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1. Introduction

Commodity prices have surged over the past decade, interrupted
only briefly by the global financial crisis. Most commodity exporters
have thus enjoyed record or near-record terms of trade during a pro-
longed period. Despite this fact, many commodity-exporting coun-
tries have accumulated significant current account deficits that have
become an important policy concern for several reasons, such as the
risk of a painful adjustment in the face of a sudden stop in capital
flows. Some countries have even experienced current account rever-
sals from positive balances in the mid-2000s into deficits of several
percentage points of GDP in recent years. In Chile, a major copper
producer, the reversal has been especially large.

What explains this seemingly surprising pattern of current
account dynamics in commodity-exporting economies? The observed
dynamics appear at odds with the response of the current account
to a positive terms-of-trade shock that may be expected according
to standard macroeconomic theory under full information, which
predicts that temporary income gains would be mostly saved by
rational agents, while permanent income gains would be immediately
and entirely spent. That theory is well known as the intertemporal
approach to the current account (see Obstfeld 1982; Svensson and
Razin 1983; Mendoza 1995; Obstfeld and Rogoff 1995). However,
Obstfeld (1982) and Svensson and Razin (1983) also pointed out
that the effect of a terms-of-trade shock on the trade balance should
depend on the perceived persistence of the shock. The latter points
towards a potentially important role for imperfect information on
the persistence of terms-of-trade changes and learning behavior by
economic agents.

Hence, this paper examines the role of learning under imper-
fect information on the persistence of commodity price shocks for
saving-investment dynamics in a dynamic stochastic general equilib-
rium (DSGE) model for a commodity-exporting small open economy.
Unlike existing models of this type, our framework postulates that
agents cannot perfectly distinguish between persistent and transi-
tory movements in the price of the exported commodity. Instead,
agents learn over time about the true persistence of the shock.
Technically, agents use optimal filtering to update their inference
on the persistence of the shock based on past forecasting errors.



Vol. 14 No. 2 Learning about Commodity Cycles 207

We provide evidence that supports the practical relevance of this
hypothesis by analyzing actual revisions of forecasts made by expert
forecasters, based on a simple statistical unobserved-components
model for commodity prices which is then embedded into the DSGE
model.

The DSGE model predicts that if the persistence of a commodity
price shock turns out to be high, then the materialization of higher
expected returns of capital—especially in the commodity sector—
triggers an investment boom. Under learning, the lagged response
of commodity investment, which is subject to adjustment costs and
time-to-build frictions, is key to the eventual appearance of a cur-
rent account deficit after an initial surplus caused by an increase
in savings in the early phase of the commodity price surge (while
agents think it is short-lived). We conduct a Bayesian estimation
of the model using Chilean data to assess the quantitative signifi-
cance of this mechanism. We find that a significant fraction of recent
investment and current account dynamics are explained by com-
modity price movements through that mechanism. Thereby, agents’
perceptions on the persistence of commodity price cycles and their
interaction with investment in the commodity sector are validated
empirically as important aspects to explain recent current account
dynamics in commodity-exporting economies such as Chile.

A few previous studies have examined the key drivers of the cur-
rent account in commodity-exporting countries using quantitative
DSGE models. For example, Medina, Munro, and Soto (2008) esti-
mate a DSGE model modified for Chile and New Zealand and show
that the main factors behind current account fluctuations in both
countries are aggregate investment-specific shocks and changes in
foreign financial conditions and foreign demand.

One of our contributions is to allow for endogenous production
decisions in the commodity sector. Production is carried out with
capital, subject to time to build and adjustment costs in invest-
ment projects following Kydland and Prescott (1982) and Uribe
and Yue (2006), which play a key role under imperfect informa-
tion. The recent boom of mining investment in most commodity-
exporting countries—through foreign direct investment by interna-
tional mining companies or state-owned enterprises—emphasizes the
relevance of this channel. In addition, the introduction of time to
build accounts for the fact that the majority of investment projects
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in the mining sector are large and thus take several quarters or years
to mature.

A second main contribution of this paper is to implement imper-
fect information and learning through the Kalman filter on the per-
sistence of commodity price shocks, drawing upon studies on the
role of imperfect information and optimal filtering in macroeconomic
dynamics following Erceg and Levin (2003) This application is
motivated by evidence of gradual revisions of commodity price fore-
casts by chief international forecasting institutions and, in the case
of Chile, by the panel of experts that determines the long-run refer-
ence price of copper, a variable that enters Chile’s structural balance
fiscal rule. As we document, in the initial phase of the latest com-
modity cycle, the forecasters predicted that commodity prices would
revert relatively quickly towards their long-run means. But as the
actual price increases turned out more persistent, the forecasts were
gradually revised upwards. After the cycle turned more recently, it
again took several years for price forecasts to be adjusted down-
wards. We show that those gradual forecast revisions are consistent
with the mechanism of optimal filtering that we apply in our model.

The remainder of the paper is structured as follows. Section 2
discusses some stylized facts regarding the evolution of commodity
price forecasts as well as investment and current account dynam-
ics in Chile and other major commodity exporters that we seek to
match. Section 3 discusses the implementation of imperfect infor-
mation and learning using a simple unobserved-components model,
section 4 describes the DSGE model embedding that simple model
and the estimation, section 5 presents the results from the DSGE
model, and section 6 concludes.

2. Stylized Facts

This section discusses a number of key stylized facts to be matched.
These facts concern recent current account dynamics in Chile and
other major commodity exporters, as well as the evolution of expert
forecasts for different commodity prices (at the time of writing of
this paper in 2016).

!See Céspedes and Soto (2007) for an application to inflation dynamics.
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Figure 1. Current Account Balances of Major
Commodity-Exporting Countries, 2003—15
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Data Source: International Monetary Fund (IMF), World Economic Outlook
Database, April 2016. The numbers for Brazil, Chile, Colombia, and South Africa
for 2015 are IMF estimates.

Note: This figure shows the annual current account balances as percentages of
nominal GDP from 2003 to 2015 of Australia (AUS), Brazil (BRA), Canada
(CAN), Chile (CHL), Colombia (COL), Mexico (MEX), New Zealand (NZL),
Peru (PER), and South Africa (ZAF).

2.1 Saving-Investment Dynamics in Chile and Other
Commodity Ezxporters

Figure 1 displays the recent evolution of the current account bal-
ances of major commodity exportersE While all countries have
exhibited current account deficits in recent years, some countries—
such as Brazil, Canada, Chile, and Peru—have actually experienced
reversals from positive balances of several percentage points of GDP
in the mid-2000s to deficits of more than 2 percent of GDP more

2All figures can be seen in color in the online version, available at
http://www.ijcb.org.
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recently. The reversal has been especially large in the case of Chile,
up to around 8 percentage points. These dynamics point towards
a potential common explanation. Indeed, the evolution of the cur-
rent accounts of most countries shown has been closely linked to
the behavior of mining investment. In Fornero, Kirchner, and Yany
(2015), we provide cross-country evidence on this aspect. In what
follows, we focus on the experience of Chile]

Chile has exhibited a large current account deficit over the past
few years, despite relatively high levels of commodity prices and, in
particular, the price of copper. Figure 2 plots the evolution of annual
national savings, fixed capital formation, and the current account
balance as a percentage of nominal GDP against the average annual
spot price of refined copper at the London Metal Exchange over
the period 2003-15. The Chilean current account has moved from a
deficit of around 1 percent of GDP in 2003 to a surplus of more than
4 percent in 2006 and 2007, at a time when the copper price quadru-
pled from 80 U.S. dollar cents per metric pound in 2003 to 320 cents
in 2007. But after the global financial crisis, the current account
gradually deteriorated despite the strong and sustained recovery of
the copper price, reaching a deficit of more than 3 percent of GDP
after 2011. This pattern can also be observed in figure 1 for other
countries.

The peculiar dynamics of the Chilean current account can be
explained by the evolution of the gap between national savings and
investment. The current account surplus during the mid-2000s was
generated by a rise in national savings, while national investment
remained steady at a share of GDP of roughly 21 percent. However,
from 2008 onwards investment started to increase, reaching approx-
imately 25 percent of GDP in 2012. On the other hand, national
savings declined gradually over that period from almost 25 percent
of GDP in 2006 to less than 22 percent of GDP in 2012, such that
the current account moved into deficit in a stepwise fashion. Hence,
while the gains from commodity exports seem to have been mostly
saved by domestic agents in the mid-2000s period, this was not the
case in the post-crisis period.

3Similar evidence for Peru is discussed in Central Reserve Bank of Peru (2016).
See also International Monetary Fund (2015) and Magud and Sosa (2015) for
other related cross-country evidence.
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Figure 2. Savings, Investment, and the Current
Account in Chile versus Copper Price, 2003—15
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Data Sources: Central Bank of Chile and International Monetary Fund, World
Economic Outlook Database, April 2016.

Notes: This figure shows annual national savings (solid line, right axis), fixed
capital formation (dashed line, right axis), and the current account balance (bars,
left axis) in Chile from 2003 through 2015. All variables are expressed as percent-
ages of nominal GDP. The shaded area corresponds to the average annual spot
price of refined copper at the London Metal Exchange in U.S. dollars per metric
pound (left axis).

Most of the investment boom in Chile after 2008 has been due
to a relatively large increase in mining investment. Figure 3 shows
the evolution of gross fixed capital formation in mining and other
sectors as a percentage of GDP over the period 1976-2015. Invest-
ment in mining was on average less than 2 percent of GDP from
1976 until the mid-1980s and around 3 percent from the second half
of the 1980s until the mid-2000s. However, starting in 2008, mining
investment has increased significantly to more than 8 percent of
GDP in 2013. Only very recently has investment in mining started
to decrease again, reaching approximately 7 percent and 5 per-
cent of GDP in 2014 and 2015, respectively. Non-mining investment
has remained comparatively stable compared to its pre-2008 levels.
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Figure 3. Gross Fixed Capital Formation in Mining
and Other Sectors in Chile, 19762015
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Data Sources: Chilean State Copper Commission (Cochilco) and Central Bank
of Chile. The sectoral division of investment for 2015 is a preliminary estimate
from the Central Bank of Chile’s Monetary Policy Report (September 2016).
Note: This figure shows total gross fixed capital formation in the mining sector
and other sectors in Chile from 1976 through 2015, expressed as percentages of
nominal GDP.

An equally important role of mining investment has been detected
in other major commodity exporters, such as Australia (see Tulip
2014) and Peru (see Central Reserve Bank of Peru 2016).

2.2 Commodity Price Forecasts and Forecast Revisions

We now examine the evolution of copper price forecasts by
professional forecasters of the CRU Group (reports in October of
each year), as shown in figure 4. The rise of the spot price in the mid-
2000s was not validated by higher forecasted prices on a medium- to
long-term horizon. Instead, it was considered as a transitory price
increase by the professional forecasters who predicted that the spot
price would return to values of around 100 cents. Due to the crisis,
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Figure 4. Spot Price of Copper from 2000 through
2006 versus Forecasts by CRU Group
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Data Sources: Central Bank of Chile and CRU Group.

Notes: This figure shows the average annual spot price of refined copper at the
London Metal Exchange in U.S. dollar cents per metric pound from 2000 through
2016 (solid line) and forecasts of the spot price by professional forecasters of the
CRU Group made in October of each year starting in 2003 (dashed lines). The
spot price for 2016 is the average price from January to October 2016.

the price fell and almost reversed the rise from 2003 to 2007, reaching
a minimum of approximately 140 cents (where the annual average
understates somewhat the dynamic evolution of the spot price). That
decline was relatively short-lived, and after the crisis the copper price
quickly recovered and exceeded its pre-crisis levels. However, the
higher post-crisis prices were also accompanied by higher forecasted
prices, as part of a process of gradual forecast revisions that had
already started around 2007. In the following years, the forecasted
prices reached values much closer to the effective spot price. Hence,
the professional forecasters seem to have incorporated a more persis-
tent price increase in their forecasts over time. More recently, as the
commodity cycle has turned and prices have fallen, it has taken the
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forecasters again several years to adjust their expectations on future
prices downwards[]

The previous analysis can be complemented by examining the
reference price of copper used by the Chilean Ministry of Finance.
The reference price is computed from long-run forecasts of future
spot prices over a ten-year period by a panel of independent expertsﬁ
As such, it is one of the main variables of Chile’s fiscal rule. Figure 5
plots the evolution of the reference price, which by construction is
expressed in real terms, against the effective real price of copper,
for the fiscal years starting in 2000 until 2017. As with the profes-
sional forecasts discussed above, the reference price increased grad-
ually over time. Remarkably, the forecasts after 2011 were not too
far from the spot prices in the previous years, so that the experts
had incorporated sustained high levels of copper prices in their fore-
casts by that time. Moreover, the reference price has only started
to decrease very recently from 2015 onwards, despite the fact that
effective prices had already been decreasing for some time. Only
the most recent forecast for 2017 (made in 2016) was more heavily
revised downwards.

Due to the characteristics of the Chilean fiscal rule, which adjusts
the government budget by the gap between the reference price and
the actual price of copper, this stepwise increase in the reference
price gradually allowed for more public spending out of copper
revenues, both from income of the state-owned copper company
(Codelco) and from taxes on private copper producers. Hence, while
the government mainly saved the additional copper revenues dur-
ing the initial stages of the boom in the mid-2000s, which added to
the overall current account surplus during that period, it decreased
its savings over time, contributing to the gradual deterioration of
the current account balance. Changes in perceptions on the per-
sistence of the commodity cycle again played a key role in this
process.

“Comelli and Ruiz (2016) report very similar evidence based on International
Monetary Fund forecasts for copper from 1993 to 2015.

5The panel of experts comprises sixteen members. Each member is asked to
submit forecasts of the annual (real) spot price for the following ten years (in
U.S. dollar cents of the following fiscal year, using as deflator the forecast of the
U.S. CPI by the IMF). The forecasts of each expert are averaged over time and
the two most extreme values—highest and lowest—are discarded. The reference
price is the average of the remaining ten-year averages.
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Figure 5. Reference Price versus Effective Real
Price of Copper, 2000-17
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Data Sources: Chilean Ministry of Finance and Central Bank of Chile.
Notes: This figure shows the average annual spot price of refined copper at
the London Metal Exchange in U.S. dollar cents per metric pound deflated by
an index of external prices published by the Central Bank of Chile (“IPE”)
which was converted into an index with base year 2015 (solid line) and the ref-
erence price of copper used by the Chilean government for 2000 through 2017
(bars). The spot price for 2016 is the average price from January to September
2016.

To close this section, figure 6 extends the previous evidence for
copper by documenting forecast revisions for a wider set of com-
modities (metals) based on World Bank forecasts starting in the
early 2000s. These commodities include zinc, nickel, iron ore, alu-
minum, and lead, as well as copper. For all of them, the forecasts
incorporated a relatively rapid return towards the respective his-
torical averages in the early phase of the 2000s commodity boom
but were then revised gradually, incorporating more persistent price
increases. As commodity prices have fallen more recently, price fore-
casts have again gradually been adjusted downwards. This evidence
points towards a common explanation such as the one emphasized
in this paper.
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Figure 6. Spot Prices of Various Commodities from 2000
through 2016 versus World Bank Forecasts
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Data Sources: International Monetary Fund and World Bank.

Notes: This figure shows the average annual spot prices of different commodities
at the London Metal Exchange in U.S. dollars and in the respective units from
2000 through 2016 (solid lines) and forecasts of the spot prices by the World Bank
from various reports (different months) starting in 2003 (dashed lines). The spot
prices for 2016 are the average prices from January to October 2016.

2.3  Summary of Stylized Facts

We have documented the following three stylized facts related to cur-
rent account dynamics in commodity-exporting countries and the
evolution of commodity price forecasts over the latest commodity
cycle: (i) sustained high levels of commodity prices gradually led
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to higher forecasted prices; (ii) high spot prices and higher fore-
casted prices were associated with current account reversals from
surplus to deficit in some countries—including Brazil, Canada, Chile,
and Peru—and more negative balances in others, such as Colombia
and Mexico; (iii) the observed investment boom has been driven by
mining in most countries analyzed.

These observations point towards the importance of changing
perceptions by market agents on the persistence of commodity
prices, a hypothesis that we investigate formally in the following
sections. These changing perceptions will be critical to understand,
according to the analysis conducted, the recent evolution of min-
ing investment, and the current account in Chile and other com-
modity exporters. More precisely, for the market it took between
four and five years to adjust their expectations regarding the per-
sistence of the 2000s commodity price increase. While expectations
were revised upwards, in parallel mining investment increased signif-
icantly, which contributed to the observed deterioration of current
account balances. Recently, despite the observed reversal of com-
modity prices, mining investment remained stable as long as price
forecasts remained relatively high.

3. Learning about Commodity Cycles

This section describes the formal implementation of imperfect infor-
mation and learning about the persistence of commodity price cycles,
based on a simple statistical model for the commodity price with per-
sistent and transitory shocks. The model is applied for copper and
estimated using data on spot prices as well as expert forecasts to
identify the historical shocks.

3.1 A Simple Unobserved-Components Model

Let pgt = Pg, / P} be the real international commodity price and
let pg, denote the log-deviation of p§ , from its unconditional mean
P, le., pg, = log(psjt/ps) We introduce imperfect information
on the persistence of commodity prices, assuming that pg, has two
different components: a transitory component, a;, and a persistent
component, b;. The dynamics of the persistent component may be
interpreted to capture changes in economic “fundamentals,” whereas
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the transitory component is thought to capture any remaining price
changes or “noise.” Hence, the real commodity price is assumed to
evolve according to the following statistical process:

Dot = Gy + Bt, by = pl;t—l +ug,  ap o~ N(Oaai)a Ut ~ N(Ovai)a
(1)

for t = 1,...,T, where b, = log(b:/p&). Throughout, we assume
that p € [0,1). For p = 1, this model is known as the local level
model (see Harvey, Koopman, and Shephard 2004). We impose the
constraint that p < 1 to rule out non-stationary dynamics of the
real commodity price. This assumption as well as the assumption of
exogeneity of the commodity price implicit in (1) will be formally
tested for the case of the copper price in section 3.5.

We assume that the effective real commodity price is fully observ-
able to all agents but its individual components are not. Instead,
following Erceg and Levin (2003), the agents infer the unobserved
components in an op/t\imal linear way using ‘E\he Kalman filter, accor/(\i—

ing to which by = p5t71 + Ktp_l(ﬁ*s’t — plu)t,l) and a; = Dot — b;.

The varjables a; and I;t denote the optimal linear inferences of
a; and b; conditional on the information available at time ¢, i.e.,
Zit = E[at|It] and bt = E[bt|It], where It = {p*s,17pg,2’p*s,3""7

~

P&, }. Note that the current inference l;t and the forecasts 5t+h = phI;t

-1

for horizon h = 1,2, 3, ... are adjusted at a rate K;p~" with the pre-

diction errors from the previous period’s forecast, i.e., pg; — plu)t_l,
where K; is the Kalman gain parameter. For the estimation of the
model, we will make the standard simplifying assumption that the
Kalman gain parameter associated with (1) is constant, i.e., K; = K
(see Erceg and Levin 2003; Céspedes and Soto 2007)@ When K = p,

we obtain pg, = lv)t, as all variation in the effective price is attrib-
uted to the persistent component. Then there is only one shock and
agents have perfect information (i.e., 0, = 0 with signal-to-noise
ratio 0, /0, — 00). For K < p, the signal-to-noise ratio decreases

5This assumption is justified if the Kalman filter has reached a steady state,
because K; — K as t grows.
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with K, so a lower K reflects a more important imperfect informa-
tion problem (see appendix 1 for a derivation of the signal-to-noise
ratio).

3.2 Estimation of the Unobserved-Components Model

In order to estimate the parameters of the model described by (1),
including the key Kalman gain parameter that determines the speed
at which agents learn about the persistence of commodity price fluc-
tuations, we use quarterly data on the real spot price of copper
for the period 1960:Q1-2016:Q3 as well as long-run expectations on
future real copper prices. The latter are measured by the reference
price of copper from section 2, which is available from 1999 onwards/[]
The reference price is the forecast of the average real annual spot
price over the following ten years. The panel of experts whose fore-
casts determine the reference price usually meets in the third quarter
of each year. Thus, denoting the reference price as pgef . we have

40
* 1 *
log(pet*) = E, 10 2 108(P51) - (2)
=1

wref,* ref,*

Defining pgy™ = log(pgy /Ps), the reference price can be expressed

in terms of the inferred persistent component by as follows:

Par” = (p?/40)(1 — p*)(1 — ). 3)

Hence, we augment (1) by (3) and estimate the parameters p§, p,
0w, and K jointly. Given these parameters, the implied signal-to-
noise ratio o, /0, and the implied value of o, is obtained from the
Kalman filter recursions, as explained in detail in appendix 1.

"The reference price has the advantage that it is a forecast in real terms and
it is therefore closely related to (1). A disadvantage is that the forecast is only
reported once per year. An alternative approach could exploit quarterly nominal
prices from futures contracts for copper to measure expectations. However, this
approach would not only require augmenting (1) by a process for the underlying
price deflator, but it would also require us to make additional assumptions to
identify fluctuations in risk premia, so this approach would be more difficult to
implement than our approach based on the reference price. Finally, we did not
use the forecasts of professional forecasters from section 2, since those forecasts
are available neither in real terms nor at a quarterly frequency.



220 International Journal of Central Banking March 2018

To accommodate the unbalanced panel, we apply a two-step
Bayesian data augmentation approach. In the first step, we use the
data for the effective real copper price before 1999:Q3 (the first
observation of the reference price) to estimate the parameters pg, p,
and o, based on a simple AR(1) process by constrained maximum
likelihood (ML). In the second step, we postulate informative priors
for these parameters centered around the ML estimates from the
first step and a diffuse prior for K for a Bayesian estimation using
the data from 1999:Q3 onwards, now observing both the effective
real spot price and the reference price of Coppergﬁ

The priors and posterior estimates are reported in table 1. The
left panel displays the univariate prior and joint posterior distribu-
tions using as observed variables the reference price and the nominal
spot price of refined copper (in dollars per metric pound) at the
London Metal Exchange, which is deflated by an index of external
prices for Chile that will also be used in the estimation of the DSGE
model in section 4.8. The latter is constructed from an external price
index published by the Central Bank of Chile (“IPE”) from 1986:Q1
onwards, which is backcasted using the quarterly growth rate of the
seasonally adjusted U.S. CPI for all urban consumers and all items.
As a robustness exercise, the right panel of table 1 displays the prior
and posterior densities when we use the U.S. CPI instead of the
Chilean IPE as price deflator. In each case, we postulate a normal
prior for log(p¥), a beta prior for p, an inverse gamma prior for oy,
and a uniform prior on the interval [0, 1] for K (all assumed to be
independent).

The estimated benchmark value of K when we use the Chilean
IPE as price deflator is 0.17 and relatively well identified. The pos-
terior mean implies a learning horizon of around four to five years
in line with the observed revisions of the forecasts from figures 4
through 6. The estimates further imply an AR(1) parameter of the
persistent price component of about 0.99, a quarterly standard devi-
ation of innovations to the persistent component of approximately
8 percent, and an implied standard deviation of innovations to the
transitory component of about 43 percent, such that the estimated

8The second step uses the Kalman filter for missing observations (these cor-
respond to the missing observations of the reference price for the first, third, and
fourth quarters of each year).
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signal-to-noise ratio is around one-fifth. The results do not change
much when we use the U.S. CPI as price deflator. The posterior
mean of K increases only slightly to about 0.18, and the posterior
means of the remaining parameters are also similar to the respective
benchmark estimates. Hence, these estimates suggest an important
role for imperfect information and learning to explain the observed
forecast revisions.

3.8 Commodity Price Decomposition

Figure 7 shows the Kalman-filter decomposition of the real copper
price (deflated using the Chilean IPE and in log-deviations from
its estimated unconditional mean) into its persistent and transitory
components, which reflect the learning behavior by agents incor-
porated in our simple statistical model, over the period 2001:Q3—
2016:Q3E The persistent component starts out below the uncondi-
tional mean, reflecting the slump of commodity prices during the
1980s and 1990s. The increase in the copper price in the first half
of the 2000s decade is mostly assigned to transitory shocks, while
the contribution of the persistent component was still negative at
that time. However, the persistent component gradually increases
over time, as prices maintained their high levels during the second
half of the 2000s decade and beyond, so that the price increases are
gradually inferred to be more persistent, where the transitory com-
ponent also captures most of the effect of the global financial crisis.
Conversely, the recent decline is at first attributed to the transitory
component and then to the persistent one.

3.4 Assessment against Alternative Models

A natural question is whether alternative statistical specifications
for the commodity price, such as stationary autoregressive moving-
average (ARMA) models or a non-stationary random-walk (RW)
specification, fit the data on prices and forecasts better or worse
than a model with persistent and transitory shocks such as ours.
It may be the case that those alternative models can explain the

9The third quarter of 2001 is also the starting point of the sample that will
be used for the estimation of the DSGE model in section 4.8.
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Figure 7. Historical Decomposition of the Real Price
of Copper, Unobserved-Components Model
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Notes: This figure shows the estimated decomposition of the quarterly log-
deviations of the real price of copper from its estimated unconditional mean
(sample 1999:Q3-2016:QQ3) into a persistent component and a transitory com-
ponent computed from the Kalman filter. The results are based on Bayesian
estimates and the missing-observations Kalman filter as described in the text.

dynamics of both prices and forecasts in the same way or better
than our model, but if that is not the case, this would provide sup-
port for our model and the learning mechanism it incorporates. To
examine this question, we estimate various ARMA (p, ¢) models of
the form

P q
ﬁ*S,t = Z ¢iﬁg,t_i + e + Z ejgt—j,

i=1 j=1

with different lag orders for the AR and MA parts (p and ¢) as well
as a RW specification (i.e., p =1, ¢ = 0, and ¢; = 1). All models are
augmented by (2) to compute the implied long-run forecasts, which
can be compared with the actual forecasts (i.e., the reference price).



224 International Journal of Central Banking March 2018

Figure 8. Fit of Reference Price, Unobserved-Components
Model versus Alternative Models
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Notes: This figure shows the predicted average real prices over the next ten years
conditional on the data available in the third quarter of each year from alterna-
tive models against the actual reference price of copper. The autoregressive (AR)
models, autoregressive moving-average (ARMA) models, and the random-walk
(RW) model are estimated by maximum likelihood using the sample 1999:Q3—
2016:Q3 for the real copper price deflated by the Chilean external price index

IPE. The baseline unobserved-components (UC) model is estimated as explained
in section 3.2.

US dollar cents per metric pound

All are estimated by maximum likelihood using data for 1999:Q3-
2016:QQ3 for the real copper price deflated by the Chilean external
price index (IPE)

The results are documented in figure 8, which plots the predicted
average real prices over the next ten years conditional on the data
available in the third quarter of each year against the actual refer-
ence price. The stationary ARMA models overpredict the observed
forecasts in the first half of the sample and underpredict them in the

0Using a different deflator or a longer sample would not materially affect the
results.
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second half, the reason being the mean reversion inherent in these
models. The RW model, on the other hand, exaggerates the effect of
the initial price increases in the mid-2000s, which are immediately
incorporated into the implied forecasts such that this model over-
predicts the observed forecasts during that period. Our unobserved-
components model, however, is capable of matching the observed
forecasts due to the presence of persistent and transitory shocks.
Hence, this exercise provides some support for our model. While
alternative models with persistent and transitory shocks could be
specified, a virtue of ours is that it is probably the most simple
among this class of models. The key ingredients are imperfect infor-
mation due to the presence of the two unobserved shocks and the
backward-looking learning mechanism incorporated in our model.
Any model incorporating these features is likely to generate similar
results as ours.

3.5 Testing the Exogeneity and Stationarity Assumptions

Are the assumptions incorporated in (1) that the real copper price
is stationary and exogenous for Chile appropriate? Here, we pro-
vide formal econometric tests of both assumptions. We first conduct
augmented Dickey-Fuller (ADF) tests of the null hypothesis that the
time series of the natural logarithm of the real copper price has a
unit root. These tests are conducted using data for the relatively
long time span 1960:Q1-2016:Q3 (225 observations). However, since
the ADF test is known to have low power in finite samples under a
large autoregressive root (see, e.g., DeJong et al. 1992), we further
conduct some alternative tests proposed by Ng and Perron (2001).
These tests are efficient versions of the modified Phillips-Perron (PP)
test of Perron and Ng (1996) and have maximum power against
very persistent alternatives[1] All tests are again conducted using as
alternative deflators for the nominal copper price the U.S. CPI or the
Chilean external price index (IPE), which is again backcasted for the
period before 1986:Q1 using the quarterly growth rates of the U.S.

HThese tests also build upon the tests proposed by Bhargava (1986) and
Elliott, Rothenberg, and Stock (1996). They do not exhibit the severe size dis-
tortions of the simple PP or ADF tests under large negative MA or AR roots,
and they can have substantially higher power especially when the AR roots are
close to unity.
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CPI. The results are reported in table 2. Based on the ADF tests,
the null hypothesis of a unit root is rejected at the 10 percent signif-
icance level, but barely so when using the IPE as deflator. However,
based on the efficient modified PP tests, the null is rejected more
decisively at lower significance levels of 5 percent or even 1 percent.
We therefore conclude that the (log) real copper price is indeed a
stationary series, and thus the assumption that p < 1 which was
imposed through an informative prior in the Bayesian estimation of
the unobserved-components model seems appropriate.

We now assess whether the real international copper price can
indeed be taken as exogenous for Chile. In particular, we test the
null hypothesis that the quarterly growth rate of real output in the
Chilean copper sector does not cause the (log) real copper price
in the sense of Granger (1969). According to data availability, these
tests are conducted using the sample 1996:Q1-2016:Q3 (eighty-three
observations). As before, two alternative price deflators are used as
a robustness exercise. Table 3 shows the p-values of the associated
Wald test for different lag lengths in the test equations. All p-values
are higher than 0.1 such that in no case is the null rejected at the
10 percent significance level. Hence, we conclude from this exercise
that the exogeneity assumption incorporated in (1) is appropriate
for Chile, despite Chile being a major copper producer with a share
of around one-third in global copper production

4. The DSGE Model

Our DSGE model is a quantitative New Keynesian small open-
economy model for Chile based on Medina and Soto (2007, 2016). It
includes a standard set of nominal and real rigidities (e.g., Chris-
tiano, Eichenbaum, and Evans 2005; Adolfson et al. 2007, 2008;
Smets and Wouters 2007; Christoffel, Coenen, and Warne 2008),
such as sticky prices and wages with partial indexation to past infla-
tion, local currency pricing for imports and foreign currency pricing
for exports, adjustment costs in investment, and habit persistence
in consumption. It further includes non-Ricardian households and a
structural balance fiscal rule to describe fiscal policy in Chile. On the

'2Source: United States Geological Survey 2016, available at http://minerals.
usgs.gov/minerals/pubs/mcs.
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Table 3. Tests of Granger Causality from Chilean
Copper Production to Real Price of Copper

p-values of Wald Test
Using Chilean IPE Using U.S. CPI
Lag Length as Deflator as Deflator
1 0.340 0.261
2 0.308 0.189
3 0.586 0.394
4 0.615 0.479

Data Source: Central Bank of Chile.

Notes: This table shows the p-values for the Granger (1969) Wald test of the null
hypothesis that the growth rate of real output in the Chilean copper sector (national
accounts data, first differences of natural logarithms) does not Granger-cause the nat-
ural logarithm of the real copper price, using as alternative deflators for the nominal
copper price the Chilean external price index (IPE) and the U.S. CPI, and for different
lag lengths in the test equations. In each case, the sample used is 1996:Q1-2016:Q3
(eighty-three observations) and the test equations include a constant term.

production side, the model incorporates a domestic tradable goods
sector, oil as an intermediate input, and a commodity sector

We add to this model two main features. First, the commodity
sector expands as capital is allocated to that sector. Capital accumu-
lation is subject to time to build and adjustment costs in investment
following Kydland and Prescott (1982) and Uribe and Yue (2006)
Second, we depart from the full-information rational expectations
assumption by including imperfect information on the persistence
of commodity price shocks and learning behavior by the agents, as

13Pieschacén (2012) also studies how commodity price shocks transmit dif-
ferently in the cases of Mexico and Norway. Her model differs from the model
of Medina and Soto (2007, 2016) in the following dimensions: (i) it adds non-
tradable goods, (ii) it includes public goods in the private consumption basket,
(iii) it assumes only Ricardian agents, and (iv) it incorporates a different fiscal
rule.

1¥While time to build as in Kydland and Prescott (1982) introduces lags
between the initiation of investment projects and effective production, it tends to
imply “jumpy” dynamics of investment that are inconsistent with the data. We
therefore allow for adjustment costs in investment projects in addition to time to
build, following Uribe and Yue (2006), to better match investment dynamics.
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described in section 3. In order to focus on these extensions, the
description of the remaining model structure is deliberately brief
and we refer to Medina and Soto (2007) for details.

4.1 Households

There is a continuum of households indexed by j € [0,1]. A fraction
A of those households are non-Ricardian (hand-to-mouth) house-
holds that do not have access to the capital market. The remain-
ing, Ricardian households do have access to the capital market and
thus make intertemporal consumption and savings decisions in a
forward-looking manner.

Households of the Ricardian type maximize the present value of
expected utility at time ¢:

. . l .(j)1+0L
% R R t+1
max F; ; BCoiri [log(Ct () —hCE,_)) — L
j € (1 - )‘7 1]7
subject to the period-by-period budget constraint
By(j) 5tB;,t(j)
+ *
Ty r; 0,
= Wi(7)le(4) + Et(5) — TAXN:(5) + De(4)
+ Bi-1(j) + e:Bpy_1(4),

PeiCE(j) + E{diiv1 D ()} +

where C[¥(5) is consumption of household j and CF is aggregate con-
sumption of Ricardian households, respectively; l;(j) is household j’s
labor effort (in hours); and (¢ is a preference shock to the house-
holds’ discount factor. Further, Pc ; is the aggregate consumer price
index (CPI); Wy(j) is the nominal wage set by household j; Z.(7)
collects payouts by firms; TAX N(j) are lump-sum tax payments to
the government; £; is the nominal exchange rate (units of domestic
currency per unit of foreign currency); and d; ;41 is the period-t price
of one-period domestic contingent bonds, D;(j), normalized by the
probability of the occurrence of the state. The variable r; denotes
the gross interest rate on a non-contingent domestic bond denom-
inated in domestic currency, By(j), whereas r; is the interest rate
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on a non-contingent foreign bond denominated in foreign currency,
Bp (7). The term O(-) is a premium paid by domestic agents on top
of the foreign interest rate

Following Erceg, Henderson, and Levin (2000), each household is
a monopolistic supplier of a differentiated labor service. These labor
services are bundled by a set of perfectly competitive labor pack-
ers and combined into an aggregate labor service unit used as an
input in production of domestic intermediate varieties. Cost mini-
mization of labor packers yields the demand for each type of labor
and aggregate labor demand by firms. There are wage rigidities in
the spirit of Calvo (1983). Each period, a randomly selected fraction
(1—¢p) of households is able to reoptimize their nominal wage. The
reoptimizing households maximize the expected discounted future
stream of labor income net of the disutility from work, subject to
the labor demand constraint. All those that cannot reoptimize set
their wages according to a weighted average of past CPI inflation and
the inflation target set by the central bank. Once a household has
set its wage, it must supply any quantity of labor service demanded
at that wage.

Households of the non-Ricardian type consume their disposable
wage income each period:

Po ONE(j) = Wily(j) — TAXNy(j),  j €10,

For simplicity, it is assumed that non-Ricardian households set a
wage equivalent to the average wage set by Ricardian households.
As a consequence, the supply of labor by non-Ricardian households
coincides with the average labor supply of Ricardian households.
The households’ consumption bundle is a constant elasticity of
substitution (CES) composite of a core consumption bundle, Cz+(j),
and oil consumption, Cp +(j). Core consumption is a CES compos-
ite of final domestic goods, Cg+(j), and imported goods, Cr (7).
Households minimize the costs of the different bundles, which yields

'"®The premium is a function of the aggregate (private, B}, plus government,
B¢ ;) net foreign bond position relative to nominal GDP (BY: = €:B; /Py :Y:),
i.e., ©; = @ exp[—o(BY; — BY) +(e,:/Co — 1], where ¢ > 0 to ensure stationarity
of net foreign bonds and where (o is a shock to the premium (throughout, bars
indicate deterministic steady-state values).
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standard Dixit-Stiglitz type demand functions for each component
and expressions for the headline CPI and the core CPI excluding oil.

4.2 Domestic Goods

In the domestic goods sector, there is a continuum of firms that pro-
duce differentiated varieties of intermediate tradable goods using
labor, capital, and oil as inputs. They have monopoly power over
the varieties they produce and adjust prices subject to Calvo fric-
tions. These firms sell their varieties to competitive assemblers that
produce final domestic goods that are sold in the domestic and for-
eign markets. Another set of competitive firms produces the capital
goods used in intermediate goods production. All firms in this sector
are owned by Ricardian households.

A representative capital goods producer rents out capital goods
to domestic intermediate goods producers. It decides how much cap-
ital to accumulate each period, assembling investment goods, I,
with a CES technology that combines final domestic goods, Iy,
and imported goods, Ir;. The optimal composition of investment is
determined through cost minimization. The firm may adjust invest-
ment to produce new capital goods, Ky, in each period but there
are convex costs of adjusting investment, ®(-), following Christiano,
Eichenbaum, and Evans (2005). The firm maximizes the present
value to households of expected profits:

o0
max F; g Atri(ZigiKorio1 — Pravilig),
=0

subject to the law of motion of capital K; = (1 —0) Ky—1 + [1 —
O(I;/1i—1)]Cr,e1e, where Ay 44y is the stochastic discount factor for
nominal payoffs of the Ricardian households and Z; is the rental
price of capital The variable (7 is an investment-specific shock
that alters the rate at which investment is transformed into capital
(see Greenwood, Hercowitz, and Krusell 2000).

'8The stochastic discount factor satisfies Asiri = B (Coiri/Cor)(CE —
hCE )/ (CE; —hCE 1) (Pc,t/Po,t:). Further, the function ®(-) satisfies ®(1 +
gy) = ®(1+gy) =0and ®"(1 + gv) = us > 0, where gy is the steady-state
(balanced) growth rate of the economy.
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There is a large set of firms that use a CES technology to assem-
ble final domestic goods from domestic intermediate varieties. A
quantity Yz, of those goods is sold domestically and a quantity
Y}y, is sold abroad. The assemblers demand intermediate goods of
variety zp for domestic sale, Y +(25), and intermediate goods for
foreign sale, Y77 ,(2). Input cost minimization yields the typical
Dixit-Stiglitz demand functions for each variety.

Intermediate goods producers decide on the most efficient combi-
nation of labor, capital, and oil to minimize input costs given factor
prices. Their technology is as follows:

Yui(zn) = amy |agt/“m Vi (zp) 1@

“YH
(1= a1 Oy ()t~ 0m |77

where Vg denotes value added produced out of labor and capi-
tal, while Op ¢(zp) is the amount of oil used as intermediate input,
and apg represents a stationary productivity shock common to all
firms. Value added is generated through a Cobb-Douglas function:
Vii(zr) = [Tele(zm)]" Ki—1(25) "%, where l;(zy) denotes the
labor utilized, T; is a stochastic trend in labor productivity, and
K;_1(zpg) is the capital rented at the beginning of period ¢

The intermediate goods producers have monopoly power and set
their prices separately in the domestic market, Py +(zf), and the
foreign market, Py ,(zp), maximizing profits subject to the corre-
sponding demand constraints. Prices are set in a staggered way. Each
period, the probability that a firm receives a signal for optimally
adjusting its price for the domestic market is 1 — ¢, while the
probability of optimally adjusting its price for the foreign market
is 1 — ¢u,. If a firm does not receive a signal, it updates its price
according to a weighted average of past changes of aggregate pro-
ducer prices (Ppy,; and Py, for the respective markets) and their
steady-state inflation rates. Let M Cy; denote the marginal cost of
producing variety zg. When a firm can reoptimize its price for the
domestic market, it solves

" The productivity trend evolves according to the process T} JTi—1 = Crye =
(1+9v)' 77 ¢Hh_ exp (er.e).
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oo
max Ey Z Orrp Misilly,  Pri(ze) — MCryyil Y uyi(zm),
i=0

subject to the final domestic goods producer’s demand Y ¢(zp) =
[(Pr,t(2m)/Prt]”“"Y it Analogously, when a firm can reoptimize
its price for the foreign market, it solves

oo
max £ Z P Dot [F%F,tftJrz‘P;I,t(ZH) — MCr11ilYp 44 (2m),
i=0

subject to the demand constraint Yy ,(2m) = [Pg(2n)/Prr ] ="
Vi 3

4.3 Imported Goods

In the imported goods sector, there is a continuum of retail firms
that repackage a homogeneous good bought from abroad into dif-
ferentiated imported varieties through a brand-naming technology.
Those firms have monopoly power in the domestic retailing of their
particular variety and set prices subject to Calvo frictions. They sell
their varieties to competitive assemblers that produce final imported
goods that are bought by households and firms. All firms in the
imported goods sector are owned by Ricardian households.

There is a large set of firms that use a CES technology to assem-
ble final imported goods, Y+, from imported varieties. Demand for
a particular imported variety, Yr;(2r), is determined through cost
minimization, which yields the Dixit-Stiglitz demand functions for
each variety.

Imported goods retailers buy a homogeneous good from abroad
at the price Py, which is then differentiated into a particular variety
and sold domestically to assemblers of final imported goods. It takes
one unit of the homogenous foreign good to produce a unit of retail
output. Each importing firm has monopoly power and adjusts the
domestic price of its variety in a staggered way. Each period, a firm

18 . . . . i _ i—1 XHD
For 7 > 1, the passive price updating rules are I'yy , = FHD,tTrH,t-H'—l
—1—xg . i _ mi—1 _*XHp _—xl—-xpg
T p for domestically sold goods and 'y, , = Uy 7y, 5 7 F for
goods sold abroad, where wu: = Pu:/Pr:-1, 7y = Pi¢/Pii_1, and 7

denotes steady-state foreign CPI inflation. For i = 0, we have I'yy | , =T%, , = 1.
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optimally adjusts its price with probability 1 —¢p. If a firm does not
receive a signal, it updates its price according to a weighted average
of past changes of aggregate producer prices (Pr;) and steady-state
inflation. A reoptimizing firm solves

[eo]

max By Y ¢p M i1i[U Pri(2r) — i Py Vi (2p),
=0

subject to the final imported goods producer’s demand Yr ((zp) =
[Prt(2r)/Prt] " Ypu

4.4 Commodity Goods

We extend the model of Medina and Soto (2007) by endogenizing
commodity production. There is a representative firm in the com-
modity sector (S) that produces a homogeneous commodity good.
The entire production is exported. A fraction y of the firm’s assets
is owned by the government and the remaining fraction is owned
by foreign investors. The firm’s revenue is shared accordingly, but
the government levies taxes on the profits that accrue to foreign
investors.

The firm uses capital specific to the sector, Kg 4, to produce com-
modities, Ys ;. Production evolves along the balanced growth path
of the economy, but there may be transitory deviations from that
path due to sectoral technology shocks, ag . Specifically, production
satisfies

Ys: = as,tFS(Tt7 Ksi-1). (4)

The function F*(-) is homogeneous of degree one in its arguments
and has diminishing returns to capital additions. While we focus
on capital-intensive commodity production and abstract from other
inputs such as labor and land for simplicity, the shock ag; could
be interpreted to capture any variations in such additional inputs

19The passive price updating rule is F},t = F%_’tlﬁfﬁﬂ_lﬁ'l*x*” for ¢ > 1 and
%, =1fori=1.

YFor instance, we could take the Cobb-Douglas production function Ys; =
~ 1— —
FS(Tyls, ToF 54, Ksi-1) = (Tils)"s (ToF s0)" s Kg, s %, where ls would
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We also allow for a fixed transfer to households to capture eventual
labor remunerations or other fixed costs (see below).

Let Pg, denote the international price of the commodity good
and let Pg; = etPSt be its domestic price, which the firm takes
as given. Gross proﬁts of the firm are given by llg; = Pg;Ys; —
Pc Tiks, where Pc;T;kg is a fixed cost of production that grows at
the same rate as nominal output. We assume that this fixed cost is
a lump-sum transfer to Ricardian households. The cash flow of the
firm is CFs = Ilgy — Prg+ls, where Pr, +Ig is the firm’s invest-
ment. The objective of the firm is to maximize the present real value
of its expected cash flow:

CFs 1

max [, Z Att44(S) Py’
i

=0

where A;4:(S) denotes the stochastic discount factor relevant to
the firm. This discount factor is taken to be identical to the one of
the Ricardian households, i.e., Ay ¢4:(S) = At,t+z‘

The stock of capital in sector S is augmented through investment
projects, Xg ;. Following Uribe and Yue (2006), there are adjustment
costs in investment and time to build in the installation of capital a
la Kydland and Prescott (1982). In particular, the firm can start new
investment projects in each period but at a convex cost: the larger
the change in investment, the larger the implied cost. In addition,
new investment projects take n > 1 periods to mature. Collecting
these assumptions results in the following law of motion of capital:

Ks;=(1-06s5)Kgi—1+[1—Ps(Xst—n+1/Xst—n)]Xst—n+1. (5)

The function ®g(-) is analogous to the Christiano, Eichenbaum, and
Evans (2005) style flow adjustment cost function from the law of

be a fixed input of labor and Fs: would capture variations in other factors
such as the mineral content of land. Defining ns = mg + 14, we obtain
Ys: = as,,gT"SK;ft"S17 which is a representation of (4) with as; = lms Fnrs
and with F* (T}, Ks,;— 1) = T8 Ké 7. Under those assumptions, total factor
productivity as: is a function of labor and other factors subsumed in S,t-

21The relation At +4i(S) = Att4s holds, as we assume, if the government has
a stochastic discount factor equivalent to that of the households and if foreign
investors have access to domestic currency bonds.
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motion of capital used in the domestic goods sector, and satisfies

D5(1+gy) =P(1+gy) =0 and D4(1+ gy) = prg > 0. A similar

specification of the law of motion of capital is employed in Uribe and

Yue (2006). The effective flow of investment in period ¢ is given by
n—1

Isy =Y ;X5 i, (6)

=0

where ¢; denotes the fraction of projects initiated in period ¢ — j
that is financed in period ¢, with Z?:_ol ¢; = 1. We will assume that
Yo =¢1=...=@pn_1, as in Kydland and Prescott (1982), i.e., the
cost of a project is spread equally over the horizon of its installation.
In the extreme when n = 1, we obtain the familiar law of motion
Ksi=(1-6s)Kst—1+[1—Ps(Is¢/Isi—1) s,

The firm’s first-order optimality conditions are as follows:

Qs.t
Kg; : —=
! Pcy
Psii1as:01F% (Tiv1, Ks
_ B A Qs,t+1 (1—64) + tr1as,i11Fg  (Ti1, Kst) ’
PC,t+1 Pc,t+1
Prg+
Xgy¢: —5
o Pot
P P _
+ 1By {At,t+1w} + ot on1Ey {At,t+n—1ls’t+nl}
Peyi Pc tyn—1
Avpin 1 BEEZE1 = Bg(Xs0/ Xs 1)
= E, — P (Xg¢/Xst-1)Xs,/Xst-1] ,
A1 n BB (X g 141/ Xs.0)(Xs01/ Xs1)?

where F;?S() is the derivative of the production function in (4)
with respect to capital. These two conditions jointly determine the
evolution of investment projects and the mark-to-market value of
capital, Qg ¢, in sector S. The law of motion (5) determines the evo-
lution of the stock of capital and (6) determines the effective flow of
investment in this sector.

The investment good that is required to build the stock of capital
in sector S is a CES bundle of final domestic goods, Ix.(5), and
imported goods, Ir+(S):
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”IIS
-1

(7)

The optimal composition of investment is determined through cost
minimization. Each period, given the effective flow of investment,
the firm minimizes PrgIs; = Puilu(S) + Prilp(S) subject
to (7), which yields the demands for investment inputs originat-
ing in sector S: Iy (S) = Vis(Put/Prs) "slsy and Ip.(S) =
(L= 15) (Pt /Prs,e)”"s sz

nrg

Ise = [vre " Taa(S) 75 (1= 1) /115 Ty (8)1 72/ mis | e

4.5 Fiscal and Monetary Policy

A share x of the cash flow generated in sector S goes directly to the
government, and the government also levies taxes at a fixed rate g
on the profits—net of depreciation—that accrue to foreign investors.
The budget constraint of the government is therefore as follows:

gtBér',t

T;@t

Pg .Gy + = €tBat,1 + 7Py Yy + xCFs¢

+75(1 — x) (st — 65Qs,:Kst-1),

where Pg G denotes nominal government consumption expendi-
ture, Bg; ; is the government net foreign asset position, and 7; are
lump-sum taxes from households net of transfers (as a share of nom-
inal GDP, Py.Y;). Note that the government net asset position is
assumed to be completely denominated in foreign currency, as in
Medina and Soto (2007). Government consumption is characterized
by complete home bias, i.e., Gy = Gy, and Pgt = Pr .
Government expenditure follows a structural balance fiscal rule
analogous to the one described in Medina and Soto (2007):

1 etBG 1 Py Y: CFs¢
PgiGe (1 B TZ‘,16H> Pr.Y, T tPy.y, T XPy,Y,
Py.Y,; _ o N\Hst—6sQstKsi—1 VO, =
’ +75(1 =) Py.Y, Py.y; B
o Pg Ca Ty
Py .Yy

where VC; = [x + 7s(1 — x)]et(P; — P;")Ys, is the cyclical adjust-
ment of the rule that depends crucially on the difference between
the effective commodity price, P/, and the long-run reference price,
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P;, which is calculated as the forecast of the effective commod-
ity price averaged over a ten-year horizon. In addition, Y; stands
for potential real GDP, which for simplicity is taken to be equal
to steady-state output, and the parameter 5p is the structural bal-
ance target. The variable (¢ is a shock capturing deviations of
government expenditure from the fiscal rule.

Monetary policy is conducted through a simple Taylor-type feed-
back rule for the nominal interest rate, which is a slightly modified
version of the one specified in Medina and Soto (2007). In particu-
lar, while the latter assume that the central bank responds entirely
to deviations of core CPI inflation from target and of output growth
from potential growth, we allow for a partial response to headline CPI
inflation to capture possible concerns by the central bank on non-core
inflation. Hence, the monetary policy rule is specified as follows:

o\ . Yr (1=t ) AT
o) ) ()

X exp(cmﬂf)v

where w7, and m; are core and headline CPI inflation, respectively,
Y; is real GDP, and (,, ; is an iid shock that captures deviations of
the interest rate from the monetary policy rule.

4.6 Rest of the World

Foreign agents demand the commodity good and the final domestic
good. They supply oil and the homogeneous good that is bought by
importing firms. Foreign demand for the commodity good is assumed
to be completely elastic at its international price, Pg ;. Likewise, for-
eign supply of oil is assumed to be completely elastic at any given
price, Pp ;. The real exchange rate is defined as the domestic cur-
rency price of a foreign price index, €,FP;", relative to the domestic
CPI. The domestic economy is assumed to be small relative to the
rest of the world. As a consequence, the price of the homogeneous
foreign good, P ;, coincides with the foreign price index 2 Foreign
demand for the final domestic good depends on its relative price

22We drop a shock to the ratio Pr. /Py that is present in the model of Medina
and Soto (2007) because this shock was not identified in our estimations.
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abroad, P, /P, and foreign aggregate demand, Y;*, according to
the demand function Y, , = ¢* (P}, /P;r)~" Yy

4.7 Aggregate Equilibrium

The market clearing condition for each variety of domestic
goods is Yu(2n) = Yuulzn) + Y (2m), where Yp(zm) =
(Pr¢(2m)/Prg]™ " Y and Y, (zu) = [Pg,(z0)/Ph )~ " Y4,
and where Yy = Crt + Int + I +(S) + Guys. In the labor mar-
ket, labor demand by intermediate goods producers equals labor
supply: fol li(zg)dzg = i, where the aggregate labor service unit
is given by [, = [fol 1:(5)'~/ergj]er=1)/e2 . Nominal GDP satisfies
Py,Yy = PciCy + Pridy + Prgilsy + Pg Gy + Px Xy — P My,
where Py ;X; = Et(P;I,tY;I,t + Pék’tYs,t) and Py My = 4 [P;7tYF,t +
Pg’t(Co,t + Op )] are nominal exports and imports, respectively,
with Ypy = Crt + It + Ip1(S). Real GDP is defined as V; =
Cy + I + Isy + Gy + Xy — M. Substituting out aggregate profits
in the budget constraint of the households and combining the latter
with the budget constraint of the government yields the following
expression for the evolution of aggregate net foreign bonds:

€tB£k
T?@t

= Px Xy — PyyMy +.Bf 1 — (1 = x)CFs

+75(1 — x) (s — 0sQsKs,1—1)-

The terms on the right-hand side are net exports, net interest
receipts minus the cash flow from the commodity sector that accrues
to foreign investors, and transfers from foreigners due to taxes on
profits net of the mark-to-market value of capital depreciation in
the commodity sector. Finally, the current account balance is equiva-
lent to the quarter-on-quarter change in the international investment
position of the country (relative to nominal GDP):

1 [aBf  aBi, Qs,(Ksy — Ksyi—1)
- - (1=x)
PY,th T?@t T;_le)t—l PY,tY;S

CAY, =

Apart from the exogenous process of the commodity price
described previously, there are twelve additional shocks in the model:
preferences ((c:), neutral technology (ag:), productivity growth
(Crt), investment-specific technology ((r:), commodity-specific
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technology (as), fiscal policy (¢q.), monetary policy ((pm.,¢), sta-
tionary foreign demand (y; = Y,*/T}), foreign inflation (7} =
Py /P;), the real oil price (p5, = Pp /Py ), the foreign interest
rate (), and the country premium ({e+). All of those shocks are
assumed to follow mean-reverting AR(1) processes in logs, except the
monetary policy shock, which is a zero-mean iid process in levels.

4.8 Estimation

The model is solved by a log-linear approximation around the deter-
ministic steady state. The detailed description of the solution under
learning is provided in appendix 2. The model is then estimated by
Bayesian methods, as described in An and Schorfheide (2007). Here
we briefly describe the estimation strategy and how we incorporate
imperfect information in the estimation, before discussing the details
of the procedure (data, priors, etc.).

Let x; denote the model variables and let Y; be a vector of
observed variables of the econometrician. The log-linear solution of
the model has the following state-space representation:

}Q:Hwt+0t, xt:DEt—i-Elu)t—i-Fxt,l—l—Gst,
v~ N(0,%,), gy ~ N(0,%,),

for t = 1,...,T. The variables a; and b, are defined as in section
3. The vector ¢; represents the innovations to the remaining exoge-
nous processes and v; is a vector of observation errors. Further, let
0 collect the parameters of the model, let P(f) be a prior den-
sity on those parameters, and let L(Y7T|#) denote the likelihood
function for the observed data, YT = [Yi,...,Yr|. The Kalman
filter is applied to evaluate L(YT|6), and the posterior density,
POIYT) = L(YT|0) xP(0)/ [ L(YT|0)P(0)df, is evaluated using
the Metropolis-Hastings algorithm [2

We use quarterly data for Chile covering the period 2001:Q3—
2015:Q4 for the estimation of the model 4 The observed variables

23We use version 4.3.3 of the Dynare toolbox for MATLAB in the computations.

24While the Central Bank of Chile switched from partial to full inflation tar-
geting under a flexible exchange rate already at the end of 1999, it has used
an overnight interest rate as policy instrument only since July 2001, which we
therefore use as the starting point of our sample.
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include real GDP (Y;), real copper mining output as a proxy
of commodity production (Ys.), private non-durable consumption
(Cy), total investment ([; + Ig;), government consumption (Gy),
consumer price inflation (7¢ ), the short-term central bank target
rate (r), the real exchange rate (rer;), the current account balance
as a ratio of nominal GDP (C'AY;), an indicator of export-weighted
real GDP of Chile’s main trading partners as a proxy for foreign
demand (Yr:), the inflation rate of the external price index as a
proxy for foreign inflation (7;), the London Interbank Offered Rate
as a proxy for the foreign interest rate (r}), the J.P. Morgan Emerg-
ing Market Bond Index Global (EMBIG) spread for Chile as a proxy
for the country premium (0;), the price of West Texas Intermediate
crude oil in dollars per barrel deflated by the external price index
(P5./Pf), and the London Metal Exchange price of refined cop-
per in dollars per metric pound deflated by the external price index
(Ps./ Pt*) We further treat the inferred persistent component of

the real copper price computed through the Kalman filter (lv)t) from
section 3.3 as an observed variable[2

The calibrated parameters include some steady-state values,
other parameters that are chosen to match sample averages or long-
run ratios for the Chilean economy, as well as a number of parame-
ters that were not identified or only weakly identified. In addition,
we also fix the parameters of the observable exogenous processes
prior to the actual estimation of the model. Table 4 presents the list
of calibrated parameters.

We assume a steady-state labor productivity growth rate (gy) of
2 percent on an annual basis, which is consistent with an observed
average real GDP growth rate of approximately 4 percent over the

*The data were obtained from the Central Bank of Chile at https://si3.
beentral.cl/Siete/secure/cuadros/home/aspx.

26 A number of additional transformations are made. For GDP, private con-
sumption, investment, and government consumption, we take the first difference
of their natural logs. The inflation rates are the log first differences of the under-
lying indexes. Copper output, foreign output, the real exchange rate, and oil
and copper prices are transformed into natural logs. The interest rate series are
measured as logs of gross quarterly effective rates. We stationarize copper out-
put and foreign output by fitting linear trends over the sample period by least
squares, while the remaining variables are demeaned using their average sample
values, except for the real copper price and its persistent component, of which
we subtract the estimated unconditional mean from section 3.2.
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Table 4. Calibrated Parameters

Parameter Value Description
Steady-State Values
gy 2% | Balanced Growth Path (Net Rate,
Annual Basis)
T 3% | Steady-State Inflation Target (Net
Rate, Annual Basis)
T 3% | Steady-State Foreign Inflation Rate
(Net Rate, Annual Basis)
7" 4.5% | Steady-State Foreign Interest Rate (Net
Rate, Annual Basis)
e) 1.3% | Steady-State Country Premium (Net
Rate, Annual Basis)
5B 0% | Steady-State Structural Fiscal Balance
Target
g 0.060 | Steady-State Government Consumption
(Stationary Level)
as 0.081 | Steady-State Productivity in
Commodity Sector
y* 1 Steady-State Foreign Demand
(Stationary Level)
Po,Ps 1 Steady-State Real Prices of Oil and
Commodity Good (Dom. Currency)
Households
A 0.5 | Share of Non-Ricardian Households
16 0.998 | Subjective Discount Factor (Quarterly
Basis)
oL 1 Inverse Frisch Elasticity of Labor
Supply
P 20.145 | Disutility of Labor Parameter
Qo 0.03 | Share of Oil Consumption in Total
Consumption
Qe 0.97 | Share of Core Consumption in Total
Consumption
Ye 0.79 | Share of Domestic Goods in Core
Consumption
Non-commodity Sectors
0 0.01 | Depreciation Rate (Quarterly Basis),
Sector H
am 0.99 | Share of Non-oil Inputs in Production,
Sector H
NH 0.66 | Share of Labor in Cobb-Douglas Value

Added, Sector H

(continued)
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Table 4. (Continued)
Parameter Value Description
EL 11 Elast. of Substitution among Labor
Varieties, Sector H
€L,EH 11 Elast. of Substitution among
Domestic Varieties, Sector H
EF 11 Elast. of Substitution among
Imported Varieties, Sector F'
Y1 0.66 Share of Domestic Goods in
Investment, Sector H
Commodity Sector
X 0.33 Government Ownership of Assets,
Sector S
TS 0.35 Tas Rate on Foreign Profits,
Sector S
Ks 0.009 Fixed Cost of Production, Sector S
ds 0.034 Depreciation Rate (Quarterly Basis),
Sector S
1-ns 0.325 Capital Elasticity of Production,
Sector S
YIS 0.57 Share of Domestic Goods in
Investment, Sector S
n 6 Periods of Time to Build (Quarters),
Sector S
bj 0.167 Financial Profile of Investment
Projects, Sector S
Foreign Economy
- 0.101 Import Share of Foreign Economy
FEzxogenous Processes
Py, Oy 0.893, 0.0054 | AR(1) Coef. and Innov. S.D.,
Foreign Demand Shock
i, of 0.968, 0.0010 | AR(1) Coef. and Innov. S.D.,
Foreign Interest Rate Shock
Pry O 0.440, 0.0261 | AR(1) Coef. and Innov. S.D.,
Foreign Inflation Shock
PpOs Tpo 0.898, 0.1424 | AR(1) Coef. and Innov. S.D.,
International Oil Price Shock
D, O, 0.994, 0.0831 | AR(1) Coef. and Innov. S.D.,
Persistent Commodity Price Shock
Oa 0.4301 Innov. S.D., Transitory Commodity

Price Shock
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sample period, given an average labor force growth rate of around 2
percent. The steady-state inflation target is set to the central bank’s
CPI inflation target of 3 percent. The average foreign inflation rate is
set to the same value, so that the nominal exchange rate exhibits no
trend appreciation or depreciation. The household’s subjective dis-
count factor () is approximately equal to 0.998 to match a steady-
state real interest rate of 2.8 percent, in line with existing estimates
of the neutral real interest rate for Chile; see Fuentes and Gredig
(2008). The steady-state nominal foreign interest rate is set to 4.5
percent, also in line with Fuentes and Gredig (2008). The average
country premium (©) consistent with these choices is around 130
basis points. The fiscal balance target ratio (5p) is set to 0, consis-
tent with the fact that the fiscal rule started out with a structural
fiscal surplus of 1 percent of GDP in 2001, whereas the Chilean gov-
ernment has later targeted a deficit of 1 percent. The steady-state
values of a number of exogenous variables (foreign output and the
relative international prices of oil and copper) are normalized to
one. The value of steady-state government consumption is chosen to
match a nominal government consumption-to-GDP ratio of 12 per-
cent, and the steady-state value of productivity in the commodity
sector is chosen to match an average share of mining-based GDP in
total GDP of around 13 percent over the sample period. The foreign
import share ((*) is chosen to match a current account-to-GDP ratio
of about —1.8 percent, as in Medina and Soto (2007) and Medina,
Munro, and Soto (2008).

Further, the disutility of labor parameter (1) is chosen to nor-
malize the steady-state real wage conveniently to one. The share of
non-Ricardian households is calibrated to 0.5, following Medina and
Soto (2007) and Céspedes, Fornero, and Gali (2011). The share of oil
in the household’s consumption basket is chosen to match its weight
in the Chilean CPI, i.e., 3 percent. The shares of domestic goods in
core consumption and investment in the domestic goods sector are
set to 79 percent and 66 percent, respectively, based on input-output
tables from national accounts since 2008. The labor supply elasticity
(or) is set to one and the quarterly depreciation rate of capital in
the domestic goods sector () is set to 1 percent, in line with the
literature (see, for instance, Adolfson et al. 2008). Following Medina
and Soto (2007), the labor share in the Cobb-Douglas production
function of value added in the domestic goods sector (ny) is set to
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0.66, the share of non-oil inputs in production () is set to 0.99,
and the elasticities of substitution among labor varieties, domestic
varieties, and imported varieties (1, e, and ep) are set to 11. The
latter imply steady-state wage and price markups of 10 percent.

Turning to the commodity sector, we calibrate the share of
government ownership in this sector (x) to 0.33, consistent with
the average share of production of the state-owned copper mining
company (Codelco) relative to total copper production since 2001.
The tax rate on foreign profits (7g) is set to 0.35, which is the
flat-rate tax on foreign companies in Chile. The fixed costs in produc-
tion parameter (kg) is chosen to match a labor share in total value
added of about 13 percent, according to input-output tables since
2008. The elasticity of production with respect to capital (1 — ng)
is set to 0.32, in order to match a share of physical capital to quar-
terly output in the commodity sector of around 8. The quarterly
depreciation rate of capital in the commodity sector () is approxi-
mately 3 percent, chosen to match an average investment-to-output
ratio in Chile’s mining sector of about 4 percent from 2001 through
2014. The home bias in investment in the commodity sector is set to
0.57, consistent with available data on the share of construction in
total investment in the mining sector. The horizon of time to build
is set to n = six quarters, consistent with the average duration of
investment projects by private mining companies according to data
from a regular survey of the Chilean Corporation of Capital Goods
(CBC). Following Kydland and Prescott (1982), the financing profile
of projects (¢;) is then set to 1/n.

We also fix the parameters of the observable exogenous processes.
Apart from the estimated parameters of the copper price process
from section 3.2, this concerns the processes for foreign demand,
the foreign interest rate, foreign inflation, and the real oil price.
The parameters of these processes are estimated by constrained
maximum likelihood.

Finally, we apply the strategy of adding observation errors on
all observed domestic endogenous variables except the interest rate,
as in, e.g., Adolfson et al. (2008) and Christiano, Trabandt, and
Walentin (2011) for two reasons. First, without these our model
would feature a stochastic singularity since we have sixteen observed
variables but only fourteen structural shocks (and we assume no
additional ad hoc shocks such as price or wage markup shocks).
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Second, we know that the data series used are not perfectly mea-
sured and are at best only approximations of the “true” series (e.g.,
due to imperfect seasonal adjustment). We calibrate the variance of
the observation errors to 10 percent of the sample variance of the
respective variable. Given this value, the measurement errors cap-
ture some of the high-frequency noise in the data, while the model
still explains 90 percent of the unconditional variances.

We then specify independent univariate prior distributions for
the estimated parameters as documented in table 5. The types of
the priors are chosen according to the domain on which the indi-
vidual parameters are defined, while the prior means and standard
deviations are specified to reflect our beliefs on plausible regions for
the respective parameters. To obtain the joint posterior distribution,
we generate a chain of 750,000 draws using the Metropolis-Hastings
algorithm and drop the first 250,000 draws for convergence Based
on the remaining draws, the posterior mean and probability inter-
vals are computed. The estimates are presented in table 5. For space
reasons, we do not discuss those estimates in more detail.

5. Current Account Dynamics under Learning

In this section we present selected results from the estimated DSGE
model. We first discuss the effects of commodity price shocks on the
current account, highlighting the role of imperfect information and
learning as well as the role of investment in the commodity sector.
We then present the historical decompositions of investment and the
current account in Chile during 2001:Q3-2015:Q4, emphasizing the
impact of the (perceived) transitory and persistent commodity price
shocks in comparison with other shocks to understand the evolution
of those variables 2§

5.1 The Impact of Imperfect Information and Learning

Figure 9 shows the simulated responses of investment and the cur-
rent account balance (expressed as percentages of nominal GDP)

2"The mode of the posterior kernel that is used to initialize the Metropolis-
Hastings algorithm is obtained through the numerical optimization routine devel-
oped by Sims (1999).

28All results are computed using the posterior mean obtained from the
Metropolis-Hastings algorithm.
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Figure 9. Impulse Responses under Imperfect
versus Full Information
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Notes: This figure shows simulated impulse responses of selected variables to per-
sistent (u;) and transitory (a;) commodity price shocks of 50 percent based on the
estimated DSGE model. The solid lines correspond to a persistent shock in the
baseline model with imperfect information on the persistence of the commodity
price and with learning. The dashed lines correspond to a persistent shock under
full information. The dash-dotted lines correspond to a transitory shock under
full information. The results are based on the posterior mean of the parameters.
The commodity price and its components are expressed as relative percentage
deviations from steady state, while investment and the current account balance
are expressed as percentages of nominal GDP in absolute deviations from steady
state.
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for three different cases: (i) a persistent commodity price shock
under imperfect information with the learning mechanism active
(i.e., K = 0.17 with p = 0.994, as estimated); (ii) the hypothetical
case of a persistent shock under full information without learning
(i.e., K = p = 0.994), and (iii) the hypothetical case of a transi-
tory (iid) shock under full information. The aim of this exercise is
to analyze the impact of imperfect information and learning on the
dynamics of domestic investment and the external savings balance.
In each case, the size of the shock is normalized to 50 percent, which
roughly corresponds to the observed increase of the real price of
copper towards the mid-2000s relative to its mean (see figure 7).

The first three plots of figure 9 show the responses of the actual
commodity price and its filtered persistent and transitory components
that reflect the agents’ changing beliefs. Under imperfect information,
when faced with the higher commodity price, agents believe at first
that the price increases are mostly transitory because the transitory
component ismore volatile than the persistent one. However, the agents
revise their beliefs over time as they observe that the effective price
remains high, attributing a larger weight to the persistent component.
In this way, the short-term responses of investment and the current
account (and other variables) to the persistent shock fall in between
the corresponding responses to persistent and transitory shocks in the
full-information case. In that case, investment almost does not react
to the transitory shock, but it increases under the persistent shock to
more than 6 percent of GDP. But under imperfect information, invest-
ment increases more gradually given the agents’ changing perception
of the persistence of the shock. Regarding the current account, under
imperfect information the shock generates an initial surplus of around
3 percent of GDP, followed by a slowly declining and eventually nega-
tive balance reaching approximately —2 percent of GDP. The reason
for the current account reversal is the uncertainty about the duration
of the shock, as the comparison with the full-information case shows:
most of the income gains are saved as agents believe at first that the
shock may be transitory, but as they realize that the shock is more
persistent than thought, a larger fraction of domestic investment is
financed through a current account deficit.

Note that under full information, a current account deficit would
materialize almost instantaneously, while a transitory price increase
would mainly be saved according to the estimated DSGE model. The
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model’s dynamics are thereby consistent with standard theory on
saving-investment behavior in small open economies, as in Obstfeld
and Rogoff (1995), although the nominal and real rigidities present
in our model add of course some sluggishness. However, the results
show that the presence of imperfect information and learning is key
to reproduce the empirical observations on current account dynam-
ics in Chile and other commodity-exporting economies discussed in
section 2—in particular, the observed reversals.

5.2 The Role of Commodity Investment

Another key factor for the response of the current account to a
commodity price shock is the presence of investment in the com-
modity sector. In particular, the shock generates a stepwise increase
in commodity investment with significant spillovers to other sec-
tors. These spillovers and related empirical evidence are discussed
in detail in Fornero, Kirchner, and Yany (2015). Here we focus on
the link between commodity investment and the current account.

To examine the role of commodity investment, figure 10 shows
the responses of sectoral investment and the current account to
the persistent commodity price shock in the baseline model with
imperfect information, and compares those responses with the model
where commodity production is exogenous such that there are no
endogenous movements in commodity investment. In the baseline
model, the shock has a strong effect on investment in the com-
modity sector, which increases by almost 3 percent of GDP. Other
investment also increases significantly. Note that investment in the
commodity sector reacts more slowly compared with other sectors
due to the presence of time to build and larger adjustment costs,
which makes firms in this sector invest in a more cautious way given
the uncertainty on the duration of the shock. Also note that other
investment is stimulated by the demand for domestic goods from the
commodity sector. Regarding the current account, the endogenous
response of commodity investment is the main factor behind the
eventual deficit; without commodity investment, the current account
would return to a balanced position after the initial surplus. Hence,
together with imperfect information and learning on the persistence
of commodity price shocks, the presence of commodity investment
is critical to generate the current account reversal.



252 International Journal of Central Banking March 2018

Figure 10. Impulse Responses under Endogenous versus
Exogenous Commodity Production
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Notes: This figure shows simulated impulse responses of investment in the com-
modity sector (S) and the non-commodity sector (non-S) and the current account
balance to a persistent commodity price shock of 50 percent. The solid lines
correspond to the baseline model with endogenous commodity production and
imperfect information on the persistence of the commodity price. The dashed
lines correspond to the model with exogenous commodity production and no
investment in the commodity sector, with the calibrated and estimated param-
eters as in the baseline model. The results are based on the posterior mean of
the parameters. All variables are expressed as percentages of nominal GDP in
absolute deviations from steady state.

5.8 Historical Decomposition of Investment
and the Current Account

We now assess the consequences of the mechanism described to
understand the observed fluctuations of investment and the current
account in Chile. Figure 11 shows the historical decompositions
of real investment growth and the current account balance, both
smoothed and in deviations from their steady-state values. We report
the contributions of innovations to the copper price and the foreign
interest rate (including shocks to the country spread), and sum up
the contributions of any other shocks. The results show that a large
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Figure 11. Historical Decomposition of Investment
Growth and Current Account in Chile
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Notes: This figure shows the estimated contributions to the quarterly growth
rate of real investment in percent (chart A) and the current account balance as a
percentage of nominal GDP (chart B) from 2001:Q3 through 2015:Q4 of shocks
to the filtered persistent and transitory components of the real price of copper,
foreign interest rate shocks (including shocks to the country spread), and other
shocks plus the initial values of the state variables. The results are based on
the posterior mean of the parameters. Both variables are expressed as absolute
deviations from steady state.



254 International Journal of Central Banking March 2018

fraction of the observed investment boom before the 2008-09 crisis
and afterwards can be attributed to the inferred persistent increase
in the copper price. The current account surplus of the mid-2000s
can mostly be associated with the inferred transitory component,
whereas the subsequent reversal is mainly explained by the inferred
persistent component. Movements in foreign interest rates explain
about half of the initial surplus but only a minor fraction of the
eventual deficit. Hence, changing perceptions on the persistence of
the commodity price shock are the main factor behind the observed
evolution of the Chilean current account balance. The facts discussed
in section 2 suggest that the same mechanism may be relevant for
other commodity exporters, too.

6. Conclusions

This paper has incorporated imperfect information by economic
agents on the persistence of commodity price shocks, captured by
means of a simple unobserved-components model for commodity
prices with persistent and transitory shocks, and an associated learn-
ing problem based on the Kalman filter into a small open-economy
DSGE model with a commodity sector. In this model, investment in
the commodity sector only responds to persistent changes in com-
modity prices due to time to build and adjustment costs. Then, the
prediction that a current account reversal (from surplus to deficit)
can materialize in response to a persistent increase in commod-
ity prices relies on both mechanisms at the same time: the first—
imperfect information and learning—is responsible for slowly chang-
ing perceptions on the persistence of price changes, whereas the
second—time to build with adjustment costs—makes investment
projects feasible only if the expected price in the near medium term
is high.

Based on the estimation of parameters of the model using Chilean
quarterly data from 2001:Q3-2015:Q4, we were able to conduct sev-
eral quantitative experiments. One of the key predictions of the
model is that during a lasting increase in commodity prices, agents
believe at first that the price increase is mostly temporary but
revise their expectations over time as they observe that commod-
ity prices remain high, and thus gradually decrease savings and
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increase investment especially in the commodity sector. This mech-
anism is apt to explain several stylized facts, including, in particu-
lar, the stepwise current account deterioration in Chile and other
commodity-exporting economies. Our results thereby allow for a
novel interpretation of current account developments in commodity-
exporting countries, in comparison with previous related work which
has pointed towards investment-specific shocks, changes in foreign
financial conditions, and variations in foreign demand (see Medina,
Munro, and Soto 2008).

Our analysis allows us to draw some conclusions for macroeco-
nomic policy in commodity-exporting countries. First and foremost,
a gradual current account deterioration in a commodity-exporting
country in times of a persistent commodity price boom is not neces-
sarily a sign of emerging macroeconomic imbalances, because it may
be a natural byproduct of increasing investment in the commodity
sector that enhances the productive capacity of the economy. Fur-
ther, current account deficits that are primarily due to foreign direct
investment (FDI) in the commodity sector may be less worrisome
to policymakers than other types of external savings deficits—for
instance, due to large portfolio inflows—as FDI is often regarded as
a more stable source of funding %ee, for instance, Albuquerque 2003
and Goldstein and Razin 2006)

Appendix 1. Derivation of the Signal-to-Noise Ratio
in the Model for p’g’t

This appendix describes the derivation of the signal-to-noise ratio in
the unobserved-components model for the real international copper
price described in section 3.1. For convenience, we repeat this model
here:

Pay = b + ay, az ~ N(0,02),
Bt:pi)t_l_i_uu ’U,tNN(O,O'g), tzl,,T

2In addition, several studies suggest that FDI may have positive effects on
long-term economic growth through technology adoption by host countries. See
Borensztein, De Gregorio, and Lee (1998), Markusen and Venables (1999), Javor-
cik (2004), Li and Liu (2005), and Haskel, Pereira, and Slaughter (2007).
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From the Kalman-filter recursions, the steady-state value of the
Kalman gain is as follows:

K =pS(E+o03)7"

where 3, the steady-state value of the conditional variance of the
unobserved state, satisfies

22

— 2 _ 2
Y=p [E E+a§j+0“‘ (8)

The above equation can be rewritten as follows:

(wf_z_ P
o,) 02 1+4o02/8 1+X/02 '

Rewriting (8) in terms of the ratio /02 yields
)y _
= /K =1 (10)

By (9) and (10), given values of K and p, the signal-to-noise ratio
satisfies

u _ \/(P/K —1)2+(p/K —1)"1(1 — p?)
Te L+ (p/K —1)7!

:¢m%—n4+rm2
p/K '

Appendix 2. Implementing Learning about
Exogenous Shocks

This appendix explains in detail our implementation of imperfect
information and learning about exogenous shocks in the DSGE
model, following Erceg and Levin (2003). Consider a log-linearized
model:

Tt :AEt{.’Et+1}+B{Et_1 —f—CZt, t = 1,...,T, (11)
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where z; is the exogenous variable that drives the model. The latter
has two components, a transitory component, a;, and a persistent
component, b;:

Zt = a¢ + by (12)
The persistent component follows an AR(1) process:
by = pbi_1 + uy, uy ~ N(0,02). (13)
The transitory component is white noise:
a; ~ N(0,02). (14)

The variables a; and b; are not observable. The agents infer those
unobserved components in an optimal linear way using the Kalman
filter, as follows. Let Z' = {z1,29,23,...,2} and define b, =
E[b| 2], i.e., the inference regarding the persistent component of
z; upon observing current and past values of z;. The (steady-state)
Kalman filter yields

by = Pgt—l + Kp Nz — pgt—1)- (15)

Notice that p@t 1 1s the forecast of b; and Et conditional on the
information available at time t — 1, i.e., E[b;|Z!71] = E[b|Z2171] =

pbt 1 with forecast error u; = bt pbt 1. Now define a; = Ela;| 2],
i.e., the inference of the transitory component of z; with the infor-
mation available at time ¢, which satisfies

at = Zt —/gt. (16)
Notice that E[G,|Z¢71] = E[z|2t1] — E[b| 2] = E[b|2t1] —
pb;_1 = 0. Analogously, we have that E[a;1|Z?] = 0, such that
a; can be interpreted as an exogenous disturbance with conditional

mean equal to zero. The model (11) can therefore be represented as
follows:

2y = AE{x141} + Bry 1 + Cay + Chy, (17)
with

gt+1 = pby + Uty1, (18)
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and with (12)-(16). There is one exogenous variable, z;, and two
“perceived” exogenous variables, @; and b;. However, (17)—(18) can
be solved independently from (12)—(16).

Hence, the following algorithm can be used to simulate the
response of the endogenous variables in z; to shocks to z;:

(i) Solve (17)—(18) to obtain the decision rules
2, = Day + Eb, + Fay_,. (19)
(ii) Generate a sequence for z; using (12)—(14).
(iii) Generate a sequence for b, using (15).
(iv) Generate a sequence for a; using (16).

(v) Evaluate (19) using the sequences for b, and @, generated in
steps (iii) and (iv).
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