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Empirical evidence 1 Identification problem

Introduction
2 Empirical evidence

▷ research that bases its findings on
direct or indirect observation as its
test of reality

▷ economic models should be able to
replicate all or some of the facts gath-
ered from the empirical evidence

▷ gathering of evidence may also de-
pends on used models or methods

2 Identification problem

▷ the problem of untangling observed
data or phenomena in order to test
theoretical hypotheses

▷ examples
▷ market equilibrium
▷ monetary policy shocks
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Empirical evidence 1 Identification problem

Market equilibrium
2 Setup

▷ equilibrium prices and quantities in a
market are set by supply and demand

▷ goal is to estimate demand and sup-
ply observing n (i : 1, . . . , n) combi-
nations of equilibrium prices (p) and
quantities (q)

ln qi = α+ βln pi + εi

2 Problem

▷ the equation obtained by regressing q
on p cannot be identified as a demand
or a supply function (−∞ < β < ∞)

▷ additional assumptions needed to
identify α and β

2 Examples of assumptions

▷ supply function subject to shifts and
demand function fixed; hence, ob-
served combinations of prices and
quantities lie on the demand curve

▷ demand function subject to shifts and
supply function fixed; hence, observed
combinations of prices and quantities
lie on the supply curve

2 Illustration

▷ with two sets of observations
▷ blue dots: first sample
▷ red dots: second sample
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Figure 1: identification problem, microeconomics (1/2)
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Figure 2: identification problem, microeconomics (2/2)
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Empirical evidence 1 Identification problem

Monetary policy shocks
2 Setup

▷ a central bank
▷ ‘acts’, i.e. influences the economy,
when changing interest rates

▷ ‘reacts’ to various events faced
by the economy, changing interest
rates

▷ goal is to quantify monetary policy
effects, which implies to separate the
regular policy response to the econ-
omy from the observed monetary pol-
icy variables

2 Problem and solution

▷ interest rates sum up all monetary
policy decisions

2 Problem and solution (cont.)

▷ interest rates are the endogenous re-
action to the economy and exogenous
monetary policy shocks uncorrelated
to the economy

▷ nominal feedback rules or reaction
functions (mp = monetary policy, π = inflation,

y = output)

it
mp instr.

= f (πt, yt, . . .)
endo. mp

+ εt
exo. mp

▷ endo. monetary policy is the feedback
part and exo. monetary policy is the
monetary policy shock

▷ econometric and narrative methods to
isolate monetary policy shocks

Economics of Central Banking Slide 7/37



Empirical evidence 2 Correlation

Computation
2 Definition

▷ the simultaneous change in value of
two numerically valued random vari-
ables

▷ correlation does not mean causality,
but causality implies correlation

2 Examples

▷ the positive correlation between
cigarette smoking and the incidence
of lung cancer
▷ smoking , change of cancer
▷ people who smoke may get a lung
cancer

▷ people with lung cancer may begin
to smoke e.g. to enjoy the last
years of their life

▷ the negative correlation between age
and normal vision
▷ aging , vision
▷ old people may see less well than
young people

▷ blind people tend to live longer than
normal people
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Empirical evidence 2 Correlation

Computation
Table 1: covariance and correlation

Variance (dispersion indicator) Var (zt) σ2
z = E (zt − z̄)

2

Covariance (comovement indicator) Cov (xt, yt) σxy = E (xt − x̄) (yt − ȳ)

Correlation (cov. norm. by st. dev.) Cor (xt, yt) σxy/ (σxσy)

Cross correlation (−∞ < j < ∞) Cor (xt, xt−j) σxtxt−j
/
(
σxtσxt−j

)
Dynamic correlation (−∞ < j < ∞) Cor (xt, yt−j) σxtyt−j

/
(
σxtσyt−j

)
Notes: E = expectation operator; terms may vary.
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Empirical evidence 2 Correlation

Empirical evidence
2 Long-run relationships

▷ corr. bet. ∆m and π is almost 1
▷ McCandless and Weber (1995), 30
years, 110 countries

▷ a change in the growth rate of
money induces an equal change in
inflation

▷ 1/1 long-run relationship bet. ∆m
and π should be in models

▷ no corr. bet. π (or ∆m) and the
growth rate of real output
▷ McCandless and Weber (1995), re-
sult less robust than the money-
inflation correlation

▷ Barro (1995, 1996): negative corre-
lation between inflation and output
growth

2 Long-run relationships (cont.)

▷ no corr. bet. π (or ∆m) and the
growth rate of real output
▷ Kormendi and Meguire (1984) (50
countries), Geweke (1986) (US): no
long-run effect of money growth on
real output growth

▷ Bullard and Keating (1995) (58
countries), Boschen and Mills
(1995) (US): permanent monetary
shocks make no contribution to per-
manent shifts in GDP

▷ Taylor (1996): no long-run trade-
off between inflation and the un-
employment rate; vertical long-run
Phillips curve and aggregate supply
curve
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Empirical evidence

2 Dynamic short-run correlation between GDPt and Mt+j

▷ Figures 1.1-1.2, p. 5, US, Walsh (2010)

▷ choice of monetary aggregates matters

▷ M2 is pos. correlated at lags, but neg. correlated at leads; high GDP (relative to
trend, i.e. pos. output gap) tends to be proceeded by high M2 values but followed
by low ones

▷ Friedman and Schwartz (1963): positive correlation between GDPt and Mt+j for
j < 0 indicates that movements in money lead movements in output (e.g. Great
Depression)

▷ possible interpretation: the larger correlation between GDP and M2 arises in
part from the endogenous nature of M2, depending as it does on banking sector
behavior as well as on non-bank private sector behavior (King and Plosser, 1984,
Coleman, 1996)
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Figure 1.2
Dynamic correlations, GDPt and Mtþ j , 1984:1–2008:2.

Figure 1.1
Dynamic correlations, GDPt and Mtþ j , 1967:1–2008:2.

1.2 Some Basic Correlations 5

Figure 1.2
Dynamic correlations, GDPt and Mtþ j , 1984:1–2008:2.

Figure 1.1
Dynamic correlations, GDPt and Mtþ j , 1967:1–2008:2.

1.2 Some Basic Correlations 5

Figure 3: correlation, Source: Walsh (2010)
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Empirical evidence

2 Dynamic short-run correlation between GDPt and Pt+j or it+j

▷ Figures 1.3-1.4, p. 7, US, Walsh (2010)

▷ negative contemporaneous correlation bet. output and prices

▷ prices are countercyclical
▷ flexible prices: aggregate supply shocks are responsible for business cycle fluc-
tuations and countercyclical prices (demand shocks are expected to make prices
procyclical)

▷ sticky prices: an aggregate demand shock raises output above trend, while prices
respond very little; when prices eventually rise, output returns to trend and falls

Economics of Central Banking Slide 13/37



Empirical evidence 2 Correlation

Figure 1.3
Dynamic correlations, output, prices, and interest rates, 1967:1–2008:2.

Figure 1.4
Dynamic correlations, output, prices, and interest rates, 1984:1–2008:2.

1.2 Some Basic Correlations 7

Figure 1.3
Dynamic correlations, output, prices, and interest rates, 1967:1–2008:2.

Figure 1.4
Dynamic correlations, output, prices, and interest rates, 1984:1–2008:2.

1.2 Some Basic Correlations 7

Figure 4: correlation, Source: Walsh (2010)
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Figure 5: different interpretations depending on assumed price stickiness
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Empirical evidence 3 Granger causality

Granger causality

2 Definition

▷ a variable X is said to Granger cause another variable Y if and only if lagged values
of X have marginal predictive content in a forecasting equation for Y (Sims, 1972)

2 Regressions and tests

▷ econometric packages estimate the following regressions between x and y

yt = a0 +
∑l

i=1
aiyt−i +

∑l

i=1
bixt−i + ut

xt = a0 +
∑l

i=1
aixt−i +

∑l

i=1
biyt−i + ut

▷ tests
▷ null hypothesis in y-equation : b1 = b2 = . . . = 0, x does not Granger cause y
▷ null hypothesis in x-equation : b1 = b2 = . . . = 0, y does not Granger cause x

▷ check compatibility between the two results, which may not be ensured
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Empirical evidence 3 Granger causality

Granger causality

2 Specific test between money and output

▷ testing whether money Granger causes output involves testing whether coefficients
ai may equal zero (= not significant) in the following regression

yt = y0 +
∑l

i=1
aimt−i +

∑l

i=1
biyt−i +

∑l

i=0
c′izt−i + et

2 Key issues

▷ number of lags l (can be different for each group of regressors)

▷ choice of exogenous vector z

▷ trend and stationarity issues

▷ choice of monetary policy variable, i.e. essentially money or interest rate (Friedman
and Kuttner, 1992, Bernanke and Blinder, 1992)
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Granger causality

2 Empirical evidence

▷ international evidence: money Granger causes GDP (Sims, 1972) with M1 (also
with the monetary base) and GNP

▷ Swiss evidence: Assenmacher-Wesche and Gerlach (2008) use spectral analysis
▷ high correlation in Swiss data between inflation and money
▷ causality runs from money growth to inflation, but no conversely; sustained
variations in money growth have over time led to fluctuations in the inflation
rate

▷ at higher frequencies (i.e. in the short run) the output gap impacts on and causes
inflation; this suggests that analyzing inflation by solely considering information
in monetary aggregates would forego important information
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Empirical evidence 4 VAR and SVAR

Definitions

2 VAR

▷ Sims (1980) proposed a powerful, atheoretical alternative to big, macroeconometric
models (e.g. Cowles Commission): the vector autoregressive (VAR) models

▷ this approach underscores the role of data with no particular theoretical foundation
and treats all variables as endogenous and exploiting their autoregressive behavior

▷ each variable in a VAR is explained by a linear function of its own lagged values
and the lagged values of all other variables

2 SVAR

▷ in addition to the AR behavior, structural VAR (SVAR) assumes a contemporaneous
structure among the variables present in the vector
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Problem

2 Identification

▷ SVAR are not identified

▷ VAR can be directly estimated, SVAR cannot be directly estimated

▷ a reduced form has to be first computed, then estimated, then SVAR coefficients
have to be recovered using identification assumptions

▷ estimation and identification process

SVAR
unidentified model transformation

VAR
reduced-form estimation identification

SVAR
identified model
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Empirical evidence 4 VAR and SVAR

Example

2 SVAR(1) with two variables

▷ variables and shocks
▷ x = monetary policy instrument
▷ y = real output
▷ ex, ey = structural shocks, with economic interpretation
▷ ux, uy = non structural, reduced-form residuals, without economic interpretation

▷ variables and shocks in vector form, y⋆ =

[
y
x

]
, e =

[
ey
ex

]
, u =

[
uy

ux

]
▷ SVAR(1), equations and matrices

a01yt = −a02xt + a11yt−1 + a12xt−1 + eyt

a04xt = −a03yt + a13yt−1 + a14xt−1 + ext[
a01 a02
a03 a04

] [
yt
xt

]
=

[
a11 a12
a13 a14

] [
yt−1

xt−1

]
+

[
eyt
ext

]
A0y

⋆
t = A1y

⋆
t−1 + et
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Empirical evidence 4 VAR and SVAR

Example

2 This system cannot be estimated

▷ for example, in the first equation, correlation between eyt and xt is not zero,
Cor (eyt, xt) ̸= 0

▷ in the second equation, xt is a function of yt

▷ but in the first equation yt is a function of eyt

▷ therefore, xt is a function of eyt, which implies that Cor (eyt, xt) ̸= 0

2 Necessary transformation for estimation

▷ computation of the reduced form

y⋆
t = A−1

0 A1y
⋆
t−1 +A−1

0 et y⋆
t = A1y

⋆
t−1 + ut

▷ which can be estimated by OLS, with reduced-form coefficients and residuals

A1 = A−1
0 A1 and ut = A−1

0 et
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Example

2 Underidentication

▷ the reduced form does not allow recovering all the structural parameters, adding
restrictions on the structural parameters makes SVAR justidentified

▷ computation of the number of assumptions/restrictions

Table 2: number of assumptions

VAR SVAR

A1 4 A0 and A1 8

Cov(u) σ2
uy
, σ2

ux
, σuyux 3 Cov(e) σ2

ey, σ
2
ex, σeyex 3

7 11

11-7=4 assumptions needed
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Example

2 Identification with short-run restrictions

▷ 2 restrictions: normalization of diagonal elements in A−1
0[

1 a02
a03 1

]−1 [
eyt
ext

]
=

[
uyt

uxt

]
which gives

1

1− a02a03
(eyt − a02ext) = uyt

1

1− a02a03
(−a03eyt + ext) = uxt

▷ 1 restriction: structural shocks are iid, covariances are zero

Var(et) =

[
σ2
ey 0

0 σ2
ex

]
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Example

2 Identification with short-run restrictions (cont.)

▷ 1 restriction: matrix A0 is lower triangular, which implies that the ordering of
variables matters

A0 =

[
1 0
? 1

]
▷ y comes first in y⋆, monetary policy affects output with a lag; non-policy innovations
are exogenous with respect to the policy innovations (e.g. Bernanke and Blinder,
1992)

a02 = 0 A0 =

[
1 0
a03 1

] {
eyt = uyt

−a03eyt + ext = uxt

▷ x comes first in y⋆, output affects monetary policy with a lag; policy innovations
are exogenous with respect to the non-policy innovations (e.g. Sims, 1972)

a03 = 0 A0 =

[
1 0
a02 1

] {
ext = uxt

eyt − a02ext = uyt
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Example

2 Identification with short-run restrictions (cont.)

▷ all these assumptions can be obtained by Cholesky decomposing the variance-
covariance matrix of the residuals/shocks
▷ Cholesky decomposition: a matrix M can be written as LDU, where D is
diagonal and L′= U are triangular with 1s on the diagonal

▷ Cholesky decomposition in our example, B lower triangular

Var(ut) = Var(A−1
0 et) = A−1

0 Var(et)A
−1′
0

▷ difficulties which makes the identification issue more complicated
▷ order matters
▷ the variable vector should represent the whole economy
▷ data frequency may play an important role
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Example

2 Moving-average (MA) representation of VAR(1)

▷ y⋆
t = A1y

⋆
t−1 + ut can be represented as an infinite MA process

y⋆
t = ut + A1ut−1 + A2

1ut−2 + A3
1ut−3 + . . .

▷ explanation

y⋆
t = A1y

⋆
t−1 + ut → y⋆

t = (I2 − A1L)
−1

ut

→ y⋆
t = R0ut +R1ut−1 +R2ut−2 . . .

this implies that

ut = (I2 − A1L)R0ut + (I2 − A1L)R1ut−1 + (I2 − A1L)R2ut−2 + . . .

ut = R0ut − (A1R0 −R1)ut−1 − (A1R1 −R2)ut−2 − . . .

and if R0 = I2, all elements in parentheses have to be zero

(A1R0 −R1) = 0 → R1 = A1

(A1R1 −R2) = 0 → R2 = A2
1 etc.
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Example

2 Moving-average (MA) representation of SVAR(1)

▷ use the definition ut = A−1
0 et

▷ it takes the form

y⋆
t = A−1

0 et + A1A
−1
0 et−1 + A2

1A
−1
0 et−2 + A3

1A
−1
0 et−3 + . . .

2 Impulse response function (IRF)

▷ the different coefficients of the MA representation represent the IRF elements

▷ the IRF shows how the vector reacts after a shock and returns to its average

▷ for example with SVAR(1)

IRFt+2 =
∂y⋆

t+2

∂et
=

∂y⋆
t

∂et−2
= A2

1A
−1
0

▷ note that the AR structure is also given for the IRF

IRFt+s = A1IRFt+s−1
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Analysis

2 Sims (1992)

▷ various countries, interest rate first, ϕ = 0, innovations to the interest rate
potentially affect the other variables contemporaneously

▷ IRF after a monetary policy shock is hump-shaped for the real output

2 Eichenbaum (1992) and a few ‘puzzles’

▷ USA, small VAR with different identifications reveals various puzzles, i.e. behaviors
of the IRF, which are not ‘compatible’ with the theory
▷ liquidity puzzle: a rise in the money supply raises, does not lower interest rates
▷ price puzzle: a contractionary policy shock is followed by a rise in the price level
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Analysis

2 Price puzzle

▷ the traditional explanation for the price puzzle is that the central bank has more
information than included in the VAR; e.g. the central bank anticipates higher
prices, so raises interest rates, and a while after this decision, prices increase as
anticipated because the central bank cannot offset this last price increase

▷ puzzle ‘solved’ adding asset prices in the VAR (e.g. commodity price index)

▷ alternative explanation (Barth and Ramey, 2001), cost channel of monetary policy:
monetary policy operates on aggregate supply as well as aggregate demand; e.g.
increase in interest rate, increase in the cost of holding inventories, this negative
supply effect raises prices and lowers output

▷ Swiss example: after interest rate increases, mortgage rates increase, which in turn
increases rents (due to the linkage of rents to mortgage rates and not to the CPI),
which make the price level higher
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Analysis

2 Choice of monetary policy instrument

▷ measuring the impact of monetary policy shocks is difficult when operating proce-
dures change over time; the best measure during a period may no longer reflect
policy in another period if the implementation or the strategy of monetary policy
has changed

▷ there is no consensus on the way to solve the identification problem, but on the
IRF form (output follows a hump-shaped pattern in which the peak impact occurs
a few periods after the initial shock)

▷ the role of monetary policy shocks is generally weak and dependent on the measure
of monetary policy (e.g. variance decomposition in Leeper et al., 1996, Christiano
et al., 1999)
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Analysis

2 Criticisms of the VAR approach (Rudebusch, 1998)

▷ IRF and their interpretation/matching with respect to theory

▷ interpretation of the shocks as time series is difficult

▷ interpretation of the interest rate equation as a rule is difficult; some coefficients
are not significant, some lags are useless, the form is useless

▷ anticipated vs. unanticipated monetary policy not considered
▷ if only unanticipated monetary policy matters, the systematic behavior of money
after a shock is irrelevant; the hump-shaped form is thus the result of adjustment
and inherent lags

▷ if only anticipated monetary policy matters, the various IRF are relevant; the
hump-shaped reaction of real variables shows that monetary policy shocks are
followed by persistent, systematic policy actions

Economics of Central Banking Slide 32/37



Empirical evidence 5 Other approaches

Narrative identification

2 Definition

▷ this method consists of isolating periods in history where central banks were clearly
restrictive or expansive without any connection to the economic context

2 Narrative measures of monetary policy

▷ measure of the stance of monetary policy developed directly from the examination
of the policy record, in particular FOMC minutes in the US
▷ Friedman and Schwartz (1963), narrative identification of monetary policy shocks
in the USA with 100 years of data

▷ Romer and Romer (1989, 2004), ‘Romer dates’ = shifts in monetary policy

▷ theses measures do not solve the identification problem and capture both exogenous
shifts in policy and endogenous responses of policy to economic developments

▷ improvement: monetary policy stance mixing narrative and econometric approaches
▷ Bernanke and Mihov (1998) for the US and Europe (closed economy)
▷ Cuche (2000) for Switzerland (small open economy)
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Narrative identification

2 Empirical evidence

▷ systematic evidence that money growth rate changes lead changes in real activity is
used to support a causal interpretation in which money causes output fluctuations

▷ faster money growth tends to be followed by increases in output above trend and
slowdowns in money growth tends to be followed by declines in output; variations
in money growth rates cause, with a long and variable lag, variations in real activity

2 Problems

▷ movements in money stocks may not be exogenous; correlation pattern may not
reflect any causal effect of monetary policy on economic activity; e.g. in case of
interest rate targeting, movements in money come from policy and the economy

▷ simple plots and correlations are suggestive, but they are not decisive

▷ which variable should represent – measure – monetary policy? It depends how both
monetary policy strategy and implementation change over time
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Narrative identification

2 Reverse causation argument

▷ output might be causing money (Tobin, 1970, King and Plosser, 1984)

▷ inside money (liabilities of the banking sector) is more correlated with output that
outside money (liabilities of the central bank)

▷ the positive correlation of broad aggregates and output arises from the endogenous
response of the banking sector to economic disturbances that are not the result of
monetary policy actions
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Structural econometric models

2 Definition

▷ Major research agenda during the 1960s and 1970s: specification, estimation, use,
and evaluation of large-scale econometric models for forecasting and policy analysis
(e.g. Cowles Commission)

2 Some comments

▷ estimated parameters should be invariant to the specification of the policy rule;
this was unfortunately not the case (Lucas, 1976); expectations in these models
adjust adaptively to past outcomes, no forward-looking elements

▷ recent large-scale econometric models, FRB/US (Brayton and Tinsley, 1996,
Brayton et al., 1997), SNB (Stalder, 2001), FRB/Global (Levin et al., 1997)

▷ survey about large-scale econometric models in Bryant et al. (1992)

▷ main results similar to VAR results, e.g. hump-shaped behavior of real variables
after a monetary policy shock; new paradigm DSGE catching up
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Case studies of disinflation and inflation periods

2 Definition

▷ study of specific period of disinflation and inflation in various countries

2 Some comments

▷ main conclusion is that the cost of disinflation was relatively low

▷ open the discussion about anticipated and unanticipated monetary policy: antici-
pated changes should affect prices and inflation, without causing a recession

▷ Romer and Romer (1989) is such a case study

▷ Sargent (1986) studied the ends of several periods of hyperinflation

▷ problem of identification as in the narrative approach
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