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1 Introduction

A central tenant of modern monetary policy is that the anchoring of inflation expectations
is necessary for achieving stable prices.! Since such expectations are sensitive to increases
in the price of oil, understanding the degree to which expectations facilitate the inflation
pass-through of oil price shocks is an important policy question that has achieved much
academic attention (see, e.g. Bernanke et al. (1997); Hooker (2002); Harris et al. (2009);
Coibion and Gorodnichenko (2015b) and Wong (2015) among others). Despite this fact,
there is currently no consensus on the empirical strength of this mechanism. For instance,
while Coibion and Gorodnichenko (2015b) argue that the high sensitivity of household’s
inflation expectations to oil price shocks in the US can help explain the missing deflation
puzzle of the Great Recession, other studies such as Blanchard and Gali (2007); Blanchard
and Riggi (2013) and Wong (2015) suggest that this mechanism is weak at best, and may
have altogether disappeared since the 1990s.

In this paper, we question whether inflation expectations and any associated oil price
pass-through depends on demand and supply conditions underlying the global market
for crude oil. Our question is motivated by the idea that households may form their
expectations of inflation differently when faced with long sustained increases in the oil
price, such as the early millennium oil price surge of 2003-2008, as compared to short and
sharp price increases that characterized much of the twentieth century. If this hypothesis
is true, then it not only adds to our understanding of how oil price shocks propagate
throughout the economy, but may provide a resolution of the aforementioned debate
about the empirical strength of the inflation expectations mechanism of oil price pass-
through.

To model the relationship between oil prices, inflation expectations and realized infla-
tion, we extend the structural vector autoregressive (SVAR) model of the global market
for crude oil developed in Baumeister and Hamilton (2019a) to include monthly measures
of expected and realized inflation in the US. Our Bayesian inference and identification
has the benefit of being based on sign restrictions that are less restrictive than commonly
used alternatives in the literature, such as e.g. Kilian (2009); Kilian and Murphy (2012,
2014), and further has the advantage of accounting for uncertainty about the identifying
assumptions themselves. As highlighted by Baumeister and Hamilton (2019a), this is
crucial for identifying demand and supply shocks to the oil market, and more generally
for drawing structural conclusions in VARs, see also Baumeister and Hamilton (2015,
2018, 2019b).

Our results not only support existing evidence that inflation expectations are sensitive

LCoibion et al. (2018a) survey the literature on how economic agents form their inflation expectations.



to oil price shocks (Harris et al., 2009; Coibion and Gorodnichenko, 2015a,b; Wong, 2015;
Glntner and Linsbauer, 2018), but also provide the novel insight that the degree of
sensitivity depends on the underlying source of oil market shock. In particular, we find
that demand for oil associated with unexpected large global economic activity shocks,
such as the early millennium oil price surge of 2003-08 (Aastveit et al., 2015), elicits an
extremely persistent response in both expected and actual inflation. In contrast, when
the economy is hit by shocks to oil supply, consumption demand, or inventory demand,
we find that both expected and actual inflation initially increase but then revert back to
zero within the following quarter. This suggests that the way in which households form
their expectations differs depending on the type of oil price shock underlying the global
market for crude oil.

Having shown that both expected and realized inflation are sensitive to oil price
shocks, we then investigate their relative effects during four commonly studied periods
of economic significance: the Iraqi invasion of Kuwait in 1990/91, the oil price surge of
2003-08, the oil price decline of the great recession and the collapse of the oil price in
2014. We find that while supply shocks can account for some of the increase in inflation
expectations around the Iraqi invasion of Kuwait in 1990, they don’t explain much of the
inflation dynamics since then. Instead, much of the fluctuations in expected inflation is
accounted for by unanticipated fluctuations in demand for crude oil. For instance, there
is a close mapping between consumption demand and inflation expectations during the
1997/98 Asian Financial Crisis, while demand from economic activity played a key role in
driving the persistent increases in expectations throughout the oil price surge of 2003-08
and the subsequent collapse in expectations in 2009. Finally, consumption and economic
activity shocks jointly explain the persistent reduction in inflation expectations since the
oil price drop of 2014.

A possible critique of our analysis, is that observing large movements in expected and
actual inflation following an oil price shock is insufficient for concluding that expectations
are an important driver of inflation pass-through. This is because pass-through arises
through both direct and indirect mechanisms. On the one hand, the cost channel suggests
that oil price increases directly feed through to prices via higher costs of production. On
the other, higher inflation expectations indirectly pass-through the oil price increases via
price setting and wage bargaining mechanisms. As a result, any dynamics from impulse
response functions or historical decompositions will conflate these two mechanisms, and
their isolation requires a counterfactual.

To address this issue, we build on the counter-factual analysis in Wong (2015), and
approximate the direct mechanism by examining whether the inflationary response from

an oil price increase differs under the assumption that expectations are insensitive to



each of the oil price shocks. Set in this manner, any difference between the actual and
counterfactual inflationary effects must be due to a propagation by inflation expectations,
i.e. the indirect effect. Given that our Bayesian analysis provides posterior distributions
for both the actual and counter-factual impulse response functions, we then determine
the relative strength of the two channels by testing whether the two sets of responses are
drawn from the same underlying continuous population distribution using a one-sided
two-sample Kolmogorov-Smirnov test (Massey Jr, 1951; Miller, 1956).

The results from our test not only provide overwhelming evidence that the actual and
counterfactual impulse response functions are drawn from distinct population distribu-
tions, but also that inflation tends to be smaller in the counterfactual compared to the
actual responses. On average, holding expectations constant after each oil price shock
will reduce the CPI level by 0.4-2.2 percent over the next 18 months, with the largest
reduction stemming from economic activity shocks associated with changes in the global
business cycle. This suggests that inflation expectations are an important channel in the
pass-through of real oil price increases into realized inflation.

In light of these new insights, we use our framework to revisit the much debated
question of whether high inflation expectations during the Great Recession can account
for the missing deflation. We find that if the real price of oil was held constant throughout
2009-11, then expected and realized inflation would have respectively been 1.5 and 1
percent lower than observed. Given that observed expectations increased from around
2.5 in January 2009 to 4 percent in December 2011, our results suggest that oil price
fluctuations can account for all of the rise in household inflation expectations during
this period. Thus, in line with Coibion and Gorodnichenko (2015b) we conclude that
if firms’ inflation expectations track those of households, then the rise in their inflation
expectations between 2009 and 2011 can explain the missing deflation during this period.

The paper is organized as follows. We detail the methodology in Section 2, discuss

the results in Section 3, and conclude in Section 4.

2 Empirical Methodology

To model the effects that oil demand and supply shocks have on expected and realized in-
flation, we require a structural model that is capable of jointly identifying the underlying
drivers in the world market for crude oil. To this end, we build on the recently developed
SVAR model of the global market for crude oil developed in Baumeister and Hamilton
(2019a). The primary difference between this model and earlier oil market SVARs, e.g.
Kilian (2009); Kilian and Murphy (2012, 2014), is the use of explicit, as opposed to im-
plicit, Bayesian priors in identifying the structural parameters and shocks. As highlighted



by Baumeister and Hamilton (2019a), this feature is crucial for identifying supply and
demand shocks to the oil market, and more generally for drawing structural conclusions
in VARs, see also Baumeister and Hamilton (2015, 2018, 2019b). This is because tradi-
tional identifying assumptions can be viewed as implicit priors, i.e. information that the
analyst had about the economic structure before seeing the data. For instance, tradi-
tional point identification, such as placing zero restrictions on certain contemporaneous
relationships, can be viewed as the researcher having a dogmatic prior. In general, how-
ever, we are often uncertain about the validity of such identifying assumptions. Rather
than sweeping such assumption under the rug, we explicitly model this uncertainty by
increasing the variance in those relevant prior distributions. Information from the data
will then update our prior belief via a straight forward application of Bayes’ Theorem

and inference is drawn accordingly.

2.1 Structural VAR Model

Let y, = (y¥,y") denote an (n° + n™) x 1 vector in which y? is an n° x 1 vector of
variables associated with the global market for crude oil and y7 is an n™ x 1 vector of
inflation variables. Following Baumeister and Hamilton (2019a), we set y§ = (g, Ys, e, it)’
in which ¢; is the percentage change in global crude oil production, y; is the percentage
change in global real economic activity, p; is the percentage change in the global real price
of oil, and i#; is the observable change in above-ground global crude oil inventories as a
percent of the previous month’s world production. Each variable is observed at a monthly
frequency. Since the true change in above-ground global crude oil inventories, 7}, is not
directly observable, i; will be modeled via measurement error. Given these definitions,

the global market for crude oil is then modeled through the following five equations

G = 1+ gy + DX + Uy, (1)
Yt = Ca+ Qyppr + bl2xt—1 + Uy, (2)
Gt = 3 + Boppr + Baye + 15 + baXe 1 +ujy, (3)
iy = ca + VTq + Y3y + Vipe + byxeoy + Uy, (4)
it = Xiy + e, (5)
where ¢;, j = 1,2,3,4 are intercept terms and x;_; = (y;_l, . ,y;_lg)/ is a vector of

lagged observations over the past year. A lag length of one year is designed to account
for the long lags in the transmission of oil price shocks (Hamilton and Herrera, 2004),
and was also used in both the SVARs of Baumeister and Hamilton (2019a) and Wong
(2015). Equation (1) is the oil supply curve in which ay, is the short-run price elasticity
of supply and uj, is an oil supply shock. Equation (2) models the determinants of global



real economic activity, in which «,, captures any contemporaneous effects of oil prices
and u3, is an economic activity shock associated with changes in the global business
cycle. Equation (3) is the oil demand curve in which /3, is the sort-run price elasticity of
demand, while 3, captures any contemporaneous effects of global real economic activity,
1 denotes the true change in global crude-oil inventories as a percent of the previous
month’s world production, and w3, is a consumption demand shock. Equation (4) models
the true dynamics in above-ground crude oil inventories, and u}, an inventory demand
shock. Finally, equation (5) is a measurement-error equation that accounts for the fact
that observable data on global crude-oil inventories does not capture the true quantity of
available inventories. Thus, i; denotes the change in observable crude-oil inventories as
a percent of the previous month’s world production, y < 1 is a parameter that captures
the fact that observable inventories are a proportion of the world total, and e; is a
measurement error which is assumed to be uncorrelated with the structural shocks.

Note that the specification in (1)-(5) assumes that the global oil market variables are
predetermined to the US inflation block. This is motivated by the idea that monthly
news about US changes in expected or realized US inflation is unlikely to impact the real
price of crude oil, or the decisions of global oil producers.

To examine the effects that these fundamental oil market shocks have on inflation
expectations, 7¢ and realized inflation 7, we define yJ = (¢, 7)’, and specify the following

two equations

¢ = Cs + )‘Weppt + b/5Xt—1 + u;h (6)

m=Cs + VrpPt + ’yﬂ'ﬂ'eﬂ-te + VryYt + b%thl + u;t' (7)

Equation (6) models inflation expectations dynamics which contemporaneously depends
on the real price of oil through Are,, and an inflation expectations shock uf,, but is only
impacted by the remaining oil market variables and realized inflation through historical
movements. Equation (7) models inflation dynamics, which responds contemporaneously
to the real price of oil, inflation expectations, real economic activity and an idiosyncratic
inflation shock ug;.

We have made three assumptions in specifying the inflation block. In the first in-
stance, we assume that expectations are not contemporaneously impacted by realized
inflation. This reflects the time lag between the date at which households must submit
their expectations to the survey and the release of actual inflation data. Second, we as-
sume that expected inflation is contemporaneously independent of all oil market variables
other than the real price of oil. This reflects the idea that households are most likely
ignorant about the underlying dynamics in the global market for crude oil and only learn

about the effects of shocks through the purchase of goods that are highly dependent on



the real price of oil, e.g. gasoline and automobile purchases (Hamilton, 2009; Coibion
and Gorodnichenko, 2015b). Third, we assume that realized inflation is contemporane-
ously independent of oil production and oil inventories. In this way equation (7) can be
interpreted as a Phillips curve relation.

For estimation purposes, it is easy to check that substituting (5) into (3) and (4) and
combining (1)-(7) yields a system of the form

Ayt = BXt_l + flt, (8)

where x;_; = (yg_l, ey Y19 1)/,

b, o 1 0 —ap 0 0 0 ui,

b, ¢ 0 1 —ay, 0 0 uy,
B_ b% Gl Ao 1 =By —Byp —x' 0 0 Cd - ul, — x"'ey

b4 Cy _wl —1/12 —wg 1 0 0 X’U/Zt + e

b; cs 0 0 —Aep O 1 0 uz,

_bl6 €6 | i 0 =Yy —Yap 0 —Vrme 1_ i Ugy ]

This representation shows that u3, and wj, are correlated. To generate a representa-

tion in which the shocks are uncorrelated, the system in (8) can be pre-multiplied by

(1 000 0 0
01 0 00O
001 00O
I'= ,
00 p 100
00 0O0T1TO0
00 0O0O01
in which p = %7 and dj5 comes from the representation
33 e
AYt = th—l + U, u; ~ N(O, D) s (9)

in which A =TA, B=TIB, u, = I'ti, and



0 0 0 0 0
0 ds 0 0 0 0
b 0 0 diy+x 202 —x2%2 0 0
0 0 —x"%02 X402 0 0
0 0 0 0 =00
0 0 0 0 0 di

Written in this manner, the SVAR with uncorrelated shocks in (9) can be estimated us-
ing the Bayesian methods discussed in Appendix B of Baumeister and Hamilton (2019a),
for which we present priors in the next section. Structural inference can then be made

by calculating the matrices in (8).

2.2 Priors

The priors on parameters in the global market for crude oil are in line with those in
Table 1 of Baumeister and Hamilton (2019a, p.1892). This includes the use of priors
on (1) the determinant of A and (2) the equilibrium feedback effects in the impact
matrix, A~'. This is permissible because both the determinant of our A matrix, and the
equilibrium feedback effect of interest, are identical to those in their paper. We prove this
result formally in Appendix 1. Intuitively, these results hold because of the identification
assumption that expected and realized inflation have no contemporaneous impact on the
oil market block. Given this result, we also follow Baumeister and Hamilton (2019a,
p.1893) and restrict 1)y = 0 to identify the oil market shocks. Finally, since expected and
realized inflation in the US are likely to have little impact on global oil market variables,
e.g. global oil production or inventory accumulation decisions, we center the appropriate
lagged coefficients on zero, with a variance of 1072

The inflation block and subsequent parameters are new to this paper. We set the
priors for structural variances and lagged structural coefficients in the same manner as
the oil market block, with each of the lagged coefficients being centered on zero. In setting
the priors affecting contemporaneous coefficients we emulate the approach proposed by
Baumeister and Hamilton (2019a) and propose a set of priors for those coefficients based
on different sources of information. As shown in Table 1, we use a set of Student’s-t prior
densities truncated to positive support. This captures the fact that both expected and
realized inflation will react to an unexpected increase in the real price of oil in a non-
negative manner. Similarly, higher inflation expectations should, if anything, result in a

positive price change. When choosing the location of each distribution we appeal to the



Table 1: Student’s t prior distributions for structural parameters in the inflation block

Parameter Definition Location Scale Degrees of freedom Sign restriction
Arep Effect of real price of oil on inflation expectations 0.02 1 3 positive
Vrp Effect of real price of oil on realized inflation 0.04 1 3 positive
o - Effect of inflation expectations on realized inflation 1 1 3 positive
Vry Effect of real economic activity on realized inflation 0.25 1 3 positive

existing studies. In the first instance, we use the estimates in Coibion and Gorodnichenko
(2015b, p.226) and Coibion et al. (2018a, p.1483) to center the real oil price effect on
expected and realized inflation on 0.02 and 0.04, respectively. Regression estimates from
Coibion et al. (2018a, p.1464) are also used to center the effect of real economic activity
on realized inflation at 0.25. Next, in line with the rational expectations hypothesis, we
center the coefficient of inflation expectations in the inflation equation around unity (Gali
and Gertler, 1999; Coibion et al., 2018a). While Coibion et al. (2018a) present evidence
to suggest that this value is around 1.36 for the Michigan survey, thereby deviating from
the predictions of full information rational expectations, we think that this is a prudent
starting point, and allow the data to inform us of any deviations. Finally, given the
magnitude of these values, in each case we use a unit valued scale parameter with 3

degrees of freedom.

2.3 Data

Our sample consists of six monthly time series from January 1983 to December 2019.
This includes observations on the four fundamental oil market variables, US inflation
expectations and realized inflation. In line with previous studies that examine the link
between expected and realized inflation (e.g., Harris et al. (2009); Wong (2015)), the
starting point is chosen to restrict the analysis to the post-Volcker deflation regime and
to account for the changes in oil price elasticities since the mid-1980’s, see Baumeister
and Peersman (2013a,b).

The variables in the global oil market block are measured as in Baumeister and Hamil-
ton (2019a). First, the percentage change in global crude oil production is measured using
global crude oil production data as provided by the U.S. Energy Information Adminis-
tration (EIA). Second, global real economic activity is measured using the OECD+6
industrial production index provided by Baumeister and Hamilton (2019a). Third, the
percentage change in the global real price of oil is measured by the US refiners’ acquisi-
tion cost (IRAC) for imported crude oil, as reported by the EIA, and deflated by the US
consumer price index (all items), which were obtained from the FRED database. Finally,

the change in above-ground oil global crude oil inventories is measured by total US crude



oil inventories scaled by the ratio of OECD petroleum stocks over US petroleum stocks,
all of which are obtained from the EIA. Note that the model based proxy, i;, defined
as the change in inventories as a proportion of last periods oil production, is obtained
by converting the production data into millions of barrels per month by multiplying the
million barrels of crude oil per day by 30.

The variables in the inflation block are measured as in Coibion and Gorodnichenko
(2015b) and Wong (2015). First, inflation expectations are measured by the median one-
year-ahead inflation expectations Michigan Survey of Consumer Inflation Expectations.
Second, inflation is the annualized month-on-month rate of change in the US consumer

price index (all items).

3 Results

3.1 Posterior estimates of structural parameters

The posterior distributions of the new contemporaneous coefficients in the inflation block
are shown in Figure 1. The solid red curves represent the prior information and the blue
histogram is the posterior distribution. The posterior median of the real oil price effect
on expected and realized inflation are respectively 0.01 and 0.14. The former estimate is
slightly lower than the prior mean, but quite close to the regression estimate in Coibion
and Gorodnichenko (2015b), while the latter is larger, but of a similar magnitude to the
value in Coibion et al. (2018a). Next, the posterior mean of inflation expectations effect
on inflation is 1.92, thereby providing strong support that the behavior of respondents
in the Michigan survey are not in accordance with rational expectations. This is in
line with evidence presented in Coibion et al. (2018a) which shows that survey based
inflation expectations tend to deviate from what full information rational expectations
theory would predict. Finally, the posterior mean of global real economic activity’s effect
on realized inflation is 0.21, which is very close to the 0.25 estimate obtained in Coibion
et al. (2018a).

Since some of the posterior median values are of similar magnitudes to their associated
prior mean, we also estimated the model with a set of Student’s-t prior densities located
at 0, with scale parameter 100, and 3 degrees of freedom priors and unbounded support.
These values are chosen so that the priors are uninformative over the entire real line. The

results are in line with those presented throughout the paper.
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Figure 1: Prior (solid red curves) and posterior (blue histograms) distributions of struc-

tural parameters in the inflation block

Notes: Are, denotes the effect of the real price of oil on inflation expectations, vx, denotes the
effect of the real price of oil on realized inflation, v, denotes the effect of inflation expectations

on realized inflation, and v, denotes the effect of real economic activity on realized inflation.

3.2 Do oil price shocks effect expected and realized inflation?

Do expected and realized inflation respond differently to the underlying source of shock
in the global market for crude o0il? A quick glance at the impulse response functions
in Figure 2, suggest that the answer is yes. For instance, an economic activity shock,
that increases oil prices with 10 percent, elicits an extremely persistent response in both
expected and actual inflation. In contrast, when the economy is hit by shocks to supply,
consumption demand, or inventory demand, we find that both expected and actual infla-

tion initially increase but typically dies out after a quarter. This suggests that households
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Figure 2: Structural impulse response functions

Notes: The structural shocks have been normalized to elicit a 10% increase in the real price of
oil. The posterior median is shown in boldface and the shaded area is the 95% joint credible

set obtained from the posterior distribution of 100,000 structural models.

form their expectations of inflation differently when faced with economic activity shocks
as compared to alternative oil price shocks.

While impulse response functions are useful for analyzing the average response of each
variable to shocks over the entire sample, they are silent on the relative importance of
each shock during specific episodes of economic significance, such as the Great Recession.
For this reason it is also useful to examine the historical decompositions of both expected
and realized inflation to the various oil market shocks.

The results in Figures 3 and Figure 4 suggest that both expected and realized inflation

have been quite sensitive to the oil market shocks over the sample period. For instance,
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Figure 3: Historical Decomposition: Inflation Expectations

Notes: Actual changes in inflation expectations (red dotted lines) and median estimate of
historical contribution of separate structural shocks (blue lines). Blue shaded regions indicate
95 percent posterior credibility regions from the posterior distribution of 100,000 structural

models.

consumption demand shocks contributed towards both the high expected and realized in-
flation during the Iraqi invasion of Kuwait in 1990/91 and the subsequent decline during
the 1997/98 Asian Financial Crisis. Such shocks also help explain the raising inflation
expectations throughout the early millennium price surge of 2003-08, as well as low fre-
quency inflation movements during this period. The results also suggest that economic
activity shocks played a key role in shaping inflation expectations in the early millen-
nium increase in inflation expectations. Combined together, consumption demand and
economic activity shocks explain almost all of the sharp decline in both expected and
realized inflation during the Great Recession, with the latter shock playing the primary
role. Finally, while economic activity shocks explain the recent fall in inflation expecta-
tions since the oil price collapse of 2014, consumption demand shocks explain more of the
inflation dynamics during this period.

Of course, this is not to say that oil price shocks can explain all of the movements

in either expected or actual inflation over our sample period. For instance, there is no
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Figure 4: Historical Decomposition: Inflation

Notes: Actual changes in inflation (red dotted lines) and median estimate of historical contribu-
tion of separate structural shocks (blue lines). Blue shaded regions indicate 95 percent posterior

credibility regions from the posterior distribution of 100,000 structural models.

evidence that oil prices contributed towards inflation expectation dynamics during the
mid-1990s or the sharp fall in 2002. Nonetheless, our results confirm that identifying the
underlying oil market shock is extremely relevant for understanding inflation expectations

both historically and in the present.

3.3 Counterfactual analysis

The evidence reported in the previous two sections showed that both expected and re-
alized inflation are sensitive to oil price shocks. An important caveat noted by Wong
(2015), however, is that a high degree of sensitivity does not necessarily imply that infla-
tion expectations play a role in propagating the inflationary response of oil price shocks.
This is because all of the inflationary response associated with an oil price shock may

be due to the direct effects of higher production costs and not at all associated with the
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indirect effects of price setting or wage bargaining mechanisms through which inflation
expectations may impact inflation.

To address this potential concern, we consider a counterfactual in which inflation ex-
pectations are held constant during the impulse response analysis. This has the effect
of isolating any increased inflation associated with shocks affecting the real oil price.
Any observed difference between the inflationary effects in the actual and counterfac-
tual impulse response functions must consequently be due to a propagation by inflation
expectations. To ensure that the effects are comparable, we assume that each shock in-
creases the real price of oil by 10 percent. Formal details of this exercise are deferred to
Appendix B.

Figure 5 shows a comparison of the median counterfactual and actual IRFs. To
conserve space we present the distributions of these responses to the Appendix. The
main point to note are that the counterfactual IRFs contain more estimation uncertainty
than the actual IRFs presented earlier in Figure 2. Nonetheless, comparing the median
responses as in Figure 5 reveals that holding inflation expectations constant after an oil
price shock will, on average, reduce the CPI level by 0.4-2.2 percent over the next 18
months, with the largest impacts stemming from economic activity shocks. This suggests
that inflation expectations are an important channel in the pass-through of real oil price
increases into realized inflation, and that failing to identify the underlying source of oil
market shocks would underestimate the degree of pass-through.?

While this suggests that inflation expectations are an economically important channel
in the pass-through of real oil price increases into realized inflation, observing that the
averages of two distributions are different is insufficient for determining whether this
difference is statistically significant. To formally test whether the counterfactual responses
are statistically smaller than the actual responses, we consequently conduct a one-sided
(two-sample) Kolmogorov-Smirnov test. The null hypothesis for the test is that the actual
and counterfactual responses are generated from the same population distribution, and
the one-sided alternative hypothesis is that the empirical cumulative distribution function
of the actual IRFs is smaller than that of the counterfactual. Set in this manner, rejecting
the null hypothesis implies that the observed IRFs tend to be larger than those in the

counterfactual in a statistical sense.

2This is because averaging over the four oil market shocks would imply that holding inflation expec-
tations constant after an oil price shock will, on average, reduce the CPI level by about 0.8 percent over
the next 18 months.
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Figure 5: Actual (blue solid line) and counterfactual (red dashed line) structural impulse

response functions and their difference (magenta dotted line)

Notes: The structural shocks have been normalized to elicit a 10% increase in the real price
of oil. The results presented are posterior medians obtained from the posterior distribution of

100,000 structural models.

Table 2 displays results from the one-sided (two-sample) Kolmogorov-Smirnov test.
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Table 2: P-values for one-sided two-sample Kolmogorov-Smirnov test on actual and coun-

terfactual inflation impulse response functions of CPI Inflation

Impulse horizon ‘ Supply ‘ Economic Activity Demand | Consumption Demand | Inventory Demand

1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.32 0.67
3 0.00 0.00 0.00 0.00
4 0.35 0.00 1.00 1.00
5 0.00 0.00 1.00 0.00
6 0.00 0.00 0.00 0.00
7 1.00 0.00 0.00 1.00
8 1.00 0.00 0.00 1.00
9 0.00 0.00 0.00 1.00
10 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00
12 0.00 0.00 0.00 0.00

Notes: The two-sample Kolmogorov-Smirnov test evaluates the difference between the empirical
cumulative distribution functions (CDFs) for the actual and counterfactual impulse response
functions (IRFs), i.e. Hy : F, = F,, i.e. both samples come from a population with the same
distribution. For the one-sided test: Hy : Fj, < Fc, i.e., the observed empirical CDF tends to be

smaller than that of the counterfactual.

The table shows that the test often rejects the null hypothesis at the one percent level of
statistical significance, thereby providing extremely strong evidence that inflation tends
to be larger in the counterfactual. This suggests there is strong statistical support for
the presence of indirect expectations effects in the inflation pass-through of oil price
shocks. This is especially true when the real price of oil is responding to demand shocks
associated with global economic activity, for which we reject the null hypothesis at each
impulse horizon up to one year after the shock. In summary, if inflation expectations
were held constant over our sample period, then, on average, inflation would have been

significantly less than was actually observed.

3.4 Explaining the missing deflation during the Great Recession

In the year of February 2008 to 2009, US GDP contracted 4% while the unemployment
rate rose by 3%. At the same time, despite falling almost 2% in November 2008, year-
on-year CPI inflation was almost zero, and subsequent periods saw no deflation. This
empirical fact called into question traditional backward-looking Phillips curve models

of inflation, which suggest an inverse relationship between the price level and economic

17



output, and gave rise to the “missing deflation” puzzle (Ball and Mazumder, 2011; Hall,
2011). In an influential paper, Coibion and Gorodnichenko (2015b) argued that the
puzzle can be explained by noticing that higher oil prices increased inflation expectations
which prevented deflation. Despite this result, Wong (2015) found modest to nonexistent
indirect effects of price setting or wage bargaining mechanisms, and suggested that the
Coibion and Gorodnichenko (2015b) result was due to the fact that they confounded the
direct and indirect effects.

In light of our results in the previous two sections, we here investigate whether our
model can help to explain the differing conclusions reached in Coibion and Gorodnichenko
(2015b) and Wong (2015). To this end, we generate counterfactual expected and realized
inflation series holding the oil price constant after each of the oil market shocks between
January 2009 and December 2011. Set in this manner, any deviation between the actual
and counterfactual paths can be attributable to indirect effects of inflation pass-through
during this period.

The results in Figure 6 reveal that if the real price of oil was held constant throughout
2009-11, then, on average, expected and realized would have respectively been around
1 percent lower than was observed. Given that observed expectations increased from
2.2 in January 2009 to 3.1 percent in December 2011, our results suggest that oil price
fluctuations can account for all of the rise in household inflation expectations during
this period. Thus, in line with Coibion and Gorodnichenko (2015b) we conclude that
if firms’ inflation expectations track those of households, then the rise in their inflation
expectations between 2009 and 2011 can explain the missing deflation during this period.?

Taken together, our results not only explain those in Coibion and Gorodnichenko
(2015b), but also why Wong (2015) found results to the contrary. Specifically, the early
millennium oil price surge of 2003-08 was due to an strong demand, primarily driven
by unexpectedly high demand from Asia (Aastveit et al., 2015). This shock lead to an
increase in inflation expectations which propagated the effects into higher actual inflation.
If instead, oil prices were held constant, then our results suggest expected and actual
inflation would have been 1 percent lower than observed. This explains the missing
deflation result. Moreover, by averaging the effects of the underlying oil market shocks
(see Section 3.2), Wong (2015) concludes that this mechanism is simply too weak to justify
the results in Coibion and Gorodnichenko (2015b). Our results consequently highlight

the importance of decomposing the underlying drivers of the oil market when studying

3While data limitations have made it impossible to examine the behavior of firm level inflation
expectations in the US, Kumar et al. (2015) and Coibion et al. (2018b) report that inflation expectations
of firms in New Zealand tend to co-move with gasoline prices to a similar extent of those in US households’

inflation expectations.
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Figure 6: Great Recession Counterfactual: Actual time series (solid line) and counterfac-
tuals (dashed line)

Notes: Actual percentage change in the price of oil, inflation expectations and month-on-month
percentage change in inflation are in blue, while the counterfactuals are in red. The counter-
factuals are made under the condition that the real price of oil remained flat since January
2009 using the method in Appendix B. The results presented are the median from a posterior

distribution of 100,000 structural models.

the role of expectations in eliciting inflation pass-through of oil price shocks.

4 Conclusion

We have investigated whether the inflation pass-through of oil price shocks depends on
the underlying drivers in the global market for crude oil. Methodologically, we extended

a recently proposed structural vector autoregressive model of the global market for crude
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oil to include an additional inflation block, which included monthly measures of US CPI
inflation and the University of Michigan’s survey of inflation expectations.

Using this new model, we confirmed existing evidence that expected and realized
inflation are sensitive to oil prices, and provided the novel insight that the type of shock
matters; with economic activity shocks having a significantly longer lasting effect than
other types of real oil price shocks. Such shocks were able to explain almost all of
the expected and realized inflation dynamics during the early part of the century, and
also account for the reduction in inflation expectations since the oil price drop of 2014.
This is not to say that the other shocks were not important. For instance, supply and
consumption demand shocks were found to have contributed towards the high expected
and realized inflation during the Iraqi invasion of Kuwait in 1990/91, and the latter shocks
also played a key role in shaping households expected deflation during the 1997/98 Asian
Financial Crisis.

In addition to these new insights, we resolved the debate on the role of oil price shocks
in driving the missing deflation puzzle during the Great Recession. We found that the
demand driven early millennium oil price surge of 2003-08 drove up inflation expectations
and generated significant pass-through into actual inflation. If oil prices were instead held
constant, expected and actual inflation would have been 1 percent lower than observed.
Importantly, failing to distinguish between the different effects that demand and supply
shocks have on actual and expected inflation would result in this effect being unidentified.
This insight highlights the importance of decomposing the underlying drivers of the oil

market when modeling the inflation pass-through of oil price shocks.
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A Appendix: Proof

In this Appendix we formally prove our claims in Section 2.2 that
1. the determinant of A, and
2. the equilibrium feedback effects in element (2,2) of the impact matrix A1,

are equivalent to those in Baumeister and Hamilton (2019a), thereby allowing us to use
the priors in their paper. To this end, we utilize the following well known theorem in

linear algebra (see, e.g. Powell (2011) and references therein).

Theorem 1 Let A be an n x n matriz that can be partitioned into

All A12
A21 A22

A:

where A1 is 1 X 1, Ap isl X k, Aoy is k X 1, Ay is k X k, withn =k + 1. Assume that

Agg is nonsingular. Then,
1. The determinant of A is given by det (AH — A12A2_21A21) det (Ag).

2. The matriz A is invertible if and only if the Shur complement Ay, — A12A2_21A21 18

wmvertible, and

(All — A12A2_21A21)_1 — (All — A12A2_21A21)_1 A Ay

A—l — _ _
— Ay Ay (An - A12A2_21A21) ' Ay <Ik; + Ao (Au — A12A2_21A21) ' A12A2_21)

To see how A fits into Theorem 1, note that it can be partitioned as

- |ALLA
A — ~117 ~12
A217A22

in which
10 —ay 0 0
- 0 1 — 0 - 0 0
A, = o . JAp = ;
—Byw B —X 0 0
—1 =y =13 1 0 0

~ 0 0 —Apep, O] = 1 0
Ay = g ;Agy = .
00 —¢ O —Qpme 1
It is easy to see that the sizes of these matrices sums to the dimensions of A and that

det (A22> = 1.
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To prove our first claim, note that applying part 1 of Theorem 1 gives
det (A) = det <A11 — AlgAQ_QIAgl) det <A22> s
= det <A11> .

Since Afll, is equivalent to the impact matrix in Equation 35 of Baumeister and Hamilton

(2019a, p.1889), this proves that the determinants of the two matrices are equivalent.
Next, to prove our second claim, note that the Shur complement is simply A, which

is invertible (with inverse given in Equation 40 of (Baumeister and Hamilton, 2019a,

p.1894)). Thus, it follows by part 2 of Theorem 1 that

A —Ap
A21A1_11 I,

11

Since the upper 4 x4 block of the impact matrix A~ is Al_ll, it follows that the equilibrium

feedback effects in element (2,2) are also equivalent.
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B Appendix: Counterfactual

In this section we provide methodological details on the counterfactual exercise used in
Section 3.3. To this end, first note that the reduced form VAR model variant of the
SVAR in (8) is given by

ye = Px, 1 + €,
12

=cCc+ Z Dy + €, (10)

i=1

where ® = A~'B and €, = A~'&,. The companion form of (10) is then given by

Zt = FZt—l + Vi, (]_1)
in which
(&, ®, ... B, By ]
yi—¢ I, 0 ... 0 O ot
7, = : . F=|0 I, 0 0|, v,=

11 —cC :
Yi-11 0
(0 0 ... I, 0 | L

Impulse response functions are then obtained by a straight forward application of the
multivariable chain rule, i.e.

azt—f—s o azt—f—s 86t

T = = \IISA-_I = 837
ou, e, ou,

where ¥, = % is the (n x n) non-orthoginalized impulse response function matrix at
t

horizon s which is obtained with the first n rows of F*.*

Following a shock in the global market for crude oil, the counterfactual impulse re-
sponse function uses a sequence of structural inflation expectations shocks to hold in-
flation expectations constant at each impulse horizon s. To ensure that the effects are
comparable, we assume that each shock increases the real price of oil by 10 percent.’
To see how this sequence is constructed, define the selection vector e, to be an n x 1
vector with 1 as the k-th element and 0 otherwise. Then, the impulse response function

of variable 7 to a shock in variable j horizon s, denoted 6;; ,, is

AT
91']'75 = eiF K,

4Note that we have simplified notation by writing the impulse response function with respect to the
correlated shock vector, u;, as opposed to the uncorrelated shocks u;. To get uncorrelated shocks we

follow the procedure in Equation 39 of Baumeister and Hamilton (2019a, p.1890)
5The choice of a 10 percent price increase is in line with Wong (2015).
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10A e,
efA-le;

third variable in the SVAR. Since inflation expectations is the fifth variable in the SVAR,

where k; = , and e} in the denominator occurs because the real price of oil is the

the counterfactual exercise sets 05;, = 0 for all s. For instance, if s = 0 then we require
that
953'70 = el5l‘.',j + egA_leg,ﬁge = 0,

/ .
eskj

where the simulated shock 4 = — Letting S denote the maximum impulse

esA~lel’

horizon, the remaining sequence is then calculated recursively through

S—1 smA -1, 57
,&7‘(‘8 _ 05j:5 + Zm:O e5F A S5l

. L
etA-le;

Thus, the counterfactual impulse response function for variable ¢ to shock 7 at horizon s,

A

0, 5, is computed as
5-1

ha § : rpem A —1, ~m¢
Oij,s = 01']"5 + eiF A esuU,,

m=0
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C Appendix: Additional Results

Full historical decompositions

In this Appendix we provide the full set of historical decompositions associated with

Figures 3 and 4 in Section 3.2 of the paper.
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Figure 7: Historical Decomposition: Inflation Expectations

Notes: Actual changes in inflation expectations (red dotted lines) and median estimate of
historical contribution of separate structural shocks (blue lines). Blue shaded regions indicate
95 percent posterior credibility regions from the posterior distribution of 100,000 structural

models.
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credibility regions from the posterior distribution of 100,000 structural models.

Counterfactual IRFs

Figure 9 graphs the counterfactual structural impulse response functions with a 95% joint

credible set associated with results in Section 3.3 of the paper. As discussed there, the

main observation is that the counterfactual IRFs contain quite a bit more estimation

uncertainty surrounding relative to the actual IRFs presented in Figure 2.
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Figure 9: Counterfactual structural impulse response functions

Notes: The structural shocks have been normalized to elicit a 10% increase in the real price of
oil. The posterior median is shown in boldface and the shaded area is the 95% joint credible

set obtained from the posterior distribution of 100,000 structural models.

Oil market block

We here examine the impulse response functions and historical decompositions associ-
ated with the global oil market block of our SVAR model, and compare them to those
in Baumeister and Hamilton (2019a). This has the effect of determining whether the

use of a shorter sample size and additional inflation block, changes the main results in
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Baumeister and Hamilton (2019a).5

The posterior distributions of the contemporaneous coefficients in the oil block are
shown in Figure 1. The solid red curves represent the prior information and the blue
histogram is the posterior distribution. Each of the posterior distributions exhibits similar
characteristics to those in Baumeister and Hamilton (2019a). One exception is that the
posterior median of the short-run price elasticity of oil supply, a,, is 0.04, which is smaller
than the 0.15 estimated in Baumeister and Hamilton (2019a) and about half of the 0.11
value obtained in Caldara et al. (2019). In contrast, our estimate of the posterior median
of the short-run price elasticity of oil demand, f3,,, is -0.38, which is quite close to the
value of -0.35 obtained in Baumeister and Hamilton (2019a). Why is the supply elasticity
is lower, while the demand elasticity is almost the same? The answer is that our shorter
sample excludes periods in which supply shocks played a key role and economic activity
shocks didn’t matter. Since our sample starts in 1983, as compared to 1958, we have
omitted the pre-1973 period in which the Texas Railroad Commission (TRC) controlled
the price of petroleum (Hamilton, 1985), thus forcing oil supply shocks to have a smaller
role.

The impulse response functions in Figure 11 are mostly identical to those in Baumeis-
ter and Hamilton (2019a, p.1900). For instance, an unanticipated increase in consumption
demand for oil (see row 3) has a negligible impact on oil production and above-ground
inventories, while slightly increasing world industrial production and pushing up the real
oil price. That being said, there are two notable differences that occur from using a
smaller sample. First, we find that the economic activity shock have a relatively larger
impact on the real price of oil. Second, we find that supply shocks have a relatively
smaller impact on world industrial production and the real price of oil. This finding is in
line with our above estimates of the supply elasticity. Moreover, given that demand due
to economic activity played a much larger role in shaping dynamics of the global market
for crude oil since the turn of the century, shortening the sample increases the average
effect.

6Recall that our sample size is 1983M1-2019M12, compared to 1958M1-2016M12 in Baumeister and
Hamilton (2019a). We also re-estimated their SVAR model on our sample with their replication files.

The results (which are provided in Appendix 2) are identical to those presented here.
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Figure 10: Prior (solid red curves) and posterior (blue histograms) distributions of struc-

tural parameters in the oil block
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Figure 11: Structural impulse response functions: oil market variables

Notes: The impulse response functions are in response to a one standard deviation structural
shock. The posterior median is shown in boldface and the shaded area is the 95% joint credible

set obtained from the posterior distribution of 100,000 structural models.

The historical decompositions in Figure 12, are identical to those in Baumeister and
Hamilton (2019a, p.1901). For instance, we observe that demand and supply shocks to
were equally important during the First Persian Gulf War of 1990/91, while consumption
and economic activity explain much of the early millennium oil price surge of 2003-2008,
along with the subsequent collapse and rebound during the Great Recession. The con-
sumption demand shock also accounts for much of the oil price collapse in 2014-2016,
and subsequent recovery in 2016. We highlight that this result is identical, while the
IRF's differ, because IRF's are sample averages, while historical decompositions analyze

the effects of shocks at each point in time.

33



40 —

Effect of oil supply shocks on oil price growth

Effect of economic activity shocks on oil price growth

. H Il 7 201

40 ——
20f i
= = H
[} [}
o e 0
(5} [0}
o a
-20
40 L \ \ \ \ \ 40 \ \ \ \ \
1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020
Effect of oil consumption demand shocks on oil price growth Effect of oil inventory demand shocks on oil price growth
i i
i i
i i
20f ¥ i ]
H

Percent
o
Percent

-20

i
§
i

-40 :

1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015

-40

2020

Figure 12: Structural historical decompositions: oil market variables

Notes: Actual changes in the real price of oil (red dotted lines) and median estimate of historical
contribution of separate structural shocks (blue lines). Blue shaded regions indicate 95 percent

posterior credibility regions obtained from the posterior distribution of 100,000 structural mod-

els.
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