputs using (4.2).

Aggregate GDP Growth The estimates of the TFP shocks alone deliver some insights about
the direct effects of these shocks relative to the Solow residual (the traditional measure of TFP).
Using the definition of real GDP, we can express the change in real GDP between t− 1 and t as:

∆Ynt =
J∑
j=1

(
Pnjt−1∆Ynjt − PXnjt−1∆Xnjt

)
,

and the proportional change:

∆Ynt
Ynt−1

=

∑J
j=1

(
Pnjt−1∆Ynjt − PXnjt−1∆Xnjt

)
Ynt−1

=
J∑
j=1

wDnjt−1

(
∆Ynjt
Ynjt−1

− ∆Xnjt

Xnjt−1

PXnjt−1Xnjt−1

Pnjt−1Ynjt−1

)
,

where wDnjt−1 ≡
Pnjt−1Ynjt−1

Ynt−1
is the Domar weight of sector j in country n, that is, the weight of the

sector’s gross sales in aggregate value added. Approximate the growth rate with log difference:

d lnYnt ≈
J∑
j=1

wDnjt−1

(
d lnYnjt −

PXnjt−1Xnjt−1

Pnjt−1Ynjt−1
d lnXnjt

)
(4.4)

=

J∑
j=1

wDnjt−1 (d lnZnjt + γjαjηjd lnKnjt + γj(1− αj)ηjd lnLnjt

+γj (1− ηj) d lnXnjt −
PXnjt−1Xnjt−1

Pnjt−1Ynjt−1
d lnXnjt

)
.
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Under the assumption that the share of payments to inputs in total revenues is the same as in total
costs, the growth in real GDP can be written as:5

d lnYnt ≈
J∑
j=1

wDnjt−1

d lnZnjt︸ ︷︷ ︸
True TFP

+ (γj − 1)d ln
[(
K
αj
njtL

1−αj
njt

)ηj
X

1−ηj
njt

]
︸ ︷︷ ︸

Scale Effect

(4.5)

+αjηjd lnKnjt + (1− αj)ηjd lnLnjt︸ ︷︷ ︸
Primary Inputs

 .

Then, the growth rate of GDP can be expressed in terms of observable and estimated values:

d lnYnt ≈
J∑
j=1

wDnjt−1

d lnZnjt︸ ︷︷ ︸
True TFP

+ (γj − 1)
[
d ln

(
m
αjηj
njt N

(1−αj)ηj
njt h

(1−αj)ηj+ξj
njt X

1−ηj
njt

)]
︸ ︷︷ ︸

Scale Effect

(4.6)

+ (αjηjd lnmnjt + (1− αj)ηjd lnhnjt + (1− αj)ηjd lnNnjt) + ζjd lnhnjt︸ ︷︷ ︸
Utilization-adjusted Primary Inputs

 .

In the first instance, we are interested in the proximate drivers of comovement between countries,
and in particular whether aggregate comovement occurs because of correlated TFP or inputs. Write
real GDP growth as a sum of two components:

d lnYnt ≈ d lnZnt + d ln Int, (4.7)

where aggregate TFP is denoted by:

d lnZnt =

J∑
j=1

wDnjt−1d lnZnjt, (4.8)

5Recall that, regardless of the nature of variable returns to scale or market structure, under cost minimization αjηj
is the share of payments to capital in the total costs, while (1 − αj)ηj is the share of payments to labor. We do not
observe total costs, only total revenues. We assume that αjηj also reflects the share of payments to capital in total
revenues. Under our assumption that sector j is competitive and the variable returns to scale are external to the firm,
this assumption is satisfied. In that case, these can be taken directly from the data as αjηj = rnjtKnjt/PnjtYnjt and
(1−αj)ηj = wnjtLnjt/PnjtYnjt, where PnjtYnjt is total revenue, rnjt is the price of capital, and wnjt is the wage rate.
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and the input-driven component of GDP growth is defined as:

d ln Int ≡
J∑
j=1

wDnjt−1

(γj − 1)d ln
[(
K
αj
njtL

1−αj
njt

)ηj
X

1−ηj
njt

]
︸ ︷︷ ︸

Scale Effect

(4.9)

+αjηjd lnKnjt + (1− αj)ηjd lnLnjt︸ ︷︷ ︸
Primary Inputs

 .

Further, we can also express the covariance in real GDP growth between two countries as

Cov(d lnYnt, d lnYn′t) = Cov(d lnZnt, d lnZn′t) + Cov(d ln Int, d ln In′t) (4.10)

+Cov(d lnZnt, d ln In′t) + Cov(d ln Int, d lnZn′t).

Relationship to Solow residual The expression in equation (4.7) is useful to compare the esti-
mated TFP series to the traditional measure of technology, the Solow residual. The Solow residual
Snjt takes factor shares and nets out the observable factor uses. It has the following relationship to
gross output and observed inputs:

d lnYnjt = d lnSnjt + αjηjd lnmnjt + (1− αj)ηjd lnhnjt + (1− αj)ηjd lnNnjt + (1− ηj) d lnXnjt.

Plugging this way of writing output growth into the real GDP growth equation (4.4), we get the
following expression:

d lnYnt ≈
J∑
j=1

wDnjt−1 (d lnSnjt + αjηjd lnmnjt + (1− αj)ηjd lnhnjt + (1− αj)ηjd lnNnjt

+ (1− ηj) d lnXnjt − d lnXnjt

pXnjt−1Xnjt−1

pnjt−1Ynjt−1

)

=

J∑
j=1

wDnjt−1 (d lnSnjt + αjηjd lnmnjt + (1− αj)ηjd lnhnjt + (1− αj)ηjd lnNnjt) .(4.11)

Comparing (4.5) to (4.11), the Solow residual contains the following components:

d lnSnjt = d lnZnjt︸ ︷︷ ︸
True TFP

+ (γj − 1)d ln
[(
K
αj
njtL

1−αj
njt

)ηj
X

1−ηj
njt

]
︸ ︷︷ ︸

Scale Effect

+αjηjd lnunjt + (1− αj)ηjd ln enjt︸ ︷︷ ︸
Unobserved Utilization

.
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This expression makes it transparent that in this setting, the Solow residual can diverge from the
true TFP shock for two reasons: departures from constant returns to scale at the industry level, and
unobserved utilization of inputs.

Let aggregate Solow residual be denoted by:

d lnSnt =
J∑
j=1

wDnjt−1d lnSnjt

= d lnZnt + d lnUnt,

where in the second equality, d lnUnt is the aggregate utilization adjustment:

d lnUnt ≡
J∑
j=1

wDnjt−1

{
(γj − 1)d ln

[(
K
αj
njtL

1−αj
njt

)ηj
X

1−ηj
njt

]
+αjηjd lnunjt + (1− αj)ηjd ln enjt} .

It is immediate that the observed Solow residual can be correlated across countries both due to
correlated shocks to true TFP, and due to correlated unobserved input adjustments:

Cov(d lnSnt, d lnSn′t) = Cov(d lnZnt, d lnZn′t) + Cov(d lnUnt, d lnUn′t)

+Cov(d lnZnt, d lnUn′t) + Cov(d lnUnt, d lnZn′t),

Thus, it is an empirical question to what degree correlations in the Solow residual reflect true tech-
nology shock correlation as opposed to endogenous input adjustments.

4.2 Extracting Non-Technology Shocks

Given data on gross revenues Υnjt and its deflators Pnjt, we have estimates of real output Ynjt
(indeed, these are the same data needed to estimate TFP). Denote by a “̂” the gross change in a
variable: x̂t+1 ≡ xt+1/xt. Then we can write the gross change in real output as:

Ŷnjt+1 = Ẑnjt+1

((
K̂
αj
njt+1L̂

1−αj
njt+1

)ηj
X̂

1−ηj
njt+1

)γj
.

Plugging the gross proportional change versions of equation (3.7) and the household’s optimal choices
of variable factor utilization, we obtain the following expression:

Ŷnjt+1 = Ẑnjt+1

m̂αj
njt+1N̂

(1−ψ̃)(1−αj)−
αj
ψu

njt+1

(
P̂njt+1Ŷnjt+1

P̂nt+1

)ψ̃(1−αj)+
αj
ψu
ηj

X̂
1−ηj
njt+1

γj

ξ̂

(
−ψ̃(1−αj)−

αj
ψu

)
ηjγj

njt+1 (4.12)
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Our dataset, discussed below, has the information on all the elements of equation (4.12) required to
back out the composite factor supply shock ξ̂njt+1 except for the consumption price index P̂n,t+1.
That is, we know real output growth Ŷnjt+1, real input growth X̂njt+1, TFP growth Ẑnjt+1, as well
as the changes in the price indices P̂njt+1. If we knew P̂nt+1, we could back out ξ̂njt+1.

We rely on the model structure and the observed final expenditure shares to compute the model-
implied P̂nt+1. Standard steps yield the following expressions for the changes in price indices:

P̂nt+1 =
∏
j

(
P̂ cnjt+1

)ωjn
(4.13)

P̂ cnjt+1 =

[∑
m

P̂ 1−ρ
mjt+1π

c
mnjt

] 1
1−ρ

. (4.14)

Since we know the gross output price indices for each country and sector P̂mjt+1, and the final
consumption shares of each source country in each destination and sector πcmnjt and ωjn, we can
simply construct P̂nt+1 directly.

4.3 Estimating Model Elasticities

Our framework offers a straightforward approach to estimating ρ and ε. To introduce an error term
in the estimating equations, assume that iceberg trade costs, final consumer taste shocks, and input
share shocks have a stochastic element, and denote their gross proportional changes by τ̂mnjt+1,
ϑ̂mnjt+1, and µ̂mj,ni,t+1, respectively. Straightforward manipulation of CES consumption shares
yields the following relationships between shares and prices:

ln

(
π̂cmnj,t+1

π̂cm′nj,t+1

)
= (1− ρ) ln

(
P̂mj,t+1

P̂m′j,t+1

)
+ ln

(
ϑ̂mnjt+1τ̂

1−ρ
mnjt+1

ϑ̂m′njt+1τ̂
1−ρ
m′njt+1

)
(4.15)

and

ln

(
π̂xmj,nit+1

π̂xm′j,nit+1

)
= (1− ε) ln

(
P̂mjt+1

P̂m′jt+1

)
+ ln

(
µ̂mj,ni,t+1τ̂

1−ε
mnjt+1

µ̂m′j,ni,t+1τ̂
1−ε
m′njt+1

)
. (4.16)

We express the final consumption share change π̂cmnj,t+1 relative to the final consumption share
change in a reference country m′. This reference country is chosen separately for each importing
country-sector n, j as the country with the largest average expenditure share in that country-sector.
(Thus, strictly speaking, the identity of the reference country m′ is distinct for each importing
country-sector, but we suppress the dependence of m′ on n, j to streamline notation.) Furthermore,
we drop the own expenditure shares π̂cnnj,t+1 from the estimation sample, as those are computed
as residuals in WIOD, whereas final import shares from other countries are taken directly from the

19



international trade data. Dropping the own expenditure shares has the added benefit of making the
regressions less endogenous, as the domestic taste shocks are much more likely to affect domestic
prices.

We use two estimation approaches for (4.15)-(4.16). We first show the results with OLS. To absorb
as much of the error term as possible, we include source-destination-reference country-time (n ×
m×m′ × t) fixed effects. These absorb any common components occurring at the country 3-tuple-
time level, such as exchange rate changes and other taste and transport cost changes, and thus
the coefficient is estimated from the variation in the relative sectoral price indices and relative
sectoral share movements within that cell. The identifying assumption is then that price change
ratio P̂mj,t+1/P̂m′j,t+1 is uncorrelated with the residual net of the n×m×m′ × t fixed effects. The
remaining errors would be largely measurement error. If this measurement error is uncorrelated with
the price change ratios, then the OLS estimates are unbiased, and if not, we would expect a bias
towards zero. In the latter case, the IV estimates (described below) should be larger than the OLS
estimates, assuming the measurement error in (4.15) and (4.16) is independent of the measurement
error in the technology shock ratios.

The estimation amounts to regressing relative share changes on relative price changes. A threat to
identification would be that relative price changes are affected by demand shocks (e.g. ϑ̂mnjt+1),
and thus correlated with the residual. As a way to mitigate this concern, we also report estimates
based on the subsample in which destination countries are all non-G7, and the source and reference
countries are all G7 countries. In this sample it is less likely that taste shocks in the (smaller)
destination countries will affect relative price changes in the larger G7 source countries. Finally, to
reduce the impact of small shares on the estimates, we report results weighting by the size of the
initial shares (πcmnj,t and π

x
mj,ni,t).

We also implement IV estimation. We use the TFP shocks Ẑmjt+1/Ẑm′jt+1 as instruments for changes
in relative prices. The exclusion restriction is that the technology shocks are uncorrelated with taste
and trade cost shocks, and thus only affect the share ratios through changing the prices. Even if
the shock ratio Ẑmjt+1/Ẑm′jt+1 is a valid instrument for observed prices, it does not include the
general-equilibrium effects on prices in the model. To use all of the information –both the direct
and indirect GE effects –incorporated in the model, we also use the model-optimal IV approach to
construct the instrument. In our context this simply involves computing the model using only the
estimated technology shocks, and solving for the sequence of equilibrium prices in all countries and
sectors. The model-implied prices are then the optimal instrument for the prices observed in the
data. See Chamberlain (1987) for a discussion of optimal instruments, and Adao, Arkolakis, and
Esposito (2017) and Bartelme et al. (2017) for two recent applications of this approach. The results
from the model-optimal IV are very similar to simply instrumenting with the TFP shock ratio, and
we do not report them to conserve space.
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4.4 Data

The data requirements for estimating equation (4.3) is growth of real output and real inputs for a
panel of countries, sectors, and years. The dataset with the broadest coverage of this information is
KLEMS 2009 (O’Mahony and Timmer, 2009).6 This database contains gross output, value added,
labor and capital inputs, as well as output and input deflators. In a limited number of instances,
we supplemented the information available in KLEMS with data from the WIOD Socioeconomic
Accounts, which contains similar variables. After data quality checking and cleaning, we retain a
sample of 30 countries, listed in Appendix Table A1. The database covers all sectors of the economy
at a level slightly more aggregated than the 2-digit ISIC revision 3, yielding, after harmonization,
30 sectors listed in Appendix Table A2. In the best cases we have 28 years of data, 1970-2007,
although the panel is not balanced and many emerging countries do not appear in the data until the
mid-1990s.

The oil price series is the West Texas Intermediate, obtained from the St. Louis Fed’s FRED database.
We have also alternatively used the Brent Crude oil price, obtained from the same source. Military
expenditure comes from the Stockholm International Peace Research Institute (SIPRI). The exchange
rate regime classification along with information on the base country comes from Shambaugh (2004),
updated in 2015. Finally, base country interest rates are proxied by the Money Market interest rates
in these economies, and obtained from the IMF International Financial Statistics.

The extraction of the non-technology shocks and the quantitative analysis require additional infor-
mation on the input linkages at the country-sector-pair level, as well as on final goods trade. This
information comes from the 2013 WIOD database (Timmer et al., 2015), which contains the global
input-output matrix.

4.5 Empirical Results

TFP Estimation Table 1 reports the results of estimating equation (4.3). The returns to scale
parameters vary from about 0.7 to 0.9 in durable manufacturing, from 0.3 to 1 in non-durable
manufacturing, and from 0.1 to nearly 2 in the quite heterogeneous non-manufacturing sector. Thus,
the estimates show departures from constant returns to scale in a number of industries, consistent
with existing evidence. The coefficient on hours per worker (d lnhnjt) is significantly different from
zero in two out of three industry groups, indicating that adjusting for unobserved utilization is
important in the manufacturing industries.

Appendix Table A3 provides more detailed results for all industries within each of these three broad
6This is not the latest vintage of KLEMS, as there is a version released in 2016. Unfortunately, however, the 2016

version has a shorter available time series, as the data start in 1995, and also has many fewer countries. A consistent
concordance between the two vintages is challenging without substantial aggregation.
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groups. Appendix Figure A1 also plots the estimated TFP series against the Solow residual for all
the countries in the sample.

Table 1: Summary of Production Function Parameter Estimates

Industry Group Median Returns to Scale Utilization Adjustment
Durables 0.771 2.939

[0.701,0.895] (1.767)
Non-durable manufacturing 0.806 1.419

[0.289,0.988] (0.389)
Non-durable non-manufacturing 1.221 0.245

[0.121,1.863] (0.649)

Notes: This table reports the range of estimates of γj in the three broad groups of sectors, and the estimates
of ζj along with their standard errors in parentheses.

Model Elasticities Table 2 presents the results of estimating equations (4.15) and (4.16). Columns
1-3 report the OLS estimates of ρ (top panel) and ε (bottom panel). The OLS estimates of ρ are all
significantly larger than zero, and we cannot rule out a Cobb-Douglas final demand elasticity. The
OLS estimates for ρ are also not very sensitive to restricting the sample to non-G7 destinations and
G7 sources, or to weighting by the initial share. The IV estimates in columns 4-6 are substantially
larger than the OLS coefficients, ranging from 2.27 to 3.04, and significantly different from 1 in most
cases. This difference between OLS and IV could suggest either measurement error in (4.15), or
greater noise in the IV estimator (Young, 2017). Given the substantial disagreement between OLS
and IV estimates of ρ, we report the results under two values: ρ = 1, corresponding to the OLS
estimates, and ρ = 2.75 based on the IV.

The OLS and IV estimates of ε display somewhat greater consensus. The OLS point estimates are
in the range 0.68, and not sensitive to the sample restriction or weighting. The IV estimates are
less stable. While the full sample (column 4) yields an elasticity of 2.8, either restricting to the non-
G7 destinations/G7 sources, or weighting by size reduces the coefficient dramatically and renders it
not statistically different from 1. Such evidence for the low substitutability of intermediate inputs
is consistent with the recent estimates by Atalay (2017) and Boehm, Flaaen, and Pandalai-Nayar
(2017), who find even stronger complementarity. We therefore set ε = 1 for all implementations of
the model.

Non-Technology Shocks Having estimated these production function parameters and TFP shocks,
we simply back out the implied non-technology shocks using our data and equation (4.12). Appendix
Figure A2 plots these shocks against our estimated TFP shocks for all countries.
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Table 2: Elasticity Estimates

(1) (2) (3) (4) (5) (6)
OLS OLS OLS IV IV IV

(G7 m,m′, (weighted) (G7 m,m′, (weighted)
non-G7 n) non-G7 n)

ρ 0.775 0.730 1.051 2.881 2.273 3.037
SE (0.055) (0.146) (0.082) (0.584) (0.966) (0.470)

First stage K-P F 92.117 30.539 89.669
FE Yes Yes Yes Yes Yes Yes

ε 0.698 0.686 0.682 2.838 0.382 1.322
SE (0.051) (0.120) (0.143) (0.578) (0.872) (0.856)

First stage K-P F 94.863 16.188 86.631
FE Yes Yes Yes Yes Yes Yes

Notes: Standard errors clustered at the destination-source-reference country level in parentheses. This
table presents results from the OLS and IV estimation of (4.15) and (4.16). The fixed effects used in each
regression are n×m×m′ × t. The instruments are the relative productivity shocks Ẑmjt+1/Ẑm′jt+1, with
the Kleibergen-Papp first stage F-statistic reported. The weights in columns 3 and 6 are lagged share ratios
πcmnj,t and πxmj,ni,t.

Cross-Country Correlations With these estimates in hand, we are ready to examine cross-
country correlations. We present results for two subsamples: the G7 countries and the full sample.
The G7 countries have less variation among them, making patterns easier to detect. In addition, the
production function coefficient estimates are most reliable for the G7 sample, and we use them as
the baseline coefficients to be applied to all other countries, implying that TFP and inputs in other
countries are likely measured with greater error.

We begin by presenting in Table 3 the basic summary statistics for the elements of the GDP de-
composition in equations (4.7) and (4.11) . While the non-technology shocks do not appear in this
decomposition, these results are useful for highlighting the role of the TFP shocks and comparing
them to the Solow residual. The top panel reports the correlations among the G7 countries. The
average correlation of real GDP growth among these countries is 0.38. The second line summarizes
correlations of the TFP shocks. Those are on average zero, if not negative. By contrast, input growth
is positively correlated, with a 0.21-0.22 average. We then correlate the components of d ln Int in
equation (4.9) separately. The primary inputs and the scale effect term are both positively correlated
across countries, with an order of magnitude that is similar to the correlation in the overall d ln Int.

Finally, the Solow residual has an average correlation of 0.16-0.18 in this sample of countries. If Solow
residual was taken to be a measure of TFP shocks, we would have concluded that TFP is positively
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correlated in this set of countries. As we can see, this conclusion would be misleading. Indeed, the
utilization term Unt, which is the difference between the TFP shock d lnZnt and the Solow residual,
has a correlation that is more than two-thirds of the correlation of the Solow residual. This indicates
that the correlation in the Solow residual is in fact driven by unobserved input utilization and scale
adjustments. The top panel of Figure 1 depicts the kernel densities of the correlations of real GDP,
TFP, and inputs. There is a clear hierarchy, with the real GDP being most correlated, and the TFP
being least correlated and centered on zero.

The bottom panel of Table 3 repeats the exercise in the full sample of countries. The basic message
is the same as for the G7 but quantitatively the picture is not as stark and the variation is greater.
It is still the case that d lnZnt has a very low average correlation, with the mean and median of
0.014 and 0.043, respectively. It is also still the case that the inputs d ln Int have greater correlation,
and that their correlation is on average about half of the average real GDP correlation. The Solow
residuals are also more correlated than d lnZnt, and part of the difference is accounted for by the
fact that the unobserved inputs are positively correlated. The bottom panel of Figure 1 displays the
kernel densities of the correlations in the full sample.

To summarize, real GDP growth is significantly positively correlated in our sample of countries,
especially in the G7. TFP growth adjusted for utilization has an order of magnitude lower average
correlation than GDP growth. Indeed, average TFP correlation is essentially zero. By contrast,
correlations in input growth have the same order of magnitude as real GDP correlations. Finally,
using Solow residuals as a proxy for TFP growth can be quite misleading. In our sample of countries,
it would lead us to conclude that productivity growth is strongly positively correlated across countries,
whereas in fact correlation in the Solow residuals appear to be driven mostly by correlation in the
unobserved inputs.

This is of course only an accounting decomposition. Input usage will respond to TFP shocks at home
and abroad. Since the growth in inputs has not been cleaned of the impact of technology shocks, it
cannot be thought of as driven exclusively by non-technology shocks. We next turn to assessing the
unconditional Domar-weighted correlation of non-technology shocks across countries as we did for
TFP shocks. Then, in section 5 we use our full model and the decompositions outlined in Section 2
to perform a number of exercises aimed at understanding the full role of these shocks in international
comovement.

Patterns in Non-Technology Shocks Across Countries Unlike the decomposition of GDP
growth into TFP and inputs in (4.7), there is no decomposition that isolates the non-technology
shocks ξ̂njt+1 as an additive component in the GDP growth rate. Nonetheless, to provide a sim-
ple illustration of the correlations of ξ̂njt+1 across countries, we construct a Domar-weighted non-
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Table 3: Correlations Summary Statistics

Mean Median 25th pctile 75th pctile

G7 Countries (N. obs. = 21)
d lnYnt 0.380 0.378 0.265 0.533
d lnZnt -0.024 -0.014 -0.150 0.164
d ln Int 0.210 0.216 0.061 0.371

Primary inputs 0.245 0.260 0.151 0.343
Scale effect 0.185 0.158 0.091 0.352

d lnSnt 0.155 0.180 0.067 0.305
d lnUnt 0.126 0.124 -0.080 0.298

All countries (N. obs. = 406)
d lnYnt 0.171 0.205 -0.078 0.428
d lnZnt 0.019 0.043 -0.184 0.240
d ln Int 0.091 0.106 -0.130 0.325

Primary inputs 0.114 0.142 -0.079 0.339
Scale effect 0.074 0.085 -0.125 0.295

d lnSnt 0.057 0.078 -0.150 0.292
d lnUnt 0.041 0.064 -0.152 0.247

Notes: This table presents the summary statistics of the correlations in the sample of G7 countries (top
panel) and full sample (bottom panel). Variable definitions and sources are described in detail in the text.
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technology shock, to parallel the Domar-weighted TFP shock in (4.8):

d ln ξnt =
J∑
j=1

wDnjt−1d ln ξnjt. (4.17)

Table 4 reports the correlations in d ln ξnt among the G7 and in the full sample. We report those
correlations under both values of ρ that we consider, 2.75 and 1, and for two values of ψu, 4 and 1.01
(see below for the description of calibration). The non-technology shocks are positively correlated
across countries, unlike TFP. The correlation be non-technology shocks is around 0.12-0.15 on average
in the G7 countries, which is well short of the observed GDP correlation, but substantially higher
than the average TFP correlation in this set of countries, which is essentially zero. In the full sample,
aggregated non-technology shocks have about a 0.04 correlation on average, which is not very different
from the TFP correlation. This suggests that, when considering the G7 group of countries alone,
non-technology shocks have a better chance of producing positive output correlations observed in
the data. The average correlations in d ln ξnt are insensitive to the values of ρ and ψu. Appendix
Table A5 shows that the pattern of correlations remains very similar when using values of ψu that
differ across industries.

5 Quantitative Assessment

Shocks in our model can affect aggregate outcomes due to their contemporaneous impact – their
correlation and the intratemporal transmission through the network – as well as their dynamic
impact driven by the response of capital accumulation and intertemporal labor adjustment to the
shocks.

To understand and separate the mechanisms in the model that generate comovement, it is useful
to first consider a “static” version of the model, where both capital accumulation within a sector
and movement of workers across sectors is not permitted. This approach emphasizes the role of the
input-output structure of the model in amplifying or dampening the underlying contemporaneous
correlations of the sectoral shocks. We therefore begin by conducting several counterfactuals in a
static version of our model, before moving to the fully dynamic setup where we develop intuition
about the intertemporal propogation in the model.

5.1 “Static” Counterfactuals

Having recovered both technology and non-technology shocks in each sector and country, we would
like to simulate output growth rates in the counterfactuals in which one of these shocks is turned off
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Figure 1: Correlations: Kernel Densities
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Notes: This figure displays the kernel densities of real GDP growth, the utilization-adjusted TFP, and input
correlations in the sample of G7 countries (top panel) and full sample (bottom panel). Variable definitions
and sources are described in detail in the text.
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Table 4: Correlations in d ln ξnt Summary Statistics

Mean Median 25th pctile 75th pctile

G7 Countries (N. obs. = 21)

ρ = 2.75
ψu = 4 0.145 0.155 0.053 0.283
ψu = 1.01 0.123 0.134 -0.018 0.231

ρ = 1
ψu = 4 0.142 0.180 0.024 0.293
ψu = 1.01 0.119 0.131 -0.037 0.243

All countries (N. obs. = 406)

ρ = 2.75
ψu = 4 0.038 0.047 -0.173 0.260
ψu = 1.01 0.019 0.037 -0.201 0.244

ρ = 1
ψu = 4 0.035 0.044 -0.188 0.249
ψu = 1.01 0.017 0.033 -0.206 0.236

Notes: This table presents the summary statistics of the correlations of d ln ξnt defined in (4.17) in the
sample of G7 countries (top panel) and full sample (bottom panel). Variable definitions and sources are
described in detail in the text.

and machines mnjt and employees Nnjt are held constant. In response to TFP and non-TFP shocks,
the price in sector j, country n experiences the change:

P̂njt = Ẑ−1
njtΥ̂

1−γj+αjηj
(
ψu−1
ψu

)
γj+(1−ψ̃)(1−αj)ηjγj

njt m̂
−αjηjγj
njt

(
ξ̂njtP̂nt

)( αj
ψu

+ψ̃(1−αj)
)
ηjγj

(5.1)

N̂
(ψ̃−1)(1−αj)ηjγj+

αjηj
ψu

γj

njt

∑
m,i

πmi,nj,tP̂
1−ε
mi,njt


1−ηj
1−ε γj

.

This, together with the dependence of P̂nt+1 on the constituent P̂njt+1’s stated in (4.13)-(4.14) defines
a system of J ×N equations in prices, conditional on known initial-period data quantities (such as
πcmnjt), a vector of Υ̂njt+1’s, and the assumption that m̂njt and N̂njt are 1. The price changes in
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turn determine next period’s shares:

πcnmjt+1 =
P̂ 1−ρ
njt+1π

c
nmjt∑

k P̂
1−ρ
kjt+1π

c
kmjt

, (5.2)

πxnj,mit+1 =
P̂ 1−ε
njt π

x
nj,mit∑

k,l P̂
1−ε
klt π

x
kl,mit

. (5.3)

These trade shares have to be consistent with market clearing at the counterfactual t+ 1, expressed
using proportional changes as:

Υ̂njt+1Υnjt =
∑
m

[
πcnmjt+1ωjm

(∑
i

ηiΥ̂mit+1Υmit

)
(5.4)

+
∑
i

πxnj,mit+1 (1− ηi) Υ̂mit+1Υmit

]
.

The sets of equations (5.1)-(5.4) represent a system of 2×N×J+N2×J+N2×J2 unknowns, P̂njt+1

∀n, j, Υ̂njt+1 ∀n, j, πcnmjt+1 ∀n,m, j, and πxnj,mit+1 ∀n, j,m, i that is solved under given parameter
values and under a set of shocks Ẑnjt+1 and ξ̂njt+1.

5.2 Calibration

In implementing this static approach, we only need to take a stand on the value of a small number of
parameters, and use our data to provide the required quantities. Table 5 summarizes the assumptions
for the static model and data sources. The final consumption Armington elasticity ρ is set to either
2.75 or 1 based on our estimation results. Two parameters ψe and ψh govern the elasticity of different
margins of labor supply (hours and effort). As we lack evidence that the elasticity with respect to
hours should vary from that for effort, we set them both to 4, implying the Frisch labor supply
elasticity is 0.5 as advocated by Chetty et al. (2013). We have less guidance to set the capital supply
parameter ψu. Our TFP estimation procedure coupled with our choices of ψe and ψh provides an
overidentification restriction for ψu, which we outline in Appendix A.1. However, the range of values
that satisfy this restriction is large, and includes values that imply very elastic and inelastic capital
supply. We therefore choose a baseline value of 4, implying a relatively inelastic capital supply, but
also assess the performance of the model for a value of 1.01 – a highly elastic capital supply.

All other parameters in the static model have close counterparts in basic data and thus we compute
them directly. Capital shares in total output αj come from KLEMS, and are averaged in each sector
across countries and time. The scale parameters γj come from our own production function estimates
reported in Appendix Table A3. Input shares πxnmjt and final consumption shares πcmnj,t come from
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Table 5: Parameter values

Param. Value Source Related to

ρ 2.75 or 1 Our estimates final substitution elasticity
ε 1 Our estimates intermediate substitution elasticity
ψe, ψh 4 Chetty et al. (2013) Frisch elasticity
ψu 4 or 1.01 Our estimates capital supply elasticity
αj , βj KLEMS labor and capital shares
γj own estimates returns to scale
πcmnjt WIOD final use trade shares
πxmnjt WIOD intermediate use trade shares
ωnj WIOD final consumption shares

Additional Parameters for Dynamic Model

δ
β
ΨN

Ψm

ϑmnj
τmnj

WIOD. Appendix B.1 outlines our algorithm for solving the model and constructing counterfactuals.

Our second implementation will be the full dynamic solution of the model. For this we must calibrate
a larger group of parameters. The additional parameters for the dynamic model are in the second
panel of table 5.

5.3 Impulse Responses

Analytical results or intuition about the transmission of shocks in our framework are complicated
by the large country and sector dimension of the model. Prior to simulating the model with the
observed shocks, we therefore conduct the following exercises to understand the transmission in our
model:

1. a hypothetical U.S. shock in all sectors,

2. a hypothetical rest-of-the-world shock in all sectors from the perspective of each country, and,

3. a symmetric shock in each sector in every country of the world.

In each exercise, we simulate a hypothetical 1% shock – technology and non-technology. The rest-
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of-the-world exercise assumes that the country in question is not shocked, but all other possible
countries and sectors are, and as a result this exercise has to be conducted country by country.
Examining the static equilibrium equations (5.1)-(5.4) reveals that up to a scaling parameter the
technology and non-technology shocks do not have differential transmission properties in this model.
The impact of these two shocks in the exercises identical by construction, an thus to conserve space
we only report the impulse responses to TFP shocks.

Figure 2 displays the change in real GDP in every other country in the world following a 1% U.S.
shock in each sector. The white bars depict the GDP responses under ρ = 2.75, while the dark bars
depict the response under ρ = 1.

Figure 2: Impulse Responses to a US 1% Shock
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Notes: This figure displays the change in log real GDP of every other country in the sample when the
United States experiences a productivity shock of 0.01 in every sector.

The results show that the observed trade linkages do result in transmission. Smaller economies with
large trade linkages to the U.S., such as Canada, are the most strongly affected by the U.S. shocks.
Under the low elasticity, the mean response of foreign GDP is 0.08%, and the maximum response –
Canada – is about 0.3%. On the other hand, the final substitution elasticity matters a great deal for
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the size of the effects: the response of foreign GDP to the US shocks is about three times as high for
ρ = 1 than for ρ = 2.75.

Next, we simulate the real GDP responses of each country n in the sample when all other countries
(excluding n) experience a 1% technology shock. The exercise answers the question, if there is a
1% world shock outside of the country, how much of that shock will manifest itself in the country’s
GDP? Figure 3 displays the results. In response to a 1% world TFP shock, under the low elasticity of
substitution the mean country’s GDP increases by 0.7%, with the impact ranging from less than 0.2%
in the U.S. and Japan to 1.1-1.2% in Latvia and Lithuania. Smaller countries are not surprisingly
more affected by shocks in their trade partners. The magnitude of transmission is uniformly lower
with the higher elasticity. In this case, the mean impact is about 0.2% for the 1% technology shock.
All in all, these results suggest that world shocks have a significant impact on most countries.

Figure 3: Impulse Responses to Rest of the World 1% Shocks
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Notes: This figure displays the change in log real GDP of every country in the sample when the rest of the world
excluding the country experiences a TFP shock of 0.01 in every sector.

Figure 4 illustrates the results of our third impulse response exercise, a 1% productivity shock to
every country and sector in the world. In this exercise, we are most interested in the share of the
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total GDP change that comes from the shocks to the country’s own productivity, and how much
comes from foreign shocks. Thus, we use the linear approximation to a country’s GDP growth (2.3),
and separate the overall impact into the own term Dn and the rest.

The figure highlights that for all countries, shocks to domestic sectors matter much more for GDP
growth than foreign sector shocks. The relative importance of foreign sector shocks is larger for
smaller, more open economies like Ireland or Latvia. For Ireland, the direct effect of a 1% shock
in each sector is 3.6% and the rest-of-the-world effect (grouping the partner and rest-of-the world
terms) is 0.8%. In contrast, for the US the numbers are 4.6% and 0.07%.

Figure 4: Impulse Responses to 1% shock in every sector in every country
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Notes: This figure displays the change in log real GDP of every country in the sample, decomposed into a direct
effect and a rest of world effect, when all sectors in every country experiences a productivity shock of 0.01.

5.4 GDP Correlations in the Model

We next simulate the full “static” model by feeding in the estimated shocks. Tables 6 and 7 report
correlations in our model simulated with both technology and non-technology shocks, as well as
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counterfactual economies featuring only technology or non-technology shocks, under ρ = 2.75 and
ρ = 1, respectively. Trade is balanced in every period.7 The first two lines report the summary
statistics for the real GDP correlations in the data and in the baseline model in which both shocks
are as measured in the data. Our static model generates correlations that are about half of what
is observed in the data, for both the G7 and the full sample. The tables also include results under
a higher Frisch elasticity of 2. Predictably, the correlations generated by the model rise when the
Frisch elasticity is higher, but the relative contributions of the two types of shocks do not change
(results available on request). Figure 5 compares the full distribution of bilateral correlations in our
model with both shocks for ρ = 2.75 to the data.

Table 6: Model Fit and Counterfactuals: Correlations of d lnYnt, ρ = 2.75, ψu = 4

Mean Median 25th pctile 75th pctile

G-7 countries (N. obs. = 21)

Data 0.380 0.378 0.265 0.533
Model 0.165 0.173 -0.016 0.459
Model (Frisch elasticity=2) 0.262 0.355 0.143 0.404

Non-Technology Shocks Only 0.253 0.283 0.170 0.382
Technology Shocks Only 0.093 0.052 -0.072 0.339

All countries (N. obs. = 406)

Data 0.171 0.205 -0.078 0.428
Model 0.100 0.123 -0.148 0.366
Model (Frisch elasticity=2) 0.090 0.100 -0.161 0.335

Non-Technology Shocks Only 0.056 0.093 -0.188 0.293
Technology Shocks Only 0.025 0.037 -0.188 0.225

Notes: This table presents the summary statistics of the correlations of d lnYnt in the sample of G7 countries
(top panel) and full sample (bottom panel) under the different assumptions on shocks and trade linkages. Variable
definitions and sources are described in detail in the text.

Next, we simulate the model under only non-technology and only TFP shocks. It is immediately
apparent that the non-technology shocks are responsible for much of the comovement in the model.
For the G7 group, the model with only non-technology shocks generates 47-66% of the average

7Appendix Table A4 reports the fit of the model and counterfactual exercises where deficits are allowed to evolve
as in the data.
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Table 7: Model Fit and Counterfactuals: Correlations of d lnYnt, ρ = 1

Mean Median 25th pctile 75th pctile

G-7 countries (N. obs. = 21)

Data 0.380 0.378 0.265 0.533
Model 0.138 0.188 -0.013 0.348
Model (Frisch elasticity=2) 0.193 0.257 0.012 0.435

Non-Technology Shocks Only 0.186 0.228 0.094 0.353
Technology Shocks Only 0.103 0.061 -0.119 0.350

All countries (N. obs. = 406)

Data 0.171 0.205 -0.078 0.428
Model 0.111 0.135 -0.131 0.364
Model (Frisch elasticity=2) 0.136 0.150 -0.068 0.375

Non-Technology Shocks Only 0.041 0.075 -0.219 0.293
Technology Shocks Only 0.033 0.037 -0.187 0.243

Notes: This table presents the summary statistics of the correlations of d lnYnt in the sample of G7 countries
(top panel) and full sample (bottom panel) under the different assumptions on shocks and trade linkages. Variable
definitions and sources are described in detail in the text.

correlations implied by the model with both shocks, while the model with only technology shocks
generates only 25% of the comovement on average. The results for all countries are similar in terms
of relative magnitudes, though even non-technology shocks account for less comovement: technology
shocks generate 14-19% of the comovement of the full model on average, while the non-technology
shocks generate 24-33% of the comovement. These relative magnitudes are not sensitive to the two
alternative values of ρ.8

To assess the importance of correlated shocks relative to transmission in the model with the estimated
shocks, we decompose bilateral correlations along the lines of equation (2.4), rewritten in correlations.
Table 8 illustrates the results for the estimated shocks. The line labeled “Baseline” reproduces the
correlations generated by the model. Under “Approximation” we report the correlations computed
based on the first-order approximation to the GDP growth rate in (2.2). It is clear that the first-
order approximation delivers correlations that are virtually the same as the fully-solved model. The

8As we have emphasized throughout, the relative importance of technology and non-technology shocks in this
framework can at this point only arise through differences in correlation patterns of the underlying shocks. For the
non-G7 countries, the non-technology shocks are less correlated than for the G7 countries. So their smaller contribution
to cross-country correlations is not surprising.
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Figure 5: Bilateral correlations: Model vs. Data
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Notes: This figure displays the bilateral correlations for all country-pairs in our baseline model with ρ = 2.75 to
those in the data. The slope estimate of a regression of the empirical correlations on the model correlations, weighted
by partner-country GDP, is 0.35. Capital and the number of workers are kept fixed at 1995 levels.

“Decomposition” lines break down the overall correlation into the terms in equation (2.4). For the
G7 countries, the correlation of shocks is responsible for around two-thirds of the model correlations
in the simulation with both shocks. Nonetheless, the bilateral and multilateral transmission terms
are a non-negligible component of the overall correlation.

5.4.1 The Role of the Input Network

Another way to quantify the role of transmission in generating observed comovement is to compare
the correlations in the baseline model to correlations that would obtain in an autarky counterfactual.
However, when shocks are correlated and input linkages propagate sectoral shocks within a country,
what one assumes about the autarky counterfactual input-output matrix is not innocuous. As
emphasized in Section 2, an important determinant of GDP comovement is whether sectors with
more correlated shocks are relatively more influential (high snnj ’s) in the two economies. When
comparing comovement in the trade equilibrium to autarky, we must take a stand on the autarky
influence vectors sAUTn. The assumptions put on the counterfactual autarky input-output matrix
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Table 8: Transmission of shocks, G7 countries, ρ = 2.75

Both Shocks

Baseline: 0.165 0.173 -0.016 0.459
Approximation 0.162 0.164 -0.031 0.461

Decomposition:
Shock Correlation 0.124 0.098 -0.082 0.461
Bilateral Transmission 0.013 0.011 0.005 0.015
Multilateral Transmission 0.025 0.018 0.009 0.041

Only TFP Shocks
Mean Median 25th pctile 75th pctile

Baseline 0.093 0.052 -0.072 0.339
Approximation 0.092 0.048 -0.069 0.341

Decomposition:
Shock Correlation 0.058 0.050 -0.144 0.258
Bilateral Transmission 0.013 0.009 0.004 0.016
Multilateral Transmission 0.008 0.006 0.000 0.021

Only Non-Technology Shocks

Baseline: 0.253 0.283 0.170 0.382
Approximation 0.260 0.292 0.208 0.382

Decomposition:
Shock Correlation 0.208 0.230 0.163 0.339
Bilateral Transmission 0.016 0.007 0.004 0.015
Multilateral Transmission 0.026 0.025 0.013 0.034

Notes: This table presents the decomposition of the transmission of observed shocks into direct effects, the direct
transmission and the multilateral transmission based on the influence vector approximation.

will determine the shape of sAUTn. We only observe the full global input-output matrix, which in
our analysis is taken as given in a base period. Theory does not offer clear guidance on what the
autarky counterfactual input-output structure would look like.
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We report results of 3 autarky counterfactuals. The first is a value added-only model: ηAUT1
j = 1

∀j. In this model, there are no input-output linkages, domestic or international.

The second is a model in which the domestic input coefficients are unchanged as a share of gross
output, whereas the sum total of the observed foreign input coefficients is reapportioned to value
added:

πx,AUT2
ni,nj,t = πxni,nj,t (5.5)

ηAUT2
nj = ηj +

∑
i;m 6=n

πxmi,nj,t. (5.6)

In other words, the second autarky counterfactual assumes that in each sector and country, the
intermediates that in the data are imported will be replaced by value added.9 This counterfactual
keeps the propagation of shocks through the domestic linkages unchanged.

Finally, the third autarky counterfactual reassigns foreign input coefficients to the domestic inputs,
while keeping the value added share of gross output the same as in the baseline:

πx,AUT3
ni,nj,t = πxni,nj,t +

∑
m 6=n

πxmi,nj,t (5.7)

ηAUT3
j = ηj . (5.8)

As an example, suppose that the US Apparel sector spent 10 cents on US textile inputs and 5 cents
on Chinese textile inputs per dollar of Apparel output, the remaining 85 cents being accounted for
by value added. The second autarky counterfactual assumes that this sector still spends 10 cents
on US textile inputs, while its value added rises to 90 cents per dollar of output. The third autarky
counterfactual assumes instead that value added is still 85 cents per dollar of gross output, but now
the sector spends 15 cents on US textile inputs. The third autarky counterfactual thus raises the
domestic input coefficients for each sector by the amount of lost foreign input coefficients. As a
result, it increases the scope for propagation of domestic shocks even as it rules out propagation
of shocks from abroad. By construction, all autarky counterfactuals assume that there is no input
trade: πx,AUT1

mi,nj,t = πx,AUT2
mi,nj,t = πx,AUT3

mi,nj,t = 0 ∀m 6= n.

The value-added-only autarky model has an analytical solution for the vector sAUTn:

d lnYnt = ω′n

[
IJ −

((
α

ψu
+ ψ̃ (1−α)

)
.γ

)
ω′n

]−1

︸ ︷︷ ︸
sAUTn

d ln Ẑnt, (5.9)

9The input spending shares πxmi,nj,t are not parameters when the aggregation is CES. However, the quantitative
implementation uses a unitary elasticity, and thus the πxmi,nj,t can be treated as parameters with no ambiguity.
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Table 9: Autarky Counterfactuals: Correlations of d lnYnt, ρ = 2.75

Mean Median 25th pctile 75th pctile

Data 0.380 0.378 0.265 0.533
Baseline 0.165 0.173 -0.016 0.459

Autarky Models:

VA Only 0.309 0.355 0.221 0.442
Same Dom. Links 0.271 0.314 0.141 0.419
Increased Dom. Links 0.170 0.150 -0.114 0.553

All countries (N. obs. = 406)
Mean Median 25th pctile 75th pctile

Data 0.171 0.205 -0.078 0.428
Baseline 0.100 0.123 -0.148 0.366

Autarky Models:

VA Only 0.092 0.074 -0.152 0.361
Same Dom. Links 0.067 0.055 -0.184 0.333
Increased Dom. Links 0.078 0.073 -0.189 0.331

Notes: This table presents the summary statistics of the correlations of d lnYnt in the sample of G7 countries
(top panel) and full sample (bottom panel) under the different assumptions on shocks and trade linkages. Variable
definitions and sources are described in detail in the text.

where ω and γ are vectors of length J × 1 and IJ is the J × J identity matrix.

This expression makes it clear that even in this simple economy, the influence vector differs from
final expenditure shares ωn. The difference comes from non-constant returns to scale and elastic
factor supply. In other words, shocks to sectors with high returns to scale can be amplified both
by increasing returns in the sector and the response of factors. Notice also that the size of the
sector’s share in final consumption ωnj matters for the impact of its shocks: relative to a world with
symmetric ωnj , shocks to larger sectors in final consumption will have a larger aggregate impact.

The influence vectors in the AUT2 and AUT3 models do not have a closed-form analytical expression,
but they will generally differ from the vector in equation (5.9). Similarly, the direct influence vector
in the open economy will also generally differ from the vectors in autarky. The changes in GDP
comovement between autarky and trade trade will depend on how these influence vectors differ
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Table 10: Autarky Counterfactuals: Correlations of d lnYnt, ρ = 1

Mean Median 25th pctile 75th pctile

Data 0.380 0.378 0.265 0.533
Baseline 0.138 0.188 -0.013 0.348

Autarky Models:

VA Only 0.155 0.189 -0.044 0.341
Same Dom. Links 0.146 0.193 -0.093 0.350
Increased Dom. Links 0.127 0.156 -0.141 0.384

All countries (N. obs. = 406)
Mean Median 25th pctile 75th pctile

Data 0.171 0.205 -0.078 0.428
Baseline 0.111 0.135 -0.131 0.363

Autarky Models:

VA Only 0.044 0.041 -0.196 0.301
Same Dom. Links 0.051 0.085 -0.198 0.310
Increased Dom. Links 0.061 0.063 -0.204 0.353

Notes: This table presents the summary statistics of the correlations of d lnYnt in the sample of G7 countries
(top panel) and full sample (bottom panel) under the different assumptions on shocks and trade linkages. Variable
definitions and sources are described in detail in the text.

across models, as emphasized by Equation (2.8).

Tables 9-10 report the GDP correlations in the three autarky counterfactuals. The row labeled “VA
Only” summarizes the correlations in the AUT1 model, with no domestic input linkages. Strikingly,
in the G7 sample the autarky value-added-only model produces much higher GDP correlations than
the model with the full international input linkages. This model generates around 0.31 average
correlations in the G7 countries, compared to the 0.165 averages in the baseline with the high ρ. The
lines labeled “Same Dom. Links” report the correlations under the AUT2 autarky counterfactuals.
These correlations fall relative to the AUT1 scenario, but do not fall all the way to the baseline
averages for the G7. Finally, the AUT3 counterfactuals are reported under “Increased Dom. Links.”
This scenario generates averages that are by and large the same as in the baseline with trade in the
G7. This pattern holds for both the high and low ρ, though when ρ = 1 – the fully Cobb-Douglas
model – the correlations are less sensitive to the assumed input-output structure.10 Outside of the

10This would be expected as in this case the model is closest to the standard model for instance in Acemoglu et al.
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Figure 6: Decomposing Changes in Correlations: Trade vs Autarky
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Notes: This figure illustrates how the pattern of correlations changes between the full model and the autarky value
added only model for the G7. The gray bars illustrate the average bilateral and multilateral transmission terms (all
positive) and the dark bars illustrate the decreasing direct correlation effect (mostly negative).

G7 sample, the comparison of the autarky and trade correlations does not reveal a clear ranking.

Equation (2.8) helps understand these results. The change in GDP comovement between autarky
and trade is actually a sum of two terms: the re-weighting of sectors towards or away from those
with more correlated shocks (∆Shock Correlationmn), and the international transmission terms. We
established above that the international transmission terms are generally positive. Thus, to observe
the lower average correlation under trade, it must be that the change in the shock correlation term is
much more strongly negative than the positive transmission terms. This will happen when primitive
shocks are more correlated in sectors with a higher influence in autarky. Figure 6 illustrates this by
plotting the average ∆Shock Correlationmn and the transmission terms for the G7. On average, there
is non-negligible positive transmission of shocks in the model with trade, but it is more than offset
by the negative ∆Shock Correlationmn terms (meaning that in the trade equilibrium, less correlated
sectors receive on average higher weight).

Figure 7 plots the average changes in the influence vectors in the G7 sample, by sector. The figure
reveals which sectors receive a higher influence in the full baseline model, compared to each of the
autarky models. It is clear that the largest changes are for the non-tradeable sectors (Machinery and
Equipment Rentals and Other Business Services; and Real Estate Activities). These sectors have
a much larger influence in the trade model compared to the value-added only model (AUT1). By
contrast, the influence vectors change much less between the trade model and the autarky model

(2012).
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with increased domestic linkages (AUT3). The intermediate model (AUT2) is in-between those two
extremes.

The reason that these services sectors have a much higher influence in the model with IO linkages
relative to the value added-only model is that these sectors are important input suppliers to other
sectors. The left panel of figure 8 reports the scatterplot of the change in the influence of a sector
against the intensity with which other sectors use it as inputs. The correlation between the two is
0.75: sectors used as inputs experience an increase in influence as we move from a value added-only
model to the full IO model.

At the same time, shocks in these sectors are on average less correlated with the foreign shocks. The
right panel in Figure 8 presents the scatterplot of the average correlation of the TFP shocks in a
sector with foreign shocks. The observations are weighted by the size of the sector in the baseline
trade model (more precisely, by the influence vector in the trade model). The negative correlation
(about −0.25) is evident.11

Figures 7-8 illustrate the mechanics behind the finding that GDP comovement can actually fall when
going from autarky to an equilibrium with input trade. The reason is that the introduction of input
trade can dramatically change the influence of some sectors. What matters is whether introducing
input trade increases the influence of sectors with more or less correlated shocks. In our model
economy, the sectors whose importance increases the most are non-tradeable service sectors whose
shocks are actually relatively less correlated. Thus, adding input trade lowers GDP comovement.

6 Dynamic Counterfactuals

Coming soon.

7 Conclusion

We set out to provide a comprehensive account of international comovement in real GDP. At the
heart of our exercise is measurement of both technology and non-technology shocks for a large
sample of countries, sectors, and years. Having measured these two types of shocks, we answer
two questions. First, is comovement primarily due to TFP or non-technology shocks? The answer
here is quite clear: non-technology shocks generate most of the observed international comovement.
Second, to what extent do countries comove due to correlated shocks vs. transmission of shocks
across countries? One clear answer is that correlated (non-technology) shocks are responsible for

11There change in the influence vectors is virtually uncorrelated with the correlation in the non-technology shocks,
and we do not report that plot to conserve space.
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Figure 7: Average Changes in the Influence Vectors: Trade vs. Autarky Models
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Notes: This figure displays the average change in the direct influence vectors
between the baseline model and each of the autarky models.

the bulk of observed comovement. However, there is also evidence of transmission, especially under
low substitution elasticities and with a rich input-output network. Most interestingly however, we
find that the input-output network can also play an important role in regulating comovement, by
diversifying the economy towards sectors whose shocks are less correlated across countries.
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Figure 8: Changes in the Influence Vectors, Intensity of Use as an Input, and Shock Correlation
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Appendix A Empirical Appendix

A.1 TFP Estimation Appendix

The following discussion is an abbreviated outline of the model and estimation method in
BFK. For a more detailed discussion, please see Basu, Fernald, and Kimball (2006).

A.1.1 Model

BFK estimate a utilization adjusted TFP series for n = US only. In this Appendix, we
therefore drop the n subscript for compact notation. Sector i produces gross output Yi with
a production function

Yi = F i (AiMi, EiHiNi, Xi, Zi) (A.1)

where the definitions of Ai,Mi, Ei, Hi, Ni, Xi and Zi are as in Section 2. BFK make the
following assumptions to derive the estimating equation (4.3) for sectoral TFP:

Assumptions

• The physical capital stock Mi and number of employees Ni are quasi-fixed, and firms
face adjustment costs to changing Mi or Ni.

• Firms do not face adjustment costs for varying capital utilization Ai, labor hours Hi or
effort Ei, but firms must pay a shift premium or higher wages for increasing utilization
of the quasi-fixed factors.

• F i is a generalized Cobb-Douglas production function that is locally homogeneous of
degree γi.

• Firms are price-takers in the factor markets

The first two assumptions are necessary for a meaningful notion of variable utilization, as if
firms could costlessly adjust utilization or the physical capital stock or number of workers,
they would always fully utilize all factors and vary Mi and Ni instead. Within a period, the
firm’s costs of labor are given by WGi(Hi, Ei)V (Ai), where W is the base wage, the function
Gi relates labor compensation to the hours worked and the effort, and V (Ai) is the shift
premium paid to workers as a function of the workweek of capital Ai.

The first-order conditions of the intra-temporal cost-minimization problem of the firms in sec-
tor i with production function (A.1) relevant for expressing variations in unobserved utilization
as a function of observed hours are:

λF i
1Mi = WiNiG

i (Hi, Ei)V
i′ (Ai) , (A.2)

λF i
2EiNi = WiNiG

i
H (Hi, Ei)V

i (Ai) (A.3)
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and

λF i
2HiNi = WiNiG

i
E (Hi, Ei)V

i (Ai) , (A.4)

where λ is the multiplier (marginal cost) in the firm’s cost minimization problem, and Fi, i =
1, 2, 3 denotes derivatives of production function A.1 with respect to argument j. The function
G (.) is assumed to satisfy conditions such that there is one optimal value of E for every value
of H. Note that we only need to focus on the firm’s intra-temporal cost-minimization problem
here, which is conditional on the levels of the state variables Mi and Ni. The intertemporal
conditions which govern the firm’s choices of the capital stock and number of workers do not
affect the derivation of the estimating equation.

A.1.2 Estimation

Combining equations (A.3) and (A.4), and since we assumed a unique E = E (H) , E ′ (H) > 0,
we can express de = ζdh, where ζ = H∗E ′ (H∗) /E (H∗). Similarly, combining equations (A.2)
and (A.3) and log-linearizing, we can express da = ε

ι
dh where ε is elasticity of labor costs with

respect to Hi in steady-state, and ι is the elasticity of the ratio of the marginal to average
shift premium with respect to Ai. Combining these results, we obtain the estimating equation
4.3.

In this paper, we estimate purified TFP series for a large number of countries and sectors as
discussed in the main text. Table A1 lists the countries and Table A2 the sectors in our sample.
We require instruments orthogonal to the TFP shocks in our panel that have predictive power
for movements in inputs. BFK use a monetary policy shock identified in a VAR, an oil price
shock and the growth in real defense spending. We use instruments similar in spirit: the
lagged growth in real defense spending in each country, an oil price shock defined using the
approach in Hamilton (1994) and a version of a monetary policy shock that relies on the
exogenous movements in base-country interest rates affecting countries that are pegged to a
base country. This last instrument cannot be used for large countries like the U.S., U.K. or
Germany.

49



T
a
bl

e
A

2:
Se
ct
or
s
in

E
st
im

at
io
n
Sa

m
pl
e

ag
ri
cu
lt
ur
e
hu

nt
in
g
fo
re
st
ry

an
d
fis
hi
ng

ba
si
c
m
et
al
s
an

d
fa
br
ic
at
ed

m
et
al

fin
an

ci
al

in
te
rm

ed
ia
ti
on

m
in
in
g
an

d
qu

ar
ry
in
g

m
ac
hi
ne
ry

ne
c

re
al

es
ta
te

ac
ti
vi
ti
es

fo
od

be
ve
ra
ge
s
an

d
to
ba

cc
o

el
ec
tr
ic
al

an
d
op

ti
ca
le

qu
ip
m
en
t

re
nt
in
g
of

m
&
eq

an
d
ot
he
r
bu

si
ne
ss

ac
ti
vi
ti
es

te
xt
ile
s
te
xt
ile

le
at
he
r
an

d
fo
ot
w
ea
r

tr
an

sp
or
t
eq
ui
pm

en
t

pu
bl
ic

ad
m
in

an
d
de
fe
nc
e;

co
m
pu

ls
or
y
so
ci
al

se
cu
ri
ty

w
oo

d
an

d
of

w
oo

d
an

d
co
rk

m
an

uf
ac
tu
ri
ng

ne
c;

re
cy
cl
in
g

ed
uc
at
io
n

pu
lp

pa
pe

r
pa

pe
r
pr
in
ti
ng

an
d
pu

bl
is
hi
ng

el
ec
tr
ic
it
y
ga
s
an

d
w
at
er

su
pp

ly
he
al
th

an
d
so
ci
al

w
or
k

co
ke

re
fin

ed
pe

tr
ol
eu
m

an
d
nu

cl
ea
r
fu
el

co
ns
tr
uc
ti
on

ot
he
r
co
m
m
un

it
y
so
ci
al

an
d
pe

rs
on

al
se
rv
ic
es

ch
em

ic
al
s
an

d
ch
em

ic
al

pr
od

uc
ts

ho
te
ls

an
d
re
st
au

ra
nt
s

sa
le

m
ai
nt
en
an

ce
an

d
re
pa

ir
of

m
ot
or

ve
hi
cl
es

ru
bb

er
an

d
pl
as
ti
cs

tr
an

sp
or
t
an

d
st
or
ag
e

w
ho

le
sa
le

tr
ad

e
an

d
co
m
m
is
si
on

tr
ad

e
ot
he
r
no

nm
et
al
lic

m
in
er
al

po
st

an
d
te
le
co
m
m
un

ic
at
io
ns

re
ta
il
tr
ad

e
ex
ce
pt

of
m
ot
or

ve
hi
cl
es

50



Table A1: Countries in Estimation Sample

Australia Germany Netherlands
Austria Greece Poland
Belgium Hungary Portugal
Canada India Russian Federation
Cyprus Ireland Slovak Republic
Czech Republic Italy Slovenia
Denmark Republic Japan Spain
Estonia Republic of Korea Sweden
Finland Latvia U.K.
France Lithuania U.S.A.

Comparison to BFK’s estimates: While the point estimates of both the returns to scale
for our sectors and the coefficients on the utilization adjustment term naturally vary from
those in BFK, they are not significantly different from the estimates in that paper in many
cases. For instance, we estimate coefficients on the utilization adjustment term of 1.419(0.389),
2.939(1.767) and 0.245(0.649) for durables, non-durables and non-manufacturing respectively.
The comparable estimates in BFK Table 1 are 1.34(0.22), 2.13(0.38) and 0.64(0.34) respec-
tively.

A.2 Properties of the TFP series

Figure A1 contrasts the Solow residual with the utilization-adjusted TFP series for all the
countries in our sample. While we do find that the utilization-adjusted TFP series is less
volatile than the Solow residual for the U.S., as in BFK, for the large majority of other
countries the adjusted TFP series is more volatile. In fact, the mean (median) volatility of
the TFP series is .0006 (0.0005), while for the Solow residual it is 0.0002(0.0002).
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Figure A1: Comparison between Utilization-Adjusted TFP and the Solow Residual
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Notes: This figure displays the Solow residual and the utilization-adjusted TFP series for every country in our sample.
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Figure A2: Comparison between Utilization-Adjusted TFP and the non-technology shocks
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Notes: This figure displays the utilization-adjusted TFP and the recovered non-technology shocks series for every country in our sample.
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Table A4: Model Fit and Counterfactuals with Deficits: d lnYnt

Mean Median 25th pctile 75th pctile

G7 Countries (N. obs. = 21)
Data Coming soon
Model

No Technology Shocks
No Input Shocks

All countries (N. obs. = 435)
Data
Model

No Technology Shocks
No Input Shocks

Table A5: Correlations in d ln ξnt summary statistics

Mean Median 25th pctile 75th pctile

G7 Countries (N. obs. = 21)
ρ = 2.75 0.170 0.190 0.051 0.339
ρ = 1 0.161 0.188 0.012 0.325

All countries (N. obs. = 406)
ρ = 2.75 0.015 0.045 -0.214 0.241
ρ = 1 0.016 0.039 -0.218 0.250

Notes: This table presents the summary statistics of the correlations of d ln ξnt defined in (4.17) in the
sample of G7 countries (top panel) and full sample (bottom panel), when ψu varies by industry. Variable
definitions and sources are described in detail in the text.
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Table A6: Correlations of unweighted shock country averages summary statistics, ρ = 2.75

Mean Median 25th pctile 75th pctile

ρ = 2.75 G7 Countries (N. obs. = 21)
TFP 0.041 0.076 -0.141 0.262
Non-technology (ψu = 4 ) 0.132 0.115 -0.025 0.281
Non-technology (ψu = 1.01) 0.133 0.154 -0.037 0.257

All countries (N. obs. = 406)
TFP -0.001 0.023 -0.239 0.214
Non-technology (ψu = 4 ) 0.036 0.061 -0.158 0.254
Non-technology (ψu = 1.01) 0.023 0.042 -0.183 0.245

Notes: This table presents the summary statistics of the correlations of the average TFP and non-technology
shocks in the sample of G7 countries (top panel) and full sample (bottom panel).
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Appendix B Model Appendix

B.1 Algorithm for solving the model

To solve the model, we use an initial guess for Υ̂nj,t+1 together with data on πcmnj,t and πxmjni,t.
Given these variables, the algorithm is as follows:

• Solve for P̂nj,t+1 given the guess of Υ̂nj,t+1 and the data on πcmnj,t and πxmjni,t. This step
uses equations (4.14), (4.13) and (5.1).

• Update πcmnj,t+1 and πxmj,ni,t+1 given the solution to (1) and the guess of Υ̂nj,t+1 using
equations (5.2) and (5.3).

• Solve for Υ̂
′
nj,t+1 using equation (5.4) given the prices P̂nj,t+1 obtained in step (1) and

the updated shares πcmnj,t+1 and πminj,t+1 from step (2).

• Check if max|(Υ̂′nj,t+1-Υ̂nj,t+1)| < δ, where δ is a tolerance parameter that is arbitrarily
small. If not, update the guess of Υ̂nj,t+1 and repeat steps (1)-(4) until convergence.
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