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Abstract !

We show that explicitly modeling primary commodities in an otherwise totally standard in-
complete markets open economy model can go a long way in explaining the Mussa puzzle and
the Backus-Smith puzzle, two of the main puzzles in the international economics literature.

Keywords: Primary commodity prices, Mussa puzzle, Backus-Smith puzzle.
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1 Introduction

Primary commodity prices are known to be very volatile and very persistent. This has
been especially true since the oil price shocks of the early 1970s. The small open economy
literature has long recognized the effect that shocks to commodity prices have on the economy
in general and on the real exchange rate in particular. Their importance has been identified
so strongly in the literature that it is commonly acknowledged in the policy debate in small
commodity-producing countries.

In contrast, in studies of the behavior of the real exchange rate between large developed
economies, the role of these markets has been largely ignored, particularly so during the last
three decades.? The most probable reason is that the value added of primary commodities
in total economic activity is small in these countries.

We show that although primary commodities’ share in total output may appear small,
the volatility of primary commodity prices is so high that it can potentially have large effects
on real exchange rates.

In a recent paper (Ayres, Hevia and Nicolini, 2020), we documented a strong and robust
co-movement between the real exchange rates of Germany, Japan and the United Kingdom
against the US dollar and a handful of primary commodity prices during the last half century.
We also showed that a simple static model had the potential to deliver much higher volatility
and persistence in real exchange rates than a model that ignores the commodity sector.® In
this paper, we go a few steps beyond, solve a truly dynamic model, and quantitatively address
two famous puzzles in international economics.

The first one, known as the Mussa puzzle, documents a substantial increase in the volatil-

2An earlier literature did discuss and evaluate the role of primary commodity markets in the behavior of
real exchange rates among developed economies. Coté (1987) provides a discussion of a mechanism by which
real exchange rates and primary commodity prices jointly respond to shocks; that mechanism is very close
to the workings of the model we describe in Section 3. On the empirical side, Sachs (1985) and Dornbusch
(1985a,b, 1987) are important contributions.

3The model is formally dynamic, but we impose a zero trade balance every period, so the solution of the
model is static.



ity of real exchange rates since the breakdown of the Bretton Woods system of fixed exchange
rates in 1973.

The second one, known as the Backus-Smith puzzle, documents a low correlation, and
in many cases a negative one, between the bilateral real exchange rate of any two given
countries and the ratio of consumption between those same two countries. In complete
markets models, this correlation ought to be very close to 1.4

We also show another strong pattern in the data, which we call the “Mussa meets Backus-
Smith puzzle”. This is the generalized fact that the correlation between the real exchange
rate and the ratio of consumption is even lower in the period following 1973 when compared
with the period before. In other words, the Backus-Smith puzzle becomes quantitatively
larger in the post-1973 period than in the period before. This feature of the data has
received much less attention in the literature.’

The key ingredient of the model is the interaction between incomplete markets and shocks
that move prices of primary commodities.® We document how the transmission mechanism
implied by this interaction helps reconcile the main puzzles.

We study a labor-only open economy three-country model. Each country produces a final
nontraded good, a traded intermediate good and (potentially) three primary commodities.
Labor is used in all technologies, commodities are used to produce the intermediate good,
and the intermediate goods are used to produce the final good. We show that as long as
countries have different production structures, the real exchange rate is affected by shocks
that change primary commodity prices.

We illustrate the mechanism in a simplified version of the model that can be solved
analytically. We then calibrate the general version of the model for the US and Japan,

because as we show, this is the country pair for which the puzzles are quantitatively more

4Results similar to the ones in Backus and Smith (1993) were independently reported in Robert Kollman’s
unpublished PhD dissertation in 1990. The main results were published in Kollmann (1995).

®Two notable exceptions are Colacito and Croce (2013) and Itskhoki and Mukhin (2019).

6Incomplete markets are essential to studying the Backus-Smith puzzle and are also important in gener-
ating volatile real exchange rates, as shown by Heathcote and Perri (2002).



striking, and because the Ministry of Economy, Trade, and Industry of Japan publishes a
bilateral Japan-US input-output table that we use to discipline our calibration. The third
country is taken to be the rest of the world. The rest of the world is subject to shocks in its
excess demand for commodities. The key step in our calibration is to choose the volatility
of these shocks in order to match the volatility and persistence of the primary commodity
prices we see in the data for each subperiod. We want to emphasize at the outset that we
do not explain why the prices of primary commodities are so volatile.

A key aspect of our calibration that we wish to highlight is that the sizes of value added
created in the primary commodity sectors in the model are as small as they are in the
data. Our analysis shows that, in spite its size, the high volatility of the shocks to primary
commodity markets has a substantial effect on the real exchange rate and on its correlation
with the ratio of consumption. And these effects are more pronounced after 1973, when
primary commodity prices became more volatile. In a nutshell, the benchmark calibrated
model can account for a large share of the puzzles mentioned above.

Specifically, we show that by calibrating the model pre- and post-1973 (the end of the
Bretton Woods period), the model generates substantially more volatile real exchange rates
in the post-Bretton Woods period (the Mussa puzzle), as observed in the data. The calibrated
model also exhibits a correlation much lower than one between the real exchange rate and
the ratio of consumption. Interestingly, the model also generates a lower correlation of the
real exchange rate and the ratio of consumption for the post-1973 period (the Mussa meets
Backus-Smith puzzle), as in the data.

In describing the stylized facts, we first show that the puzzles hold very generally. We
illustrate this fact using data for 15 bilateral pairs between the US and 15 other OECD
countries.

We also show that these moments have substantial statistical uncertainty due to the high
persistence of both the bilateral real exchange rates and the primary commodity prices. For

this reason, we focus on the US-Japan bilateral relation and compute the entire small sample



distribution of the statistics of interest.

We find these distributions to be quite dispersed and skewed. For example, the point
estimate of the standard deviation of the US-Japan real exchange rate after 1973 is about
19 percentage points, but the associated small sample distribution implies that one could
quite likely observe values that are 50 percent smaller or 50 percent larger than that. For
this reason, we focus on the entire small sample distributions of the statistics of interest
instead of the point estimate. To evaluate the performance of our model, we compare these
estimated distributions with analogous distributions obtained from model simulations.

The model has no frictions other than the lack of contingent asset markets. Thus, it is
unable to match the deviations from the uncovered interest rate parity observed in the data—
just one risk-free bond, as we assume, is enough for the uncovered interest rate parity (UIP)
to hold in the model. Thus, we see the results of our paper as complementary to efforts in the
literature that explore frictions in the setting of prices (as in Chari, Kehoe and McGrattan
(2002) as well as many others) or segmentation in asset markets (such as the recent work by
[tskhoki and Mukhin (2019, 2021)).

To highlight the transmission mechanism, we choose to keep the model as simple as
possible. Thus, there is no physical capital in the model, and production functions are
assumed to be Cobb-Douglas except in the production of primary commodities, for which
we allow the elasticity of substitution to be smaller than one, as suggested by the evidence.
We also ignore realistic microeconomic features like time-to-build restrictions in investment,
the role of inventories and political economy considerations, which are very relevant for
understanding primary commodity markets, as emphasized, for instance, in Baumeister and
Kilian (2016).

The paper proceeds as follows. In Section 2, we describe the main features of the data.
In Section 3, we briefly present the model, which, as mentioned earlier, is very standard. We
discuss in detail a simplified version of the model that can be solved analytically and helps

develop intuition for the transmission mechanism. It also highlights the type of demand



and supply shocks that can change primary commodity prices. In Section 4, we discuss
the calibration. We calibrate the volatility and persistence of supply shocks to match the
volatility and persistence of primary commodity prices in the data in each subperiod (pre-
and post-1973). This is without loss of generality since as the simple model that can be solved
in closed form shows, the same volatility can be generated by demand shocks.” Section 5

presents the results. A final section concludes.

2 Stylized facts

In this section, we document the main features of the data. We first describe point
estimates for bilateral relationships between the US and a group of 15 OECD countries. We
then estimate the distributions for those estimates between the US and Japan. We start
our analysis in 1960 and focus on the differential behavior of the statistics of interest before
and after 1973. Before entering into specifics, we discuss next how we choose to detrend the
data.

After World War II, most industrial countries displayed a strong convergence in their
income level to that of the US. This convergence in income levels was simultaneously ac-
companied by a Balassa-Samuelson effect whereby the bilateral real exchange rates against
the US appreciated over time. Importantly, most of the convergence in output levels and
its corresponding Balassa-Samuelson effect occurred in the first decade and a half. Since
the mid-1970s, relative incomes and consumption have tended to be roughly stable across
developed countries, and the bilateral real exchange rates have tended to fluctuate around a
relatively stable level.

To illustrate these points, the left panel of Figure 1 shows the log of the bilateral real
exchange rate between the US and Japan at a quarterly frequency from 1960:Q1 through

2019:Q4. The right panel shows the log of consumption per working age population in Japan

"This is the reason why we do not need to take a stand on the fascinating ongoing empirical debate over
the nature of the shocks driving the volatility of oil prices. See Baumeister and Kilian (2016), Baumeister
and Hamilton (2019), and the references therein.



Figure 1: USA and Japan: real exchange rates and relative consumptions
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relative to that of the US over the same period.® There is a clear break around 1973 in the
trend of both the bilateral real exchange rate and the ratio of consumption. After that point,
both values fluctuate around roughly stable levels, consistent with the presumption that the
convergence of Japan to the USA had already occurred by that date. This observation is a
fortunate coincidence, which we exploit to detrend each subperiod separately, as we discuss
below.

Besides the raw data, Figure 1 also shows two alternative trends for both variables. The
dotted red lines are log-linear trends estimated separately, one before 1973 and the other from
1973:Q1 until 2019:Q4. The dashed blue lines are Hodrick-Prescott trends constructed using
a smoothing parameter of 1600. The HP-filter assigns to the trend economically relevant
fluctuations that are stationary but of relatively low frequencies, which we do not want to
discard, so we focus our empirical analysis on log-linear trends instead.

Therefore, we first construct a database of quarterly real exchange rates and consumption

for 16 OECD countries over the period 1960:Q1 through 2019:Q4.° The country of reference

8Here, we show data for the US and Japan because we use this country pair to calibrate our model below.
But the pattern is similar for the other countries.

9The countries are Australia, Austria, Belgium, Canada, Finland, France, Germany, Italy, Japan, the
Netherlands, New Zealand, Norway, Spain, Sweden, the United Kingdom, and the US. The series for Canada
and the Netherlands start in 1961:Q1 and 1960:Q2, respectively.



is the US, so we construct 15 bilateral real exchange rates against the US dollar. We also
use commodity price data at a quarterly frequency that we describe later on. We divide the
sample into two subperiods: the Bretton Woods period, from 1960:Q1 (our first observation)
until 1972:Q4, and the flexible exchange rate period, from 1973:Q1 through 2019:Q4. Then,
we compute a log-linear trend of each variable in each subperiod and construct the detrended
data by subtracting the log-linear trend from the log of the corresponding variable in each
subperiod.

In Subsection 2.1, we report a number of statistics for the 15 bilateral relationships and
for a series of primary commodity prices. Next, in Subsection 2.2, we provide a deeper
analysis of the puzzles for the US and Japan, the country pair that we use to calibrate our

model.

2.1 The Mussa and Backus-Smith puzzles

Mussa (1986) observed that following the end of the Bretton Woods system in the early
1970s, the volatility of real exchange rates increased dramatically.

The left panel of Figure 2 displays the Mussa puzzle. The figure shows a scatter plot of
the standard deviation of real exchange rates against the US dollar for 15 OECD countries.
The horizontal axis displays the volatility before 1973, while the vertical axis measures the
volatility afterwards. Evidently, the volatility of all bilateral real exchange rates against the
US dollar increased dramatically after the demise of the Bretton Woods system, as all points
are well above the 45-degree line. Moreover, although discussions of the Mussa puzzle usually
center on changes in volatility, there is also a simultaneous increase in the persistence of real
exchange rates, as shown in the right panel of the figure. Below, we focus the quantitative
analysis on the US-Japan pair, so the corresponding moments are highlighted in both panels.

It is often claimed (e.g., by Itskhoki and Mukhin, 2019) that it is difficult to find similar
breaks in the volatility of other macroeconomic variables, such as consumption, GDP, and

net exports. Yet, there is a set of primary commodities such as oil, aluminum, and soybeans



Figure 2: Volatility and persistence of real exchange rates before and after 1973
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whose relative prices also show a substantial increase in volatility after 1973.

We document this fact in Figure 3. The left panel reports the standard deviation of a
set of primary commodity price indices measured in US dollars and deflated by the US CPI
before and after 1973.1° The three highlighted points in the figure represent the volatility of
the commodity price indices of energy, agriculture, and metals and minerals, which are the
commodity groups that we use to calibrate our model. Together, they account for the bulk
of world production and trade of primary commodities.

The increase in the volatility of primary commodity prices after 1973 is proportionally
larger than the increase in the real exchange rate volatility documented above.!' As was the
case with the real exchange rates, relative commodity prices also display a large increase in
their persistence after 1973, as the right panel of Figure 3 shows.

In sum, these figures show that the increase in the volatility and persistence of real

0The commodity price indices are from the World Bank Commodity Price Data (The Pink Sheet). We
construct quarterly series from monthly data using end-of-period values. The 15 indices are energy, non-
energy, agriculture, beverages, food, oils and meals, grains, other food, agricultural raw materials, timber,
other raw materials, fertilizers, metals and minerals, base metals, and precious metals. The same pattern
emerges if we display the standard deviations of the underlying individual commodity price series instead.

' The increase in the volatility of commodity prices is not an artifact of deflating nominal prices by the
US CPL If we express all commodities in deutsche marks (euros after 2000) and deflate nominal prices by
the German CPI, we obtain similar results. In addition, deflating nominal commodity prices in US dollars
by the price of another commodity, such as wheat, we also observe a substantial increase in volatility after
1973. We report the results in the Online Appendix.



Figure 3: Volatility and persistence of primary commodity prices (in constant USD) before
and after 1973
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exchange rates after 1973 is accompanied by an increase in the volatility and persistence of

primary commodity relative prices.

2.1.1 Mussa meets Backus-Smith

In models with complete financial markets, international consumption risk sharing im-
plies that the ratio of the marginal utilities of consumption between country pairs should be
proportional to the bilateral real exchange rates. This property implies that relative con-
sumption across countries should be strongly positively correlated with the real exchange
rate (Backus and Smith, 1993).1? As is well known, this observation is violated in the data.

We now show that the quantitative importance of the Backus-Smith puzzle interacts
with the Mussa puzzle in that the deviation of the correlation between the real exchange
rate and the ratio of consumption from one is higher in the period following 1973 than
before, as Figure 4 shows. This fact has already been recognized by Colacito and Croce

(2013) for the US-UK pair and by Itskhoki and Mukhin (2019) for the USA against seven

12The correlation should be one in models with time-separable utility functions and constant relative risk
aversion in an aggregate consumption bundle of traded and nontraded goods.
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Figure 4: Correlation between real exchange rates and relative consumption
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OECD countries.'> We call this observation the Mussa meets Backus-Smith puzzle.*

2.2 The US-Japan stylized facts

Here we dig deeper into the properties of the bilateral real exchange rate between the USA
and Japan. We choose this country pair to calibrate our model for two reasons. First, US-
Japan is a country pair for which the puzzles are particularly striking, as shown in Figures 2
and 4. Second, the Ministry of Economy, Trade, and Industry of Japan publishes a bilateral
Japan-US input-output table that allows us to easily calibrate key parameters of the model,
as we describe below.!

As noted above, real exchange rates and commodity prices are highly persistent, so com-
puting statistics using short time series leads to large statistical uncertainty. For example,
the point estimate of the standard deviation of the bilateral real exchange rate between the
USA and Japan after 1973 is 19.6 percentage points, but the associated small sample distri-
bution implies that one could quite likely observe values that are 50 percent smaller or 50
percent larger than that. To deal with this issue, we compute the small sample distribution

of the volatility (standard deviation) and persistence (autocorrelation) of the bilateral US-

13Canada, France, Germany, Italy, Japan, Spain, and the UK.
14USA-Germany is the only country pair for which this observation does not hold.
15The input-output table is available at https://www.meti.go.jp.
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Japan real exchange rate, the distribution of the Backus-Smith correlation for the USA and
Japan, and the distribution of the volatility and persistence of US-Japan relative consump-
tions. We also compute the distribution of the volatility and persistence of the three primary
commodity price indices that we use to calibrate our model below (energy, agriculture, and
metals and minerals).

We estimate these small sample distributions using a bootstrapping procedure with the
following statistical model. We divide our sample before and after 1973:Q1 and detrend
the data using the log-linear trend discussed above. The first subsample has 52 quarters of
observations and the second has 188. For each subsample, we run a VAR of order 1 using the
following five variables: i) a price index of energy normalized by the US CPI, ii) a price index
of agriculture normalized by the US CPI, iii) a price index of metals and minerals normalized
by the US CPI, iv) the bilateral US-Japan real exchange rate, and v) the relative per-capita
consumption of the USA and Japan.'® With the estimated parameters, we construct artificial
time series of the five variables in the VAR, with a length of 55 for the first subperiod and 188
for the second, by drawing with replacement from the fitted residuals of the VAR. For each
artificial time series, we compute the statistics of interest, such as the standard deviation of
the bilateral real exchange rate. We repeat the procedure and construct 5,000 artificial time
series for each of the five variables in the VAR, from which we estimate the small sample
distribution of the statistics.

The top panel of Figure 5 displays the estimated small sample distribution of the standard
deviation of the US-Japan real exchange rate before (in blue) and after (in orange) 1973. In
this type of figure, the claim that the real exchange rate became more volatile is represented
by a shift to the right of the estimated distributions. As noted above, the point estimate in
the second subperiod is 19.6, but the distribution of the statistic has a wide range, from about
10 to 30 percentage points. Moreover, the distribution is right-skewed, with the mode (of

about 15 percentage points) smaller than the mean (of about 17 percentage points), which, in

16We choose the lag length of the VAR using the Schwarz information criterion. Increasing the number of
lags does not lead to significant differences.

12



Figure 5: Small sample distributions of the standard deviation and autocorrelation of the
US-Japan real exchange rate
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turn, is smaller than the point estimate of 19.6 percentage points. For the first subperiod, the
small sample distribution of the volatility of the real exchange rate is more concentrated at
lower values of the standard deviation and is less skewed than the distribution of the second
subperiod. The point estimate of 4 is close to both the mean and mode of the distribution.

The bottom panel of the figure shows the estimated small sample distributions of the
coefficient of autocorrelation of the bilateral real exchange rate before and after 1973. While
there is a large area of overlap between the two distributions, that for the first subperiod has
more mass in lower values of the autocorrelation coefficient, consistent with the observation
of the previous subsection that the persistence of real exchange rates may have increased
after 1973.

The moral of Figure 5 is that it could be misleading to evaluate the performance of the
model using just the point estimates. Therefore, to evaluate the model, we will compare

the small sample distribution of the statistic estimated from the data, as discussed above,

13



Figure 6: Small sample distribution of the correlation between the US-Japan real exchange
rate and relative consumption
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with the analogous distribution generated by simulating the model 5,000 times, drawing
histories of artificial time series of 55 and 188 observations for the first and second subperiods,
respectively, and computing the equivalent statistics that we computed using the actual data.

As for the Backus-Smith puzzle, Figure 6 shows that for both subperiods, the distributions
of the correlation between the US-Japan real exchange rate and the ratio of consumption per
capita have wide supports. Yet, the Mussa meets Backus-Smith puzzle is evident in that most
of the mass of the distribution for the second subperiod is concentrated in negative values
of the correlation, while that for the first subperiod is concentrated in positive values. But
the dispersion is huge: while the point estimate of the correlation for the second subperiod
is -0.47, it could be as low as -0.8 or as high as 0.3. In any case, these values are far
away from one, which constitutes the Backus-Smith puzzle. On the other hand, the point
estimate of the correlation in the first subperiod is 0.38, but there is a non-trivial mass of
the distribution with values above 0.8, in which case the correlation could hardly be called
a puzzle. In sum, the figure shows that there is considerable statistical uncertainty in the
estimate of the Backus-Smith correlation, even larger than that of the volatility of the real
exchange rate, but also that the observation that the correlation was less of a puzzle during
the Bretton Woods period still holds.

Finally, Figure 7 shows the estimated small sample distributions of the standard deviation
and autocorrelation of the three relative commodity prices before and after 1973. In the case

of the volatility, the distributions are more concentrated and take smaller values in the

14



Figure 7: Small sample distribution of the standard deviation and autocorrelation of com-
modity prices

(a) Energy: standard deviation (b) Energy: autocorrelation
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first subperiod than in the second one, similar to what we observe with the small sample
distributions of the volatility of the real exchange rate. Regarding the autocorrelation, the
higher persistence of commodity prices after 1973 is reflected by the fact that the small
sample distributions have more mass at higher values of the autocorrelation coefficient after

1973 than before.
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3 The model

We study a simple dynamic general equilibrium model featuring three large countries.
There are three sectors of production in each country: nontradable final goods, tradable
intermediate goods, and tradable primary commodities. Countries 1 and 2 represent the
USA and Japan, respectively, while country 3 is the rest of the world.

There are two types of shocks in the model. First, there are standard productivity shocks
in countries 1 and 2. For simplicity, we assume an aggregate productivity shock that affects
all sectors in each country.!” In addition, there are shocks to the endowments of primary
commodities in the rest of the world, which are designed to generate volatile and persistent
primary commodity prices. We could also introduce demand shocks for commodities in the
rest of the world. We do so in a simplified version of the model below and show that they
are equivalent ways to generate volatile commodity prices, since all that matters are shocks
to the excess demand from the rest of the world. Thus, for parsimony, the calibrated model
has only shocks to the endowment of commodities.

Time is discrete and denoted by ¢ = 0,1, 2,.... Households in each country consume a
single nontradable final good and can internationally trade a single non-contingent bond
that pays in units of primary commodity 3.® Households in country ¢ = 1,2, 3 make their
consumption-savings decision in order to maximize the expected lifetime utility

Eo

Y

i 5t (Cti)l_’y
t=0 1—x

where Eq [] is the expectation operator conditional on information at time ¢t = 0, 6 € (0, 1)
is the discount factor, and v > 0 is the risk aversion parameter.

All technologies in the model feature constant elasticities of substitution, and all goods

17These shocks are known to generate too little volatility in real exchange rates. Thus, allowing for different
shocks across sectors has little hope of being of any quantitative relevance.
18Since we log-linearize the model, the unit in which the non-contingent bond pays is irrelevant.
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and inputs are traded in competitive markets. Country ¢ = 1,2,3 produces a final non-
tradable good, C?, using labor and three intermediate tradable goods, each produced in a
different country.!® The technology to produce the intermediate good, denoted by @, uses
labor and three tradable primary commodities. In addition, countries 1 and 2 are able to pro-
duce the three primary commodities using labor and a commodity-specific fixed endowment
of natural resources, while country 3 receives stochastic endowments of the three primary
commodities. Throughout the paper, a superscript in a variable is used to denote a given
country, and a subscript refers to a particular good. For example, xét is the demand for
commodity 3 by country 1 at time ¢, and so on.

We assume Cobb-Douglas technologies—unit elasticity of substitution—for the final goods
and intermediate goods to reduce the number of parameters in the model. With Cobb-
Douglas technologies, we can calibrate all parameters directly from observed input-output
tables. However, we do allow for arbitrary elasticities of substitution in the production of
the commodities, since there is ample micro evidence that it is substantially lower than one.

Thus, the production functions are given by
Ci = 73 (a) " (a5.)™ (ah)™ (ni )™

Qi = 2 (21,)™ (a5,) ™ (w5) ™ (m )™

x

<!

a;jfl ol —1 Ué 1

X =2 (1= 6) () 5+ (mie) ™ |

where Z! denotes aggregate productivity (TFP) in country 4, which is common across sectors;
Qi,w qévt, and qévt are the inputs of intermediate goods used to produce final goods; xit, xévt,

and xf;,,t are the inputs of primary commodities used to produce the intermediate good; nfzyt,

7

nqvt’

and nij}t are the labor inputs allocated to each sector; X;,t denotes the production of

commodity j; and eﬁ-}t is a commodity-specific fixed endowment of natural resources. The

19The final good is nontradable and can be used only for consumption, so we simply denote it by C.
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)

parameters a;

and ﬂ; are the factor shares, which sum to one in each sector, and gb; € (0,1).
The parameter aftj denotes the elasticity of substitution between inputs.

Our assumption that the rest of the world does not produce the commodities but rather
receives endowments is equivalent to assuming that ¢ = 0 for j = 1,2,3.%

Uncertainty is then represented by the aggregate productivity shocks in countries 1 and

2 and the stochastic endowments of primary commodities in country 3. We assume the

following (stationary) autoregressive processes:

In(Z) =1 - p")In(Z") + p* In(Z_,) + &,

In(Z7) = (1 —p™)In(Z%) + p™ In (Z¢ 1) + 7,
In (X7,) = (1= p)In (X}) + p" In (X7, ) + &7,
In (X3,) = (1 p8) In (X3) + 4 In (X3,_,) + 8%,
In (X3,) = (1= p™)In (X3) + p™ In (X3, ;) + &5,

where the vector of innovations [}, £72, ", €72, /%] is normally distributed with zero mean
and arbitrary covariance matrix. Variables without time subscripts represent long-run means.

Markets are competitive, and given prices, firms solve a static profit maximization prob-
lem in every period. For the calibration, we assume that in steady state, the three countries
have a zero net asset position. To simulate the model, we impose a small quadratic adjust-
ment cost to changes in the stock of the single non-contingent bond, as is customary in the
literature, to avoid the inherent unit root when using linearization techniques. As the model
and the solution technique are totally standard, we leave the complete description of the
equilibrium and the details of the computation to the Online Appendix.

Before showing the quantitative results, we discuss the closed-form solution of a simplified
version of the model. This version is useful for understanding the transmission mechanisms

of the different shocks that we study in the dynamic quantitative model below.

20This assumption simplifies the calibration, since it allows direct control of the supply of the commodities
in the rest of the world.
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3.1 A simplified economy

We make three assumptions to simplify the general model. First, we assume financial
autarky, so all countries must satisfy a zero trade balance condition. In this case, the
solution of the model becomes static and preferences are irrelevant. So, in what follows,
we do not make explicit the time dependence of the variables. Second, we simplify the
production structure and eliminate the intermediate goods. And third, we consider only two
commodities. Country 1 produces commodity 1, and country 2 produces commodity 2. The
rest of the world receives endowments of the two commodities. To simplify notation, we
use X to denote commodity 1 and M to denote commodity 2. In addition, all prices are
measured in an international numeraire that is common across countries.?!

We derive explicit expressions for the real exchange rate and for the ratio of consumption
between the two countries to theoretically address the Mussa and Backus-Smith puzzles.
Moreover, for this example, we allow for different productivity shocks across sectors to clarify

why they have little chance of accounting for the puzzles quantitatively.

3.1.1 Country 1

The technology to produce the final good in country 1 is given by
€' = 71 ()" () (1)

where Z! is productivity, C! is the final good, and 2!, m! and I* are the inputs of commodity
X, commodity M, and labor allocated to the production of the final good. The technology

is constant returns to scale, so o, + oy, + p = 1.

21Defining national currencies and nominal exchange rates is redundant.

19



The cost minimization conditions imply

prat =2, (1)
(87

Pt =2, 2)
87/

where P* and P™ are the prices of the two commodities, and W! is the wage.

Moreover, since markets are competitive, the price level in country 1 satisfies

pr_ L (WINT (PN (P
7\ o 0y U, ’
Zero trade balance means that
P*(X —z) = P™"m!,

where X is the total amount of the commodity produced in country 1. Combining this

expression with equations (1) and (2) gives

Oy + Oy,

(0%}

P*X = Wit (3)

We use this equation to replace W1 in the expression for the price level and obtain

1 /[ X\
Pk () ey (@)
where k' is a constant. Equation (4) makes clear that the price of final consumption in
country 1 is homogeneous of degree one in commodity prices. The reason is that since
country 1 produces commodity X, there is a direct link between the domestic wage and P*,
described in equation (3). This is the reason why the share of P* in the price level is given

by its direct effect, represented by the parameter «,, plus an indirect effect, given by «;.
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In addition, trade balance combined with equations (1) and (2) implies

Qe 1 o, P~
——— and m=X——— )
Oy + Qup oy + y P™

The technology to produce commodity X is given by

ol-1 ol-1 ol-1

X=2"|(1=¢1)(e!) " +or(n') |

where X is total production; Z% is a stochastic productivity parameter; e! is the endowment
of a natural resource, which we assume constant over time; and n' is labor allocated to the
production of commodities.

The optimality condition with respect to labor is

01—1

WL (nh)o" = ¢y P* (27) 5T (X)7. (6)

If we use equation (3) to replace the wage W' above, we obtain

ol-1
(67 X ol . ¢ ll
ay + ap, \ Z%nt BRETE

which, using the production function of the commodity, can be written as

14

(1-¢1) <e—) 7 = $1. (1)

nl

ay

Qy + Qyy,

Equation (7) and the equilibrium condition in the labor market,

n' 1= N, (8)

determine the allocation of labor, where N'! is the endowment of labor in country 1.

Since the endowment of natural resources is constant, it follows that the labor allocation
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is constant over time. We have thus proved the following proposition.

Proposition 1: The allocation of labor in country 1 depends only on production function
parameters and the local endowments. Therefore, it is invariant to productivity shocks and

shocks to the endowment of commodities in the rest of the world.

Corollary 1: The equilibrium production of the commodity X is proportional to the produc-

tivity shock Z*.

The proof of the corollary follows from inspection of the production function for X.

3.1.2 Country 2

Country 2 is similar to country 1, except that it produces commodity M rather than
commodity X. The notation for both prices and quantities is defined as in the case of

country 1. The technology to produce the final nontraded good is given by
o2 — 72 (xZ)Bm (m2)5m (12)671‘
The optimality conditions are similar to the ones obtained in country 1, and the price level

b () () ()
22\ B B Brm '

Using the same logic that we applied to country 1, we can write the price level as

is given by

1 M ﬁl X m m
Pk () B e, )

where k2 is a constant.

Notice that for country 2, the price that inherits the share of labor is P™, while for
country 1, it was P*. The reason for this difference is that country 2 specializes in the
production of commodity M, so its domestic wage will be connected to P™ by an equation

similar to (3). As we show below, this is the main feature that relates the primary commodity
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prices to the real exchange rate.

The technology to produce commodity M is given by

o2-1 o2-1]o2-1

M=2Z"(1-¢o) () ™ +¢o(n*) =

Following the same steps we used for country 1, we obtain

. P
mzzMﬁ— and 22=M p

Be + B Bo + Bm P

(10)

As the countries are symmetric, we have the following results.

Proposition 2: The allocation of labor in country 2 depends only on production function
parameters and the local endowments. Therefore, it is invariant to local productivity shocks

and shocks to the endowment of commodities in the rest of the world.

Corollary 2: The equilibrium production of the commodity M is proportional to the pro-

ductivity shock Z™.

Before describing the rest of the world (Country 3), we use the optimality conditions for
these two countries to relate both the real exchange rate and the ratio of consumption of
the two countries to the relative prices of the commodities. Those formulas help develop
intuition for the transmission mechanism that we exploit in the quantitative dynamic model

of the next section.

3.1.3 Real exchange rate and commodity prices

The real exchange rate is the ratio of the price levels in both countries, so

Pl K2 ()T (P ()t
P2 K2 ZE (MNP (payfe (pmyPnthi

12
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Using the propositions and two corollaries, we can write the real exchange rate as

- » (1)

T\ z \ l—om—P3z
P_l _KRERZ_2 (Z ) l P g
P2 71 (Zm)ﬁl .

where KTFR is a constant that depends on parameters, the endowments e',e?, and the
(constant) allocation of labor in the two countries.
Equation (11) shows the connection between the real exchange rate and the primary

commodity prices.??

In actual economies, the exponents «,, and (3, are small, since the
value added of the commodity sectors is a small fraction of GDP. In this case, the exponent
(1 — vy — Be) is close to 1. Therefore, equation (11) implies that relative commodity prices
move almost one-for-one with the real exchange rate.

The key mechanism driving this result is the connection between primary commodity
prices and domestic wages. Changes in world commodity prices affect the cost of final non-
traded goods not only directly, through their own coefficient in the production function, but
also indirectly, through the impact that commodity prices have on wages in the commodity
sector, since labor is used to produce the commodities. To the extent that countries produce
different commodities, their domestic wages respond differently to a shock in a particular
commodity. The differential direct effect of the commodity prices on the costs of final goods
and the differential indirect effect that they have on domestic wages become the source of
the real exchange rate fluctuations.

In the model, other than the endowments used in commodity production, labor is the
only input. In a more general model with more diverse sets of inputs (different types of labor
or of human and physical capital), the key for the mechanism to operate is that commodity
production and the final good production compete in the markets for these common inputs.

In addition, in this crude example, the specialization of each country in the production of each

22Tn more general models, in which the labor allocation is not invariant to changes in commodity prices,
the terms k' and k? would not be constant, since they depend on the labor intensity used in the production
of commodities. And these ratios would depend on the commodity prices, making their relationship with
real exchange rates subtler.
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commodity generates the close to one-for-one relationship between the real exchange rate and
commodity prices. It is reasonable to expect that in more complex models, this relationship
is not necessarily close to one-for-one. In fact, this simple model would spectacularly fail
to match the data, since real exchange rates are substantially less volatile than primary
commodity prices, as we show in the next section.

As an example, in the special case of «,, = [, = 0.5, the exponent on the relative
price of commodities in expression (11) is zero. In this case, changes in relative commodity
prices would be uncorrelated with the real exchange rate. The reason is that fluctuations
in commodity prices have exactly the same proportional impact on the final good prices of
both countries. As a result, the real exchange rate is unaffected by shocks that move only

primary commodity prices.

3.1.4 Relative consumption and commodity prices

In equilibrium, the ratio of consumption is given by

2 72 (1}2)596 (m2>5m (lz)ﬁz

O ZE @)™ () ()

Noting that the allocation of labor is constant and using the optimal solutions for the inputs

summarized by equations (5) and (10) yields

o e B
cz Z (Mﬁxf—xﬂm];_”> (Mﬁm%m> )"

O ) ()T

Qg t+am ag+om P™

Corollaries 1 and 2 above imply that both X and M are proportional to the productivities

Z* and Z™, respectively. Therefore, we can write the ratio of consumption as

— K2 o (12)

C_Q co Z2 (Zm)ﬂx‘i‘ﬁm p= —(am+Pz)
1 71 (Zw)az+am ’
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where K¢ is a constant. Thus, changes in the relative prices of commodities are related
to the ratio of consumption. While standard measures of output do not depend on terms
of trade shocks, for reasons spelled out in Kehoe and Ruhl (2008), consumption does. The
reason is that the changes in relative prices of commodities change the quantities of primary

commodities used in the production of the final good differentially across the two countries.

3.1.5 Country 3 and equilibrium prices

We now continue with the computation of the equilibrium. The production function of

the final good in country 3 is similar to those in countries 1 and 2, and it is given by
03 — 73 (:r3)%” (m3)')’m (l3)% ‘

As before, v, + vm + 7 = 1. But contrary to the cases of countries 1 and 2, we allow for
shocks to v, and ~,,, with 7; adjusting so that the sum of the three shares equals 1. Assuming
stochastic shares is a simple way to introduce shocks to the demand of primary commodities
in the rest of the world.

The optimality conditions are given by

le'g — '717P3037
Pmm3 — '7mP3C37

W33 = 4, P3C3.

In contrast with the way we modeled countries 1 and 2, we assume that the rest of the
world receives a stochastic endowment of the two commodities, which we denote by X3 and
M?3. This assumption allows us to directly interpret the endowments as supply shocks to

commodities in the rest of the world.
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Trade balance implies
P (X% — %) + P (M° —m®) = 0.

Combining this expression with the first order conditions, we obtain

P$
ms 7—m< X3—|—M3),

e+ Y \ P
Pm
23 = Yz <X3+—M3).
Yz + Ym P

In equilibrium, it must be true that

=X+ X3

holds in every period.?* Replacing the input demands 27 for j = 1,2, 3 into the previous

condition yields

Qg B P™ Ve pm
Px

X +M e X3+—M3):X+X3.
ay + Bz + Bm P Y+ e

From this equation, we obtain the equilibrium relative prices

Ba 3 (=
Pm n Am m ’
X (aw+am> _'_ X3 <'Yw1'yrn>

Recall that Corollaries 1 and 2 imply that X and M are proportional to the corresponding

(13)

productivity shocks in countries 1 and 2. Those supply shocks clearly affect the relative price
in the standard fashion.?* In addition, shocks to the world supply of commodity X as well

as to the world demand of commodity M, driven by an increase in 7,,, decrease the relative

23Walras’s law implies that the market for M will also be in equilibrium.
24For simplicity, we did not consider demand shocks in countries 1 and 2 but they can be incorporated by
allowing for stochastic shares in the production of the final good.
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price of commodity X. On the other hand, shocks to the world supply of commodity M as
well as to the world demand of commodity X, driven by an increase in +,, make the relative

price of commodity X to increase.

3.1.6 The Mussa puzzle

If we put the equilibrium relative prices (13) into the real exchange rate equation (11),

use Corollaries 1 and 2, and take logs, we obtain

Oz

In (i—:) x In <§—j) + In (Ej?;) + (1= (am + 5:)) In a:(ij: ég;iﬁg , (14)

Ym+Ya

where a;,, and a, are positive constants and the symbol oc means that we are ignoring an
additive constant.?

The first term on the right hand side, In(Z?/Z"), captures the direct effect of productivity
shocks on the relative marginal costs to produce final goods in each country. The second term
captures the impact that productivity shocks in the domestic commodity sectors translate,
through a common labor market, into changes in wages and, hence, in the marginal cost
to produce final goods. These effects of productivity shocks are standard in open economy
models and known to generate too little volatility in real exchange rates because of their
relatively low volatility in the data.

The third term is the new effect brought about by shocks to primary commodity markets.
This term is multiplied by (1 — (a,, + (:)), which is close to 1 to the extent that commodities
have a low share in the production of final goods in the two countries. This term captures how
shocks to the world supply (M? and X?) or demand (7,, and ~,) of commodities can affect
the bilateral real exchange rate between countries 1 and 2 through changes in equilibrium
relative prices. To the extent that these shocks are volatile and persistent, the real exchange

rate will inherit these same properties, somewhat dampened by the term (1 — (o, + 5:)),

25Given that the labor inputs and natural resources are fixed, we can normalize variables so that the
output of X and M are equal to Z* and Z™, respectively.
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which is lower than but close to one for most economies. Notice, also, that the productivity
shocks Z% and Z™ in the commodity sectors also affect equilibrium prices and therefore
appear in this last term. Yet, since these shocks are of relatively low volatility, they have
a much smaller impact on equilibrium relative prices than shocks to the world supply or

demand of commodities.

3.1.7 The Backus-Smith puzzle
Likewise, using the equilibrium relative prices (13) in equation (12) we obtain

Yz

2 72 (Zm)l—ﬁl amZ™ + <m> M3
In <a) x In (ﬁ) + In (W) - (Oém + ﬁa:) In aXZE 4 ( o > 3 : (15>

Note that world supply and demand shocks for commodities also affect the ratio of
consumption, but these shocks are muted, since the last term is multiplied by (a,, + 5.),
which is a relatively small number for the economies we are studying.

The sign and magnitude of the correlation between the (log) real exchange rate and
the (log) ratio of consumption depend on the type of shock hitting the economy, as can
be seen by comparing equations (14) and (15). First, productivity shocks in the final goods
sectors, captured by the term log(Z2/Z'), impart a correlation of 1 between the real exchange
rate and the ratio of consumption. This result, which parallels that in an economy with
complete financial markets, is obtained in an economy with an extreme form of market
incompleteness. Intuitively, a TFP shock to the final good’s technology has the simultaneous
effect of decreasing the domestic price level and increasing domestic consumption because
of a positive wealth effect. This behavior results in a positive correlation between the real
exchange rate and the ratio of consumption that equals 1 in this example. This same intuition
applies to an economy with a single non-contingent bond, as the productivity shock still has
a wealth effect that increases consumption and simultaneously reduces the price level.

Second, in the economically relevant case that «,, + 8, < 1-—so that commodity sectors
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are relatively small—all shocks (supply or demand) to primary commodity markets in the
rest of the world impart a correlation of -1 between the log real exchange rate and log
ratio of consumption. Mechanically, this result follows because the term 1 — (o, + (;) is
positive in equation (14) and —(a,, + ;) is negative in equation (15). Intuitively, a world
shock that increases the relative price P*/P™ generates a positive wealth effect in country
1, which produces commodity X, and a negative wealth effect in country 2, which imports
commodity X. As a result, consumption increases in country 1 and decreases in country 2.
Simultaneously, an increase in P?/P™ increases the price of final goods in country 1 relative
to those in country 2, leading to a correlation of -1 between the real exchange rate and the
ratio of consumption.

The impact of productivity shocks to the commodity sectors is subtler, as there are direct
and indirect effects through changes in relative prices. For simplicity, consider a two-country
version of this model, with X? = M3 = 0. In this case, and ignoring irrelevant constants,

equations (14) and (15) collapse to

In (—) X (B — ) I Z% — (. — ) In 2™,

2
In (—) 5 2 (o + 25 I 27 — 2 (B, + @tin) Iy 27

The sign of the correlation between In (P!/P?) and In (C?/C') depends on the symmetry of
technologies between countries. If the share of commodities in the production function of
both countries is the same, so that «,, = (,, and a, = ., the real exchange rate does not
move with Z% or Z" and the correlation is zero. But if each country uses in the production
of its final goods more of the commodity that it produces than that of the other country, so
that o, > B, and f3,, > a,, , then shocks to Z* and Z™ impart a correlation of -1 between
the real exchange rate and the ratio of consumption.

The previous discussion shows that there are forces that affect the correlation in both

directions. So the correlation will depend on the covariance matrix of the vector of shocks to
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the economy. To the extent that shocks to primary commodity markets dominate, one would
expect a negative correlation between the real exchange rate and the ratio of consumption.
This stark conclusion depends critically on the assumption of financial autarky, since it
is well known that with complete markets, the correlation ought to be equal to 1. In the
incomplete markets, one-bond economy we consider next, the equilibrium exhibits insurance,
a feature that makes the correlation move closer to 1. Yet, if productivity shocks and shocks
to primary commodity markets are highly persistent, as we argue below, the ability of a
single-bond economy to efficiently smooth consumption over states of nature deteriorates,
and the intuition derived from this simplified model extends to the one-bond economy. On
the other hand, if shocks have little persistence, a single non-contingent bond does a good
job of smoothing consumption, and the economy looks more like a model with complete

financial markets, as we show in the quantitative exercises below.

3.2 The role of nominal variables

The model discussed above has no frictions in the setting of prices, so only relative prices
matter. As money is neutral, monetary policy need not be specified, so we do not specify it.
It is trivial to show that the model is consistent with inflation targeting policies, whereby
inflation rates are made roughly constant, as they have been in most countries during the
last decades. In this case, almost all of the volatility in real exchange rates would come about
through changes in the nominal exchange rate, as has also been documented by Mussa (1986).

It is certainly not the purpose of this paper to argue that price frictions are irrelevant
in explaining the puzzles we address. In fact, Mussa (1986) also presents evidence from the
endings of fixed exchange rate regimes, in which the real devaluation follows the nominal
devaluation. It is this evidence that has been used more forcefully to argue for the frictions
in the setting of prices. This evidence is much harder to reconcile with our model. Our
purpose is to explore the role of real shocks arising from primary commodity markets in

explaining the behavior of real exchange rates. To highlight that role, we adopted a flexible
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prices model, in which the exchange rate regime is irrelevant.

The previous discussion highlights that our theory of real exchange rate fluctuations
departs from most of the literature in that the breakdown of the Bretton Woods system
plays no role. The interpretation that we endorse of the events is that the collapse of the
Bretton Woods system happened to occur at roughly the same period in which primary
commodity markets started operating in a very different way, for independent reasons.

There is ample evidence supporting the notion that the oil market went through a trans-
formation that started slowly in the 1960s, took speed by 1970, and had fully taken effect
by the time of the first oil price shock in 1973. A very compelling case is developed in detail
in a fascinating book by Garavini (2019).

The series of events described by Garavini (2019) transformed a market that had tradi-
tionally been controlled by a cartel of a few international firms known as the majors. The oil
producing countries played a very passive role. The relationship between the companies and
the oil producing countries was based on long-term contracts with fixed posted prices. These
posted prices were closely related to the price in the US, which was fixed by the government.

The foundation of the OPEC by the end of the 1950s was an attempt by the oil producing
countries to change the relationship with the majors. But for the OPEC countries, progress
was slow, and only by the early 1970s did the manage to change the rules of the game. This
occurred at a time in which global demand for oil was increasing dramatically because of
the boom in total world output, as it has been thoroughly documented by Baumeister and
Kilian (2016), for instance.

The oil market after 1973 became one without long-term contracts and no posted prices,
with oil producing countries playing a prominent role. At the same time, swings in global
demand became larger as a result of the growth miracles in Southern Europe, Southeast Asia
and eventually China and India.

Other primary commodity markets went through similar transformations. For instance,

the tin market was regulated through the International Tin Agreement, signed by over 20
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countries in the 1950s. The agreement was meant to regulate the tin market and avoid
excessive fluctuations in prices. As described in detail in Mallory (1990), the agreement

formally collapsed in 1985, after a few years of disagreements among its members.

4 Calibration

We divide the calibration of the model in two blocks. In the first block, we calibrate all
parameters of preferences and technologies using steady state conditions or standard values
in the literature. The second block of the calibration is concerned with the parameters that
govern the evolution of the five stochastic processes in the model. We set those parameters
by matching moments in the data with the equivalent moments generated by the model.
Importantly, we do not use data on real exchange rates or consumption to calibrate the

parameters of the model. They are used to evaluate the performance of the model.

4.1 Matching steady state conditions

To calibrate the first block of parameters, we proceed in three steps. First, we set the
discount factor and coefficient of risk aversion to standard values: § = 0.99 and v = 2.

The second step consists of calibrating the parameters of the production functions, which
correspond to the factor shares and elasticities of substitution. As our benchmark case,
we set all elasticities of substitution to be one (Cobb-Douglas technologies). In Section
5.1.3 we show that using lower elasticities of substitutions in the production function of
commodities actually improves the quantitative performance of the model. To calibrate the
share parameters, we use the 2005 Japan-US input-output table published by the Ministry of
Economy, Trade, and Industry of Japan. We map each of the 174 sectors in the input-output
table into the three sectors considered in our model: final goods, intermediate goods, and
primary commodities. We then further divide the primary commodity sectors into three

groups: energy, metals and minerals (referred to as metal), and the rest (referred to as
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agriculture). The exact mapping is discussed in the Online Appendix. The group of all final
goods in the US is assumed to be C!, and the group of all intermediate goods is assumed to
be Q'. We do the same for C? and Q? in the case of Japan.

The input-output table contains data on the payments to each of the factors of produc-
tion, such as intermediate inputs, compensation of employees, and operating surplus. We
compute the shares of each factor of production considered in the model to pin down the
share parameters of the production functions described in Section 3. For the intermediate
and final good sectors, we assume that the payments to labor input are equal to the value
added in the data. In the primary commodity sector, on the other hand, the labor share is
computed as the share of compensation of employees in value added. With this information,
we calibrate the parameters of the production functions in the USA, country 1, and Japan,

country 2. They are reported in the first and second columns of Table 1.

Table 1: Calibration: factor shares (%)

Country 1 (USA) Country 2 (JPN) Country 3 (ROW)

Final good C*

intermediate good ¢} al =235 a? =04 aj =28
intermediate good ¢} a3 =0.2 a3 =26.3 a3 =13
intermediate good ¢ a =33 ai =16 o3 =34.9
labor n ai =730 al =717 aj =61.0
Intermediate good Q*
primary commodity z! Bt =8.6 B? =54 B =99
primary commodity % B3 =39 B2 =42 B3 =170
primary commodity x% 1 =33 2 =5.7 B3 =5.1
labor nfl Bi = 84.2 (% = 84.7 B3 =178.0
Primary commodity X}
labor nl, ¢l =29.6 ¢35 = 48.4
natural resource e} 1— ¢l =704 1—¢3=51.6
Primary commodity X}
labor nf, ¢l =34.3 ¢35 = 20.3
natural resource € 1— ¢ =65.7 1—¢2=797
Primary commodity X}
labor nig L = 68.5 3 = 38.7
natural resource €} 1—¢i =315 1—¢3=0613

We do not have a similar input-output table for the rest of the world (ROW). Besides
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the information regarding the transactions with the rest of the world in the Japan-US input-
output table, we use data from the 10-sector database available from the Groningen Growth
and Development Center, trade data from Comtrade, and nominal GDP and population
data from the World Bank Development Indicators to pin down the remaining parameters.

We impose zero trade balance in the steady state, so the share of the final good sector in
GDP is equal to the share of labor in the final good sector, ;. Using the 10-sector database,
we set a3 equal to the GDP-weighted average of the share of the final good sector in the rest
of the world.?® Next, the input-output table reports the rest of the world’s consumption of
intermediate goods produced in the USA and Japan. We pin down o} and o3 using data from
the World Development Indicators to compute the GDP for the rest of the world. Finally,
given that factor shares sum to one, we set the parameter o as a residual.

Next, we move to the parameters of the production of intermediate goods in country
3. We calibrate 33 together with the endowments of natural resources in commodities to
match the share of primary commodities in the rest of the world’s GDP together with other
moments. That process is described in the third step below. The remaining shares, 53, 33,
and (33, are distributed according to their shares in primary commodity trade in 2005 from
Comtrade. The resulting factor shares are presented in the third column of Table 1.

The third and final step consists of calibrating the relative size of each economy in steady
state together with the composition of the primary commodity sectors in each country and
the share of the primary commodity sector in the rest of the world’s GDP, as mentioned
above. Again, we use data from the World Development Indicators to compute the shares
of the rest of the world’s GDP, the 10-sector database to compute the shares of the primary
commodity sector in rest of the world’s GDP, and the US-Japan input-output table to
compute the composition of GDP in the primary commodity sector in the USA and Japan.

We normalize aggregate productivity in each country to one and use population data in

2005 to compute the relative endowment of labor in each country. So we are left with the en-

26We compute the weights using nominal GDP in USD from the 2005 World Development Indicators.
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Table 2: Composition of GDP within and across countries

USA JPN ROW
(Country 1) (Country 2) (Country 3)

Model Data Model Data Model Data

Shares (%)
Sectoral composition of GDP

Final good 74 61 72 58 61 61
Intermediate good 23 36 26 39 29 29
Primary commodity 3 3 2 3 10 10
Composition of commodity sector GDP

X1: Energy 59 39 0 0 46 45
X2: Agriculture 16 43 58 61 31 32
X3: Metals and minerals 25 18 42 39 23 23
Share of world GDP 37 27 16 10 47 63

dowments of natural resources in countries 1 and 2, the endowments of primary commodities
in country 3, and the share of labor in the production of the intermediate goods in country
3. Because of strong non-linearities, an exact match between the moments in the model and
in the data is not feasible, so we set their values to achieve a good approximation by means
of minimizing the distance between the model generated moments and the value observed
in the data. We report the endowment values in the Online Appendix.

The corresponding GDP composition within and across countries is reported in Table 2,
which also includes some non-targeted moments, such as the share of the final good sectors
in countries 1 and 2. Table 2 shows that our model does a decent job in matching the data
on GDP composition in the world. And, more importantly, it shows that our calibrated
model does not overestimate the size of the primary commodity sector in the economies. It

is as small as in the data.

4.2 Calibration of the stochastic processes

There are two types of shocks in the model. First, there are country-specific produc-
tivity shocks, {In Z} In Z?}. We choose the parameters of these processes so as to match

the standard deviation and autocorrelation of output in each country and their correlation
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over the period 1973-2019. Since these parameters can be chosen to perfectly match those
moments, we do not report them.?” Importantly, we assume that the stochastic process for
the productivity shocks is orthogonal to the one for commodity shocks and remains the same
over the entire sample period, from 1960 to 2019.

Next, we calibrate the shocks to the rest of the world’s supply of primary commodities.
While we formally assume shocks to the endowment of commodities in the rest of the world,
what really matters in the mechanism that we propose is to generate shifts in the excess
demand of commodities in the rest of the world. Fluctuations in these shocks then drive
fluctuations in equilibrium relative primary commodity prices.?® Given the calibrated values
for the productivity shocks, we choose the parameters of the stochastic process for the en-
dowment of primary commodities in the rest of the world to match the standard deviation,
first-order autocorrelation, and cross correlations of the three primary commodity price in-
dices that we observe in the data. The target moments that we consider are the average
values of the associated small sample distributions of the corresponding estimates that we
constructed in Section 2.2.

More specifically, we divide our sample in two. The first subperiod goes from 1960 until
1973. We remove a linear trend from the three series of primary commodity prices, just as we
did for the real exchange rates, and compute their persistence, volatility, and correlations. We
then calibrate the parameters of the stochastic processes for the endowments of commodities
in the rest of the world so as to minimize the distance between the moments in the model
and the moments in the data. We repeat the same procedure for the second subperiod, the

one that goes from 1973 until 2019.

2"The calibration of the two types of shocks can be done independently because relative price shocks do
not affect the proper measure of output, as Kehoe and Ruhl (2008) explain in detail. The Online Appendix
provides a formal proof. In contrast, relative price shocks do affect relative consumption.

280f course, productivity shocks also drive fluctuations in equilibrium commodity prices, but to a lesser
extent, because of their lower volatility.
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5 Results

In this section, we evaluate the quantitative performance of the model. We compare
distributions of standard deviations and autocorrelations of commodity prices, the real ex-
change rate, and relative consumption generated by the model with those estimated using
the actual data, as discussed in Subsection 2.2. To compute the distributions from the model,
we run 5,000 simulations of length 52 and 188 quarters for the first and second subperiods,
respectively.

We first discuss the results regarding the targeted moments. Figures 8 and 9 show the
distributions of the targeted moments of commodity prices used to calibrate the model. For
example, the top panels in Figure 8 show the distribution of the standard deviation of the
price of energy, P*!, in the first (blue bars) and second (orange bars) subperiods, both in the
model (Figure 8a) and the data (Figure 8b). The vertical lines represent the means of each
distribution, and these are the moments that we use to calibrate the stochastic processes.
As the figure shows, the mean standard deviation of energy prices generated by the model
almost exactly matches the mean standard deviation in the data in both subperiods. Even
though we did not try to match any other moments, the distributions are quite similar. The
same happens for the standard deviation of the prices of agriculture P*? and metals P*? in
Figures 8c—8f.

In Figures 9a and 9b, we show that the mean autocorrelation of the price of energy
generated by the model is somewhat higher than that in the data and the model-based
distribution has more mass in higher values of the autocorrelation coefficient relative to
that in the data. For the other two commodities, however, the entire distributions of the
coefficient of autocorrelation estimated in the data and generated from the model are quite
similar in both subperiods.?”

We now present the performance of the model in terms of the non-targeted moments.

29We also target the correlation between commodity prices. We show these results in the Online Appendix.
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Figure 8: Targeted moments: Standard deviation of commodity prices

(a) Price of energy P*': model (b) Price of energy P*1: data
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Figure 10a shows that the distribution of the real exchange rate volatility generated by the

model in the first subperiod is almost identical to that in the data. In the second subperiod,

the mass of the distribution generated by the model moves to the right, though somewhat

less than the distribution using the data. Both distributions are right-skewed, and they have

a large area of overlap. Likewise, the distribution of the persistence of the real exchange

rates, shown in Figure 10b, also moves to the right, as it does in the data. Although there

is a large area of overlap between the two distributions, the distribution obtained from the

model has more mass concentrated in higher values of the autocorrelation than in the data.
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Figure 9: Targeted moments: Autocorrelation of commodity prices

(a) Price of energy P*': model (b) Price of energy P*1: data
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As for the Backus-Smith puzzle, Figure 11 shows the distributions of the correlation be-
tween the real exchange rates and relative consumption. The model accounts for both the
low correlation observed in the data (the Backus-Smith puzzle) and the drop in the correla-
tion across subperiods (the Mussa meets Backus-Smith puzzle), although the model-implied
distributions are somewhat to the right, compared with the ones generated by the data. The
mass of the distribution generated by the model in the first subperiod is concentrated mostly
in positive values, as in the data, and then much of the mass moves to negative values, as

it does in the data. Although the distribution generated by the model has a wide support,
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Figure 10: Non-targeted moment: The US-JPN real exchange rate
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including negative and positive values, there is a large area of overlap with the distribution

constructed using the actual data. Through equilibrium fluctuations in commodity prices,

the mechanism that we explore can generate a wide range of values for the correlation be-

tween the real exchange rate and consumption ratios, consistent with the wide range of

values observed across countries in Figure 4.

Figure 11: Correlation between the real exchange rate and relative consumption
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In interpreting these results, it is important to emphasize that these are all non-targeted

moments. The only thing that changes in the model between the first and second subperiods



is the parameters of the stochastic process of the shocks to the endowments of primary com-
modities in the rest of the world. They are chosen to match the moments of the commodity
prices that we observe in the data, as Figures 8 and 9 show. No information regarding real

exchange rates or consumption ratios was used in the calibration.

5.1 Robustness

The first conclusion that we draw from our experiments so far is that while the shares
of primary commodities as a fraction of overall production in the USA and Japan are small,
the variability and persistence of the shocks to world commodity sectors are large enough to
explain some of the fluctuations that seem puzzling in the data.

In this subsection, we discuss a number of exercises to check the robustness of our results
and clarify the mechanisms at work in the model. To simplify the exposition, we show
results only for the volatility of the real exchange rate and for the correlation between the
real exchange rate and relative consumption.®®

In all cases, the volatility of the shocks that affect world commodity markets are recali-

brated so as to always match the volatility of commodity prices observed in the data.

5.1.1 The size of the primary commodity sectors

Our first robustness exercise shows the effect of reducing the value added in the primary
commodity sectors. We compare the benchmark calibration to the case in which we divide
the share of primary commodities in the production of intermediate goods by 100 in each
country, thereby bringing the share of commodities in the economy close to zero. This version
of the model is closer to the type of models that are typically used in the literature.

Figure 12 shows the model simulation results, with the top figures representing the bench-
mark model discussed in the previous section, and the bottom ones the case with a lower

share of commodities in the economy. The black vertical dotted lines represent the means

30The complete set of results is contained in the Online Appendix.
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of the distributions in the data for the two subperiods.

Without commodities, the model is unable to account for the puzzles. In particular, the
model without commodities generates low volatility of the real exchange rate and a distribu-
tion of the correlation between the real exchange rate and consumption ratios with a point
mass concentrated at one. That is, the model without commodities generates a correlation
between the real exchange rate and consumption ratios identical to that in complete market
models. As noted in Chari, Kehoe and McGrattan (2002), having only productivity shocks

and incomplete markets is not enough to explain the puzzles.3!

Figure 12: Reducing the share of primary commodities

(a) Standard deviation of RER (b) Correlation of RER and relative consumption
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5.1.2 Heterogeneity in the commodity sectors

As emphasized in the discussion of the simplified model above, a key feature for generating

fluctuations in real exchange rates and consumption is the heterogeneity in the production

31Note that Chari, Kehoe and McGrattan (2002) use the HP filter to detrend the data, whereas we remove
log-linear trends.
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structure between countries.??

The level of aggregation that we used in our model implies abstracting from many di-
mensions of heterogeneity contained in the data. For instance, when calibrating the size
of the commodity sectors, we started with 26 different commodities contained in the input-
output table and aggregated them into the three commodities of the model. This aggregation

muted substantial degrees of heterogeneity that may affect the transmission mechanism of

the model. To quantify this effect, let a¥** and a/"" denote the share of commodity sector
value added generated by commodity 7 = 1,..., 26, for each country. We can define an index
of heterogeneity by

26
1
H(USA, JPN) = 2= > [af*" — o™,
j=1

where |z| is the absolute value of . This index has a minimum value of 0 whenever a?SA =

JPN

Q;

for all 7, so that countries are identical, and a maximum value of 1 when countries
produce different sets of commodities. Using the 26 different commodity sectors in the input-
output table, the value of the index is H(USA, JPN) = 0.5. But when we aggregate the
26 sectors into three, as we did to calibrate the model, the index falls to 0.3. This is one
specific dimension in which aggregation reduces the true heterogeneity in the data.3?

To provide a quantitative measure of the relevance of this heterogeneity, we simulated the
model with the following variations. First, we choose the endowment of natural resources so
that the relative sizes of the three commodity sectors are equal for Japan and the USA. In
this homogeneous economy, the index H(USA, JPN) = 0. We also simulate a heterogeneous
economy, in which we set the value added of commodities 2 and 3 in the USA to be 0, and
the value added of commodities 1 and 2 in Japan to be 0. That is, the USA fully specializes
in the production of energy, while Japan fully specializes in the production of agriculture.

This is a case in which the countries are as heterogeneous as possible in the production of

commodities, and the index H(USA, JPN) = 1.

32Tn fact, it is easy to prove that if the two countries are identical except for the productivity shocks, the
real exchange rate is given by the ratio of productivities.
33This effect is also present when aggregating the intermediate goods.
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Figure 13: Changes in the heterogeneity of the commodity sectors

(a) Standard deviation of RER (b) Correlation of RER and relative consumption
homogeneous homogeneous
— subperiod 1 _ subperiod 1
[ subperiod 2 ‘[ subperiod 2 :
~—————— mean sl : mean sl I
- mean s2 mean s2

i 1 1 1

0 5 10 15 20 25 30 -1 -08 -06 -04 -02 0 02 04 06 08 1

standard deviation (%) correlation
benchmark model benchmark model

0 5 10 15 20 25 30 -1 -08 -06 -04 -02 0 02 04 06 08 1

standard deviation (%) correlation
heterogeneous heterogeneous

A
1

0 5 10 5 20 25 30 4 08 -06 -04 02 0 02 04 06 08 1
standard deviation (%) correlation

Figure 13 displays the results of these experiments. The top panel shows the case in
which the two countries are made homogenous, the middle panel the benchmark calibration,
and the bottom panel the case of the extreme heterogeneity.

The figure shows that the homogeneous economy performs very poorly. The volatility
of real exchange rates barely increases, and most of the mass of the correlation between

the real exchange rate and the relative consumption is positive in both subperiods. At
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the other extreme, by making the countries more heterogeneous in commodity production,
the distribution of the volatility of the real exchange rate after 1973 moves further to the
right, with a mean value around 22 percent, substantially higher than in the data.?* The
heterogenous case also generates an average correlation between the real exchange rate and
the consumption ratios that is closer to the data both in the first and second subperiods.
The most remarkable feature of Figure 13 is that small changes to the model can have
substantial effects in the standard deviation of real exchange rates and in the correlation
between real exchange rates and relative consumption. We say these changes are small
because they happen within a sector that represents only 3 percent of the economies we

analyze.

5.1.3 Lower elasticity of substitution in the commodity sectors

In the baseline calibration, we assumed that the elasticity of substitution between labor
and the natural resources in the commodity sectors is unity. The simple model in Section
3.1 implies that the results are invariant to changes in the elasticity of substitution. Here,
we analyze to what extent this invariance result extends to the general model without com-
plete specialization in commodity production and in which countries have access to financial
markets through a risk-free bond.

Figure 14 shows the results of reducing the elasticity of substitution from 1 to 2/3 in
the commodity sectors in both countries.®® As becomes clear in the figure, with a lower
elasticity of substitution, the model does a better job at matching the Mussa puzzle but

barely changes the results regarding the Mussa meets Backus-Smith puzzle.

34The mean standard deviation also increases in the first subperiod, but since the volatility and persistence
of primary commodity prices are much lower in that case, the difference is smaller.
35The algorithm had problems of convergence for lower values of the elasticity.
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Figure 14: Lower elasticity of substitution in the commodity sectors
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5.1.4 The structure of financial markets

In this section, we focus on the role of financial markets by considering two extremes: an
economy with complete financial markets, and an economy in financial autarky. The model
with financial autarky differs from the simple model discussed in Section 3.1 in that it has
the more general production structure of the baseline economy.

Not surprisingly, the model with complete financial markets implies a counterfactual
correlation of 1 between the real exchange rate and relative consumption, as confirmed in
the upper right panel of Figure 15. But this model also fails to solve the Mussa puzzle,
as the distribution of the volatility of the real exchange rate barely increases after 1973.
The reason behind this result is that, relative to the baseline model, in the economy with
complete financial markets, there is substantially more reallocation of labor across sectors
that moderate the impact of commodity shocks on the relative prices of final goods between

countries. At the other extreme, the model with financial autarky implies a larger shift to
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Figure 15: The structure of financial markets
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the right of the distribution of volatilities after 1973 and a more clear distinction between
the distribution of the correlation between the real exchange rate and relative consumption,
as shown in the bottom right panel of Figure 15. Intuitively, wealth effects in this economy
are stronger and therefore also magnify the movements in relative consumption associated

with equilibrium changes in commodity prices.
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5.1.5 Persistence of shocks to world commodity markets

We now consider the role of persistence. In particular, we consider an economy in which

shocks to world commodity markets are less persistent than in the baseline model and another

economy in which they are more persistent. As mentioned above, we recalibrate the volatility

of the innovations to the commodity shocks so as to match the volatility of commodity prices

observed in the data. The results of this experiment are shown in Figure 16.

Figure 16: Changing the persistence of shocks to commodity markets
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(b) Correlation of RER and relative consumption
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The model with lower persistence in world commodity shocks performs worse, both in
terms of solving the Mussa puzzle and in terms of solving the Backus-Smith puzzle. On the
other hand, in the model with more persistent shocks, the volatility of the real exchange rate
increases more after 1973, and the distribution of the correlation between the real exchange
rate and relative consumption moves slightly to the left, with more mass in negative values
of the correlation.

The reason for these results is that as we keep increasing the persistence of world com-
modity shocks, the model more and more resembles an economy in financial autarky because
the risk-free bond is a less useful hedge against persistent shocks. Conversely, as we reduce
the persistence of commodity shocks, the risk-free bond does a better job of insuring against

shocks, and the economy tends to look more like an economy with complete financial markets.

5.2 Relative consumption

Following the literature, so far we have focused the analysis on the fluctuations of the real
exchange rate and its correlation with relative consumption. However, the model also makes
predictions about the volatility and persistence of relative consumption before and after
1973. Therefore, in this section, we discuss those predictions and how they match features
of the data. We first present evidence regarding the behavior of the ratio of consumption
pre- and post-1973, as we did in Section 2. Then we show the predictions of the model.

The left panel of Figure 17 displays the volatility before and after 1973 of the log-difference
of detrended consumption for the group of OECD countries analyzed in Section 2, relative
to that of the USA. The right panel shows the persistence of relative consumption. As with
the real exchange rates, we observe a clear increase in both the volatility and persistence of
relative consumption after 1973.3

The same observation holds when we focus on the Japan-US pair, as shown in the upper

panels of Figure 18. These figures show the bootstrapped small sample distributions of

36Portugal is the only country in which the volatility of relative consumption decreased after 1973.
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Figure 17: Volatility and persistence of (log) relative consumption before and after 1973
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the standard deviation and first order autocorrelation of the (log) relative consumption of
Japan against the USA. The increase in volatility and persistence is reflected as a shift of
the distributions to higher values after 1973. These movements in the distributions of the
volatility and persistence of relative consumption mimic those of the real exchange rate.

In the bottom panels of Figure 18, we see that the benchmark model is able to match the
distributions of the volatility and persistence of relative consumption before and after 1973.
We emphasize again that we did not use any data on consumption to calibrate the model,
so the results are due solely to the increase in the volatility and persistence of primary com-
modity prices and the transmission mechanism generated by the model. In the simplified
economy of Section 3.1, the increase in the volatility of shocks to world commodity markets
(summarized by shocks to X3 and M?3) translate into higher volatility of relative consump-
tion, although it is of a smaller magnitude than that of the real exchange rate (compare
equations (14) and (15), noting that a,, + 8, < 1 — (a4, + Bz)). Moreover, the persistence

of relative consumption inherits the persistence of shocks to world commodity markets.
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Figure 18: Volatility and persistence of relative consumption of Japan versus the USA
(a) Standard deviation of relative consumption (b) Autocorrelation of relative consumption
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6 Conclusion

We showed that explicitly modeling primary commodities in an otherwise standard quan-
titative multi-country model can go a long way in explaining two puzzles in the international
economics literature. This is the case even though both production and use of primary
commodities account for a small fraction of the economy.

The key features of the model are incomplete markets and volatile shocks to the primary
commodity markets. A calibrated model in which shocks to primary commodity markets are
chosen so as to match the moments of primary commodity prices in the data, can explain
most of the increase after 1973 in the volatility of real exchange rates between the USA and
Japan. In addition, it also explains a sizable fraction of the low correlation between real
exchange rates and the ratio of consumption. Importantly, in the calibrated model, the sizes
of the primary commodity sectors are as low as in the data.

We also show, through a series of robustness exercises, that distributions of the key mo-
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ments are quite sensitive to relatively small changes in parameters. Together with the high
statistical uncertainty that we document, this fact strengthens the notion that documenting
the puzzles with point estimates ought to be done with extreme caution and, more impor-
tantly, may be subject to substantial changes even following small changes in the production
structure of countries.

For instance, the model implies that the fracking technology that changed the oil sector
in the USA in the last couple of decades could have a substantial effect on the impulse
response of the real exchange rate after a supply shock to the oil market.

In our theory of real exchange rate behavior, there is no role for exchange rate systems.
Thus, the interpretation we adopted in the paper is that the breakdown of the Bretton
Woods system in the early 1970s happened to coincide, by chance, with developments that
made the primary commodity markets much more volatile.

There is an alternative interpretation, though, raised as a question by a discussant of this
paper. According to that interpretation, the turbulence in primary commodity markets that
became evident by the early 1970s may have contributed to the final collapse of the Bretton
Woods system, which had already showed signs of weaknesses during the previous decade.

We find this a very interesting hypothesis, since it is typically the case that fixed exchange
rates endogenously collapse owing to economic forces, and the end of the Bretton Woods
system was not an exception. This view challenges the standard assumption in the literature,
which takes the collapse of the Bretton Woods system as the exogenous change that cause
the increased volatility of real exchange rates. The proper causality may be to go from
changes in primary commodity markets to the collapse of the Bretton Woods system and

more volatile real exchange rates. We leave this fascinating discussion for further research.
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A Appendix: Data

A.1 Data description

Input-output table Data for the input-output tables of the United States and Japan come
from the 2005 Japan-US Input-Output Table published by the Ministry of Economy, Trade,
and Industry (METI) of Japan. We map each of the 174 sectors into five sectors: final good,
intermediate good, primary commodity 1 (energy), primary commodity 2 (agriculture),
and primary commodity 3 (metals and minerals). When constructing the mapping, we took
into account the fraction of the production in each sector that is used for final consumption
and also the production structure in our model. That is, final goods use intermediate goods
as inputs, and intermediate goods use primary commodities as inputs. The exact mapping
with sector codes is the following:

Final goods: 022, 027, 030, 038, 059, 065, 091-092, 107, 109, 113, 117-118, 132-137, 147,
149-150, 152-154, 160-161, 167-171.

Intermediate goods: 018-021, 023-026, 028-029, 033-037, 042, 044-058, 060-064, 066-074,
078-090, 093-106, 108, 110-112, 114-116, 119-131, 138-146, 148, 151, 155-159, 162-166,
172-174.

Primary commodity 1 (energy): 016-017.

Primary commodity 2 (agriculture): 001-012, 015, 031-032, 039-041, 043.

Primary commodity 3 (metals and minerals): 013-014, 075-077.

Trade data Trade data were obtained from the United Nations Comtrade Database. We
use total exports by primary commodity group in 2005 to compute each group’s share in
world trade. If we use the SITC Revision 3, the exact mapping from primary commodities
into the three primary commodity groups is as follows:

Primary commodity 1 (energy): 3.

Primary commodity 2 (agriculture): 0, 2, 4, 12.



Primary commodity 3 (metals and minerals): 27-28, 67-68.

Sectoral data for the rest of the world Data are from the 10-Sector Database from the
Groningen Growth and Development Centre. We group the sectors into three groups: final
good, intermediate good, and primary commodities. The exact mapping is as follows:
Primary commodities: agriculture and mining.

Intermediate good: manufacturing and construction.

Final good: utilities, trade services, transport services, business services, government

services, and personal services.



A.2 Volatility of commodity prices before and after 1973

Figure 1: Standard deviation of primary commodity prices before and after 1973

(a) Prices expressed in deutsche marks (euros after 2000) and normalized by German CPI
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B Appendix: Model

B.1 Log-linearized equilibrium equations

This appendix presents the (log-linearized) equilibrium equations of the model described
in Section 3 in the main text. We use the log-linearized version of the model to compute
the model simulations based on the method of undetermined coefficients discussed in
Uhlig (1999). Variables without time subscripts denote steady state values, and X denotes
the log-deviation of variable X from its steady state level.

We begin by describing the equilibrium equations related to the household problem
in country i € {1,2,3}. The household inelastically supplies the endowment of labor
and natural resources, and the optimal choices of consumption and bond holdings are

characterized by the following equations:

—~ —~ —~

= WIN'WE+ Peiel Pl 4+ Pehelpe2 4 Pel P 4 PXBE, (1)

1

PEiCIPS 4 PECICE 4 PUB

t+1
P P KET G4 RS yECE, — EPT ®)
t pxs gt YO+ Pt =yl G — BeP .

Equation (1) is simply the budget constraint, in which P® denotes the price of the
uncontingent bond B that pays in units of commodity X3. Equation (2) is the standard Euler
equation, in which E [] is the expectation operator and the parameter k > 0 determines
the cost of moving bond holdings away from their steady state level (assumed to be zero).!
The latter is expressed in units of the final good in each country.

Next, we move to the final good sector in country i € {1,2,3}. The equilibrium

conditions are represented by the feasibility constraint and the optimality conditions for

!We set k = 1.0e . It is a device to make bond holdings stationary.



the choice of inputs:

a[ = Z + ocilqillt + ocizqizlt + océqglt + oc};niclt, (3)
Pl 4qi, = PiAC, (4)
PR gy, = PCl (5)
PP+ qi, = PiCl (6)
Witni, = P{Cl )

The assumption of a Cobb-Douglas production function implies that input costs are a
tixed proportion of total revenues. This means that their log-deviations from steady state
must be the same, as equations (4)—(7) show.

The same applies to the intermediate good sector:

—_—

Qf = Zi+Bixi, +Bixh, + B, + Bin . ®)
P, = PE+Ql, )
PR, = PE4Ql (10)
PO, = PE4QL (1)
Witni, = PI4QL (12)

We assume a CES production function in the primary commodity sectors j = 1,2,3,

so the proportions of input costs are allowed to vary. The equilibrium equations in the



primary commodity sector X]? in country i € {1, 2} are

N — 1 i i

X, = Zit (o) (0] Y

it t j Zini Xjt’
X5

—

el X

Pt] — P j

— — xJ
Wi+ —n}(J . = P

X]

cr’ -1~

1+
— At X

Xi Xj

(13)

(14)

(15)

We assume that labor cannot move across countries, only across sectors within each

country. That implies the following market-clearing condition for labor in country i € {1, 2}:

0=mng nct+n nqt+nx1nxlt+nxznx2t+nX3 X3t

(16)

The market-clearing condition for labor in country 3 is similar, with the exception that

labor is not used in the production of primary commodities:

O:n3n o tngn

33
q'q,t

(17)

Finally, the following market-clearing conditions must hold in equilibrium for the

tradable goods and bond holdings:

1.1 2 2 3 3
4147 + 9797, + a1 .93,
1.1 2 2 3 3
4243 + 9593 + 93,493 ¢

11 , .22 , .3 3
ngé,t + qsq%,t + q3,tqg,t

1.1, 2.2 W3 .3

XX ¢ XX F X X ¢
101 | w292 L .3 .3

XpXpp T XX5 ¢ T X9 4X5 ¢

—~ —~ —~

1.1 2.2 3 .3
X3X3 T X3X3 ¢ + X3 1X5 ¢

B! + B2+ B} = 0.

Q'Ql,
Q*Q?
Q°Q},
XIXE 403X +XG
XEXE 3G, +X3X3,

&@ﬁxﬁé+ﬁ&v

(18)
(19)
(20)
(21)
(22)
(23)

(24)



The equations above represent a system of 64 equations with 63 variables. Walras’s
law implies that one equation is redundant, so we drop the budget constraint in country
3 to compute the simulations. Note that we have three state variables, B!, B2, and B,
and three expectation equations represented by the Euler equation (2). Finally, we need

to describe the stochastic processes of the productivities in countries 1 and 2, Z} and 72,

3 3

;v X3 and X3 . We assume the

and endowments of primary commodities in country 3, X

following (stationary) autoregressive processes:

In(Z) =(1—p")In(ZY) +p? In(ZL |) + €7,
In(Z%) = (1—p2)In(Z%) +p2In (22 |) + €7,
In(¢,) =(1—p)In ) + o5 (3G ) + ¢,
In(X3,) = (1—p2)In Q) +p2In (X3, 1) + 2,

In(X,) = (1— ) In(3) +p3In (X3, ;) +¢2,

where the vector of innovations [e;?, e, e, €12, €;°] is normally distributed with zero mean
and arbitrary covariance matrix. Variables without time subscripts represent long-run

means.

Complete markets The linear system characterizing the equilibrium in the economy
under complete markets is similar to the one described above. The difference is that we can
drop the budget constraints, and we replace the Euler equations by the following (perfect)

risk-sharing conditions:

yCG2—yCl = PP, (25)

YC—vCl = P PP. (26)

In this case, we have a system of 59 equations and 58 variables, without any endogenous

state variables or expectation equations.



Financial autarky The linear system characterizing the equilibrium of the economy
under financial autarky is also similar to the cases above. The difference from the complete
markets economy is that we replace the (perfect) risk-sharing conditions for the following

zero trade balance conditions for country i € {1,2}:

0 = P4 (Q'—ql) Py +P1Q'Ql — PUala], — PRaiP — Pqiql, — PUqlPP
—Peqia), + P (Xd—xt) P+ PUXIX] — Pt P (X ) PR 27)
+P2XOXE  — P+ X3XE  —x3xd

0 = —PuGiPll —PUigial, + P (Q7— aF) P + PLQ2Q? — P2q3a3, — PH Q3P
—PRadag, +PY (3G =) P+ PXEXE — PUdd 4 P (X —3) PR (29)

X2 27_ X222 27_ 2.2
+P X2X2,t P X2X2/t+X3X3/t X3X3,t'

Again, we have a system of 59 equations and 58 variables, without any endogenous state

variables or expectation equations.

B.2 Computation of the steady state equilibrium

Variables remain constant in steady state, so we suppress time subscripts. We assume that
bond holdings are zero; that is, B! = B> = B> = 0. We normalize the price of primary
commodity X3 to one, P* =1, and iterate on the prices of intermediate goods and primary
commodities [P91, P92, P93, pX1 PpX2],

Given a guess for the vector [P91, P92, P93, PX1 P*X2], we can compute the other prices and
allocations in the economy. We start with country 1. From the cost-minimization problem
of the firms, perfect competition implies that the prices of the final good P!, intermediate

good P91, and primary commodities P*1, P*2, and P*? are equal to their respective marginal



costs:

o
1 qu) (pqz
1 1
X B

pe _ (zl)f (29)
)P e\ B2 e\ P\ P

=@ (5) ) () () .

o — (2) " [(1-t) (pe) gl (w) ] gy

P — (zl)1 :(1—¢5) (P%)l%—i—dﬁ (vvl)”}‘{ (32)

o= (2)7 [ (1-03) (P) T 4 0 (wl)l‘“%: (33)

Given the vector of prices for the tradable goods, we use equation (30) to solve for the
wage W!. With the wage and price of intermediate goods, we solve for the price of the final
good P! using equation (29) and for the price of the endowments of primary commodities
using equations (31)—(33).

Next, we compute the allocations. If we assume that B! = 0 in steady state, consumption
C! is directly determined by the budget constraint:

1
e
PS4

Wl P, PS
- _Pcl 63.

N togeit et

1
C =

(34)

= o

With prices and total consumption, we can use the optimality conditions in the final

good sector to compute its input choices:

a = quP_:cl, (35)
% = oég—:lcl, (36)
a = oc%PP—;le (37)
ni = oc}LPquCl. (38)



Given that the supply of the endowment of natural resources is fixed, we solve for the
production of primary commodities le and its labor inputs using the respective optimality

conditions in the primary commodity sector j =1, 2, 3:

el Pe} 6)1(]. 1 1—ol
1 _ ) %
5= ¢! (Pxi ) (Z ) ' (39)

1
P\ % ol —1
1 1 1 1
n, = b; (Wl> (Z) bOX). (40)

The labor input in the production of the intermediate good sector Q! is determined by

the market-clearing condition for labor in Country 1:

1
n}] =N — (n}: + n,lc1 + n}cz +n,1(3> : (41)
Finally, we solve for the production of the intermediate good Q! and its inputs of
primary commodities x1, xJ, and x}, using the optimality conditions in the intermediate

good sector:

1l
Q' = g )
d = BlooqQ “3)
G = B%];—zQ% (44)
G = B%E—:Ql- (45)

Given the vector of prices for the tradable goods, we use the same procedure as above
to compute the allocations and prices in countries 2 and 3, noting that country 3 receives
exogenous endowments of primary commodities. After computing the production of
primary commodities and intermediate goods in each country and their demand in the

production of intermediate and final goods, we can check whether their market-clearing
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conditions are satisfied. The algorithm iterates on the prices of the tradable goods until

they are.

B.3 Chain-weighted real GDP and productivity shocks

In this appendix, we show that the chain-weighted real GDP in country 1 is proportional
to its productivity shock up to a first-order approximation. The same applies to country 2.

To simplify the exposition, we define

1 _ 1 q,1 x1,1 X2,1 x3,1
GDPp, v, = GDPyly +GDPJl, +GDPy\ +GDPRy +GDPRy — (46)

GDP%tllYtz = P‘fll Ct2 - quql o _quqz T Pq3q3 o (47)
GDPgi Yo, Pgll C%z - lel X%,tz Pt1 X2 o PX3X3 o (48)
GDPE’& Y, = PE X 1y (49)
GDP’,gf1 v, = PiXe (50)
GDP’,gf_I v, = PoXiy, (51)

GDP]l,tl Yi, is a measure of value added in country 1. It is defined as the sum of value
added in the final good, intermediate good, and primary commodity sectors using prices
from period t; and quantities from period t;. For example, nominal GDP in Country 1 in
period t is equal to G DP,l,th

Let RGDP! denote the chain-weighted real GDP in country 1, the measure of real GDP

reported in the data. It evolves according to

1 1

1 2 1 2

RGDP% _ < GDPPth > ’ % < GDPPtlet ) ’ (52)
1 - 1 1 :

RGDP;_, GDPPth,l GDPPt—lYt—l

Taking a first-order approximation of equation (52) around the steady state, we reach

—_—~ /S~ /S~ /Y~

—_—— o~ — 1
1 _ 1 1 1 1
2 (RGDPt — RGDPt_1> =GDP},, —GDP}, +GDP} , —GDP, . ,  (53)

11



where X, denotes the log-deviation of variable X from its steady state level in period t.

Using equations (46)—(51), we can decompose each term in the right-hand-side of

equation (53) into

1 1
GDP'GDP}, v,
A
GDP¢ ol
PciCl Py, Yy,
GDpat o
pai1Q! Py Yiy
1
GDle’ x1,1
Px1 X% P Yip
il
GDP*2 i
PX2X% Py Y,
A
GDP*s Xl
Px1 X% Py Y,

GDP“'GDPy +GDPY'GDPI! Ly, + GDP¥GD

+GDP*!GDPy*,, +GD
4t

PeIGDPLY,

Pc1 C1 ql;tZ

PQ1Q1 X1, pqul X2t,

—~ — P 1q
c 1 q

Ptll + C PC] Cl P )

_Pq3q§ T P4 3q3
PciCl @ PeiCl q3 St

pxixl —

q 1

P 1 +Qt2 Pq1Q1 t
Pxl = Pxx}

- PaiQ! tl ~ paiQ! X3ty

P —|—X1t ,

PXZ +X2 St

P”+X

(54)

(55)

(56)

(57)

(58)

(59)

where variables without time subscripts, such as GDP®!, denote steady state levels. Our

goal is to simplify the equations above using the equilibrium equations described in Section
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B. Note that

1 1
GDP (GDPRN%

GDPe/!
peiCl

GD Pt Yi,

GDpa!
Pfh

GDPXV}

X1, 1
GDP PO Yy,

/qu q,1
<GD Py, —GDPEy,

1
—GDPRWH>

c,1
~GDPRly,

2

1 1 1
GDP*! ( GDPRY, —GDPRy,

)
)
~eor, )
)
)

x3,1 x3,1 . x3,1
GDP* (GDPP;“2 GDPRYy,

cl1 cl . c1
GDP (GDPPtlyt2 GDPRNb>

——~—

al ol eppdl
+GDP (GDPPH“2 GDPHD%>

x1,1 x,1 x,1
+GDP¥! ( GDPy, —GDPyly

1
+GDPX11(GDP;H“2

Using equations (3), (8), and (13), we can replace equations (61)—(65) by

1 1
GDW:<GDP§Y

A
GDP4! (GDPR, —

%

1 ,1
GDP¥! ( GDPRYy, —

GDP™!  GDPLY,

il
GDP! <GDP’,§i]YtZ

c,1
—GD PPtl Yy,

Ptl Ytl

—
X1, 1

Xz 1
Pt] Yy,

x3,1
—GDP Ptl Yy

)

)
)
)
)

+GDpx! GDP;;Q“2 GDPEB% , (60)
(ch—ct) —ai (aby, —ale) —od (ab, — abe)

_0‘% (q3,t2 q3,t1)' (61)
(QL Q1) 81 (<o —xl) —B (e —s,)

B} (;;;;__;gj;), (62)
Paxt (X, — XL, (63)
Paxi (X, - X, ) (64)
Paxd (], -, ) (65)
= P (z,~zL )+ Wit (nl, —nl.),  (@6)
= paQ!(zh,-ZL) +Whl (nh, b)), (@)
— pext (2,20, ) - Winl, <T71v Ev) (69)
— pexd(zd, - 20 )+ wind, (Evt ﬁ) (69)
— P (2], - Z1) 4 Win, (ET T?T) (70)
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Using equations (66)—(70) in equation (60), the fact that GDP! = PacCl, and noting that

equation (16) must be satisfied in equilibrium, we reach

— — pc1 Cl + P% Ql + PX1X1 + szxl + PX3X1 — —
1 1 _ 1 2 3 1 1
GDP}, y, —GDPh , = e (zt2 . ztl) . (1)

—_— /S~ /Y~ /Y~

f o pi 1 1 _ 1 1
It is trivial to check that G DPPtl Yo G DPPtlYtl =G DPPt2Yt2 -G DPPtZYtl’ so we reach

our final result:

—_~—

Nl
RGDP! —RGDP,_; =

pacl + parQl 4 Paxl 4 pxex] + psx] g
t t—1)

sec (72)

Equation (72) shows that shocks to primary commodities in country 3, the rest of
the world, have no effect on country 1’s chain-weigthed real GDP up to a first-order

approximation.

B.4 Calibration: Endowment distribution

Table 1: Endowment distribution of benchmark model

USA (Country 1) Japan (Country 2) Rest of the World (Country 3)

N =4.5 Ny =2.0 N3 =935
€11 = 1.00 €y = 0.01 X31 =1.08
e1n = 0.24 exn = 0.14 X530 = 0.60
€13 = 1.80 €23 = 0.13 X33 =0.36

14



B.5 Simulation results

Figure 2: Benchmark model: correlation between commodity prices
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RER: standard deviation

Figure 3: Reducing the share of primary commodities

(a) Real exchange rate and relative consumption
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Figure 3: Reducing the share of primary commodities

(b) Primary commodity prices

Price of energy P*': standard deviation Price of energy P*': autocorrelation

Il
.||||||H HH ”'
30 40

(Mg
50

[Th .
60 70 80 90 0.5 0.6 0.7 0.8 0.9 1

0 10 20
standard deviation (%) autocorrelation
Price of agriculture P*™: standard deviation Price of agriculture P™: autocorrelation
0 5 10 15 20 25 30 35 40 0.5 0.6 0.7 0.8 0.9 1
standard deviation (%) autocorrelation
Price of metals P%: standard deviation Price of metals P*: autocorrelation

0 10 20 30 40 50 60 0.5 0.6 0.7 0.8 0.9 1
standard deviation (%) autocorrelation
Correlation: price of commodities 1 and 2 Correlation: price of commodities 1 and 3

-1 05 0 0.5 1 -1
correlation correlation
Correlation: price of commodities 2 and 3

correlation

17



Figure 4: Homogeneous commodity sectors in countries 1 and 2

(a) Real exchange rate and relative consumption
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Figure 4: Homogeneous commodity sectors in countries 1 and 2

(b) Primary commodity prices
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Figure 5: Heterogeneous commodity sectors in countries 1 and 2

(a) Real exchange rate and relative consumption
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Figure 5: Heterogeneous commodity sectors in countries 1 and 2

(b) Primary commodity prices
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Figure 6: Lower elasticity of substitution in commodity production (ox = 0.65)

(a) Real exchange rate and relative consumption
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Figure 6: Lower elasticity of substitution in commodity production (o = 0.65)

(b) Primary commodity prices
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Figure 7: Complete markets

(a) Real exchange rate and relative consumption
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Figure 7: Complete markets

(b) Primary commodity prices
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Figure 8: Financial autarky

(a) Real exchange rate and relative consumption
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Figure 8: Financial autarky

(b) Primary commodity prices
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Figure 9: Lower persistence of commodity shocks (p = 0.95)

(a) Real exchange rate and relative consumption
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Figure 9: Lower persistence of commodity shocks (p = 0.95)

(b) Primary commodity prices
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Figure 10: Higher persistence of commodity shocks (p = 0.995)

(a) Real exchange rate and relative consumption
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Figure 10: Higher persistence of commodity shocks (p = 0.995)

(b) Primary commodity prices
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