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1 Introduction

This paper examines the effects of shocks to U.S. monetary policy on the dol-
lar /yen exchange rate, using structural Vector Error Correction Model (VECM) meth-
ods. We compare our estimates of the effects with those of Eichenbaum and Evans
(1995) based on levels Vector Autoregression (VAR). We also compare results from
short-run and long-run restrictions imposed on the structural VECM.

The standard exchange rate model (see, e.g., Dornbusch, 1976) predicts that
a contractionary shock to U.S. monetary policy leads to appreciation in U.S. nomi-
nal and real exchange rates. However, empirical evidence for two important building
blocks of the model is mixed at best. These two building blocks are Uncovered Interest
Parity (UIP) and long-run Purchasing Power Parity (PPP). Therefore, it is not obvi-
ous whether or not this prediction of the model holds true in the data. Eichenbaum
and Evans (1995) directly investigate this prediction by estimating impulse responses
to U.S. monetary shocks and find evidence in favor of the prediction, even though
their results do not support some aspects of the standard exchange rate model.

In order to investigate the impulse responses to a monetary policy shock, it is
necessary to identify the shock by imposing economic restrictions on an econometric
model. When economic restrictions are imposed, the econometric model is called a
structural model. Both the choice of the econometric model and the choice of the set
of restrictions can affect the point estimates and standard errors of impulse responses.
For this reason, it is important to study how these choices affect the results.

Most variables used to study exchange rate models are persistent, and usually
modeled as series with stochastic trends and cointegration. In such a case, both

levels VAR and VECM can be used to estimate impulse responses. Levels VAR is
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more robust than VECM because it can be used even when the system does not
have stochastic trends and cointegration. Perhaps for this reason, it is used in most
studies of impulse responses and by Eichenbaum and Evans (1995). However, struc-
tural VECM has some important advantages in systems with stochastic trends and
cointegration. First, other things being equal, estimators of impulse responses from
structural VECM are more precise. For example, levels VAR can lead to explod-
ing impulse response estimates even when the true impulse response is not exploding.
This possibility is practically eliminated with structural VECM. Second, it is possible
to impose long-run restrictions as well as short-run restrictions to identify shocks.

A method of imposing long-run restrictions on VECM is developed in King,
Plosser, Stock and Watson (1991, KPSW for short). This paper employs Jang’s
(2000) method rather than the KPSW method. Compared to the KPSW method,
Jang’s method has an advantage in that it requires neither identification nor esti-
mation of cointegrating vectors. This greatly faciliates the impulse response analysis
because identification assumptions for cointegrating vectors can be complicated, and
may be inconsistent with some long-run restrictions a researcher wishes to impose to
identify shocks. Another feature of Jang’s method is that it applies block recursive
assumptions to structural VECM with long run restrictions. The block recursive sys-
tem has been well developed in structural VAR and structural VECM with short run
restrictions, yet is not studied in the structural VECM with long run restrictions.
The identification scheme of one permanent shock in structural VECM with long run
restrictions is first developed, to our knowledge, by Jang(2000), and it is applicable
with minimal assumptions when impulse responses to only one permanent shock are

of interest.



2 Long run restrictions on Error Correction Models

When economic variables are cointegrated I(1) processes, the system has a
reduced rank and there exists an error correction model according to the Granger
representation theorem (see, Engle and Granger, 1987). Johansen (1988) develops
maximum likelihood estimators of cointegrating vectors and provides a rank test to
determine the number of cointegrating vectors, r.

The estimation method developed in this paper differs from the Johansen method
in the sense that i)long run restrictions are imposed on an error correction model,
ii)long run impulse response analysis is of interest, but not estimation of cointegrating
vectors.

The paper adopts the standard notation as following: i) x; is a n x 1 vector of
nonstationary variables which are assumed to be cointegrated, ii) r is the number of
cointegrating vectors, iii) k is the number of common trends, k = n — r, iv) the data
generating process is also assumed to be VAR(p) in which p is the lag length, and v)

L is the lag operator.
2.1 Error Correction Models

Suppose that z; has a finite order unrestricted VAR representation:

where A(L) = I,, — ¥, A;L", A(0) = I,,, and ¢, is white noise with mean zero and
variance X. From the reduced form VAR, A(L) can be reparameterized as A(1)L +

A*(L)(1 — L) where A(1) has a reduced rank, » < n. Engle and Granger (1987) show



that there exists an error correction representation:
A*(L)A:Ct = ﬂ — A(l)xt,1 + €t (22)

where A*(L) = I, — Y07} A*L', and A* = — >h—i1 Aj. Since x; is assumed to be
cointegrated I(1), Az, is 1(0), and —A(1) can be decomposed as af’ where o and 3

are n X r matrices with full column rank r.
2.2 Long run restrictions

As Az, is assumed to be stationary, it has a unique Wold representation:

where § = C(1)u, C(L) = I,+>22, C;L". The above reduced form can be represented

as a structural form:

T(L) = C(L)T, (2.4)

V¢ = Fal€t

where T'(L) = Ty + 332, T;L?, and vy is a vector of structural disturbances with mean
zero and variance X,.

Long run restrictions are imposed on the structural form as in Blanchard and
Quah (1989, BQ for short). Stock and Watson (1988) develop a common trend repre-
sentation showing that it is equivalent to an ECM representation. When cointegrated
variables have a reduced rank r, there exist £ = n — r common trends. These com-
mon trends can be considered to be generated by permanent shocks so that v, can be

k

decomposed into (v¥, v!"), where vF is a k dimensional vector of permanent shocks
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and vy is an r dimensional vector of transitory shocks. As developed in KPSW, this

decomposition ensures that
ra =4 0], (2.5)

where A is an n X k matrix and 0 is a n X r matrix with zeros representing long run
effects of permanent shocks and transitory shocks, respectively.

If there are more than one common trend (k > 2), permanent shocks can not
be identified separately from the above restrictions. Applying long run restrictions in
BQ, say n =7 and k = 5 as in Section 3.1, long run effects or permanent shocks, A,

have a specific structure after re-ordering:

7! 1 000 0
7 v} x 1 0 0 0
23 2 x x 1 0 0
ze=|al |, =]} ], A=|x x x 1 0
7} v} X x x x 1
P vy X X X X X
x] X X X X X

where X denotes that those parameters are not restricted.

In the above example, long run restrictions are imposed such that a permanent
shock, v2, has no long run effects on a variable, z}, and a permanent shock, v, has no
long run effects on variables, x} and z?, and so on. Note that the causal chains in the
sense of Sims (1980) are imposed on permanent shocks, which is the orthogonalizing

condition:



where A is an n x k matrix, and Il is a k x k lower triangular matrix with ones on

the diagonal. Continuing the above example, II has the following specific form:

1 0 0 0 0

mor 1 0 0 O

II = 731 732 1 0 0
Ty T4 T3 10

Ts51 T2 Ts3 Tsa 1

If the purpose of impulse analysis is to examine the effects of only one permanent
shock, the recursive assumption on the permanent shocks in (2.6) can be relaxed. A
block recursive assumption for permanent shocks, instead, suffices to investigate the
impulse responses of economic variables to one permanent shock. Continuing with the
example, in order to identify the k;, permanent shock, véfk, the following restrictions

are sufficient:
1 mo m3 T
21 1 w3 Ty
A=AIl=A 731 732 1 T34
T41 T4 T43 1

(2.7)

_ o O O O

Ti51 T2 753 Ts4

Thus, four long run restrictions are sufficient to identify the fifth permanent shock.
In general, k¥ — 1 long run restrictions are sufficient to identify the last permanent

shock, vf;.
2.3 Estimation of the model

This section explains how we can construct A from estimated cointegrating

vectors. Engle and Granger (1987) show:
f'C(1)=0 (2.8)

which implies that long run effects should lie on cointegrating relations if variables

are cointegrated. It follows from I'(1) = C'(1)I'y and (2.5) that

FA=0. (2.9)
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Let B, be a n x k orthogonal matrix of cointegrating vectors, (#, which satisfies

B’ = 0. Johansen (1995) proposes one method for choosing 3, :
A= (I, —S(B'S)~6)S1 (2.10)

where S is an n x r selection matrix, (I, 0), and S, is an n X k selection matrix,
(0 Ip)".

In order to maintain BQ-type long run restrictions, one should normalize (3,
so that some parts of the matrix contain a k£ x k identity matrix. Let B, be the
normalized orthogonal matrix of cointegrating vectors. From A = ATI, we can choose

the matrix:!
A=0(, (2.11)

Consider the seven-variable model with long run restrictions in Section 3.1. Let x; be
(Yt, pe, gl rdem vy my, er)’, in which y; is output in the U.S., p; is a price level, /"
is output in the foreign country, 7"{ °"is an interest rate in the foreign country, r; is
the federal funds rate, m,; is a monetary variable, and e} is a real exchange rate. If
it is solely of interest to analyze the responses to a monetary policy shock, one can

impose minimal restrictions on the model. Suppose that the monetary shock does

not affect the real variables, but affects the level of U.S. price in the long run.? These

IKPSW, instead, assume that A is known a priori, which is estimated by dynamic OLS in each
cointegrating equation.

2Note that we impose four long run restrictions in this example.



restrictions imply that

1 ma ms3 T
R 21 1 mes o4
A=p 1=

T3 M3p 1 T
Ta1 T2 T3 1

(2.12)

_ o O O O

Tis1 Ts2  T53  Ts4

O X X © O O
O X X O = OO
_ X X O o oo
O X X O OO
SO X X © o~ O

where x denotes that those parameters are not restricted other than 5 B 1 =0.

Now we are ready to construct structural parameters with the long run restric-
tions given above. The identification scheme follows KPSW, and is well described by
Jang (2000). Instead, we focus on the practical estimation steps for empirical studies.
The main interest is identification of structural shocks but not of transitory shocks.?
Therefore, we need to identify the first k& columns of I'y and the first k rows of I'y*
for the identification of structural shocks only. It is convenient to decompose I'y and

Iy! as:

To=|H J|, rglzlg] (2.13)

where the matrices H, J,G and F have dimensions n X k, n X r, k X n, and r X n,
respectively. The structural parameters of interest are short run dynamics, I'(L)* =
C(L)H, and permanent shocks, vf = Ge;, where I'(L)* denotes the first k& columns
of I'(L). The impulse responses to permanent shocks can be identified once H and G
are identified.

With conventional assumptions that the variance matrix of permanent shocks

is a k x k diagonal matrix, A, structural parameters can be deduced as described

3Fisher et al. (1995) consider the identification of transitory shocks imposing causal chains on
transitory shocks.



in KPSW.* First, permanent shocks are uniquely identified once G is derived. The
reduced form ECM in (2.2) is estimated using e.g. Johansen (1988) method. We can
derive C(L) in MA representation by inverting (2.2). Let D = (3, 4.)~*3,C(1) and
P be a lower triangular matrix chosen from the Choleski decomposition of D¥.D’.
Then II is uniquely determined by II = PA_%, and permanent shocks are uniquely

identified by
vf = Ge (2.14)

where G = II7!D. Second, short run dynamics are uniquely identified once H is
derived. The dynamic multipliers for vF are given by the first & columns of I'(L),

['(L)*, which are uniquely derived by
(L) = C(L)H (2.15)

where H = XG'A~L.

So far we construct all structural parameters for the impulse analysis. However,
it is not possible to invert levels VAR to MA representation due to the presence
of unit roots. Liitkepohl and Reimers (1992) suggest an algorithm to get impulse
responses recursively in a cointegrated system as follows. First, estimate the reduced
form ECM in (2.2), then convert ECM to a levels VAR representation in (2.1) using

the following relations:

I— A1)+ A i=1
A= AT —Ar for 2<i<p-—-1 (2.16)
—Ay i =p.

4This paper departs from KPSW in the following sense. KPSW assumes A is known, which can be
chosen from the economic mechanism. Parameters in A are chosen by estimates from dynamic OLS
in each cointegrating equation. This paper, instead, extends the method of KPSW with minimal
assumptions, and our method is applicable even when cointegrating vectors are not identified.



Though a Wold representation does not exist in the presence of a unit root, Liitkepohl

and Reimers (1992) address that impulse responses can be recursively computed by

p

v, = YU, A, m=1,2,3,-- (2.17)
=1

®,, = U, (2.18)

where Uy = I,,, ®,,, = (¢sjm) = I'ny in (2.4), and ¢;;,, is an m-step response of the
iz, variable to the j, innovation.® It is worth noting that I'y is normalized as ones
on diagonal but v, is unrestricted. The impulse response of x;,,, to v, ®,,vs, can be
rewritten as @mEé vy, in which v} is a vector of normalized shocks with variance I,,.
This implies that ®,, is an impulse response to a unit shock and @mEé is interpreted
as an impulse response to a one standard deviation shock. In particular, the impulse

response function of permanent shocks in this paper is calculated by®

ok =, H, m=1,2,3,-- (2.19)

m

Instead, if it is solely of interest to analyze impulse responses to a monetary
policy shock, the ky, shock, as in Section 3.1, one needs to identify k;, column of H,

Hy, and kg, row of G, Gii.. First, the monetary policy shock is identified by
vty = Grey (2.20)

where G, = Ath,/gZ*l and Ay is the variance of the monetary policy shock, which

is the (k, k), component of A. Second, the impulse response function of the monetary

>This algorithm can be simplified rewriting the VAR in (2.1) as a companion VAR(1) form, and
¥, is the same as the first n row and n column submatrix of A7, in which A, is a companion form
coefficient matrix.

60ne may calculate the impulse response to a one standard deviation permanent shock by
U, HA=.
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policy shock is uniquely calculated by

-1
O =V H, =T, l o/lz)—l ] Sk, m=1,23,-- (2.21)

where H, is the ky, column vector of H, and S, is an n-dimensional selection vector
with value one in the ky, row and zeros in other rows, (0,0,0,0,1,0,0) for this
example.”

In summary, the estimation procedure of VECM with long run restrictions as
in Section 3.1 is described as:

1. Select the lag length of VECM based on some criteria such as AIC and BIC.

2. Estimate cointegrating vectors and determine the rank of cointegrating vectors
in (2.2).8

3. Impose long run restrictions. For example, this paper adopts restrictions so

that monetary shocks do not affect output or the real exchange rate in the long

I'LlIl.g

4. Convert VECM to VAR models as in (2.16), and calculate C(1).
5. Calculate the impulse responses to a structural shock by (2.21).

6. Calculate confidence intervals for impulse responses as in Appendix (A).

3 Impulse Response Analysis with Long Run Restrictions

3.1 A Seven-variable VECM with Long Run Restrictions

This section investigates the effects of a contractionary shock to the monetary
policy on economic variables including output, price and exchange rates. We be-

gin with the same variables as in Eichenbaum and Evans (1995) for the purpose

7‘1)5@,1@ is equivalent to the kg, column of ®F in (2.19).

8The GAUSS code used in this paper provides three possible cases: i) 3 is unrestricted, ii) 3 is
known or preestimated as KPSW, and iii) § is restricted. In the cases of i) and iii), the program uses
the Johansen procedure. The GAUSS code is available at http://economics.sbs.ohio-state.edu/ogaki.

9As for identification of one permanent shock, one needs k — 1 long run zero restrictions.
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Table 3.1: Cointegration Rank Tests

Eigen Value Amag Trace Number of k (=n-r) Critical Value
Cointegration (r) 95% for Trace

0.19 51.30 154.88 0 7 123.04
0.16 42.02 103.58 1 6 93.92
0.08 20.04 61.56 2 5) 68.68
0.07 17.08 41.52 3 4 47.21
0.06 14.20 24.44 4 3 29.38
0.03 7.94 10.24 5 2 15.34
0.01 2.31 2.31 6 1 3.84

of comparison. The seven variable model includes the federal funds rate (rss), the
nonborrowed reserve ratio (NBRX), output in the U.S. (y,s), the price level in the
U.S. (P.s), output in Japan (y;p), the interest rate in Japan (r;,), and the real ex-
change rate (e,, dollar/yen). We select five lags as the lag length of the structural
VECM, which is equivalent to six lags in levels VAR.!Y Table 3.1 summarizes the
cointegration rank tests for seven variables, which suggest r = 2 as the number of
cointegrating vectors according to the 95% confidence interval of the trace test de-
veloped by Johansen (1988).!' Therefore, we consider two cointegrating relations
and five permanent shocks in the model.'? This paper examines only the impacts of

the monetary policy shock, which enables us to identify only one permanent shock.
0Eichenbaum and Evans (1995) chose the lag length so that their inference is robust for higher
order lags.

11We select the model that satisfies the deterministic cointegration restriction developed in Ogaki
and Park (1997).

12 A unit root test is not necessary in our model, as structural VECM can include stationary series.
Instead, determining the number of cointegrating vectors is more relevant. Therefore, we only report
the results of rank tests.
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Figure 3.1: Impulse Responses to Contractionary Monetary Shocks
(Unit Initial Effects on federal funds rates in U.S.)
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Note: VECM uses seven level variables: output in U.S., price in U.S., output in Japan, interest rates in Japan, federal funds rates,
nonborrowed reserve ratio, and real exchange rates(dollar/yen). Ordering does not affect the results in our model. The lag length is
five, which is equivalent to six in levels VAR in Eichenbaum and Evans(1995). Long run restrictions are imposed that monetary shocks
do not affect output in U.S., output in Japan, interest rates in Japan, and real exchange rates in the long run. Monetary shocks are
normalized to have unit initial effects on federal funds rates. Upper and lower bounds are calculated by one standard errors.

Therefore, it is not necessary to identify or to estimate all structural parameters in
the model as discussed in Section 2.3. See Jang (2000) for an extended explanation
of the identification of one permanent shock in structural VECM with long run re-
strictions. Four long run restrictions are required to identify the monetary policy
shock. We employ the following four restrictions: the monetary policy shock does not
affect output in U.S., output in Japan, foreign interest rates, and real exchange rates
in the long run. We also impose minimal restrictions on a cointegrating vector that
output in the U.S. and in Japan moves in the long run.'> Figure 3.1 describes the
results.!* We consider a contractionary monetary policy as a shock which affects the

federal funds rate to rise in the initial period and satisfies the long run restrictions.

13The results are quite robust with the lag length 6, 9, and 12.

14The responses of output in both countries and interest rates in Japan are not shown in the figure
to save space. These are available upon request.
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Upper and lower error bands are calculated by Monte Carlo integration as described
in Appendix A.

First, a contractionary monetary policy shock leads to an appreciation in the
U.S. dollar immediately after the shock. This effect peaks after four months and
persists for five years. Therefore, we find evidence for the overshooting behavior of
the real exchange rate. This is in contrast with Eichenbaum and Evans (1995), who
find such evidence only with a twenty-month delay. Furthermore, our model shows
depreciation of the U.S. dollar starting at four months and lasting for five years. This
result is consistent with prediction made by UIP. This is in contrast with Eichenbaum
and Evans (1995) who find evidence against this prediction.

Second, the federal funds rate increases initially but the effects become relatively
small after six months. Third, output in the U.S. and in Japan have similar responses
to a contractionary monetary policy shock. Output in the U.S. decreases for three
quarters and shows the largest impact after seven months, but it becomes negligible
after four years due to the long run neutrality restrictions. Fourth, we find a persistent
decrease in the price level in the U.S. after the shock. This may resolve the “price
puzzle” addressed by Sims (1992) that a contractionary monetary policy leads to a
persistent rise in the price level in structural VAR models.

We, however, find an anomaly that a contractionary monetary policy causes
the nonborrowed reserve ratio to rise after two months.'®> This contrasts with the
results of Eichenbaum and Evans (1995), in which a decrease in the nonborrowed
reserve ratio is interpreted as a liquidity effect. We also find another anomaly that a

contractionary monetary policy shock causes the interest rate in Japan to decrease for

15This anomaly is, however, not significant according to the error bands calculated by Monte Carlo
integration.
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Figure 3.2: Impulse Responses to Contractionary Monetary Shocks
with Long Run Restrictions on VEC
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Note: Contractionary monetary shocks are mesured by positive unit shock to the federal funds rates. VECM uses six variables: federal
funds rates, output in U.S., price in U.S., output in Japan, interest rates in Japan, and real exchange rate(dollar/yen). The lag length
is five, which is equivalent to six in levels VAR in Eichenbaum and Evans(1995). Long run restrictions are imposed that monetary
shocks do not affect output in U.S., output in Japan, interest rates in Japan, and real exchange rates in the long run. Monetary shocks
are normalized to have initial unit effects on federal funds rates.

substantial periods. Some of our results were sensitive to the choice of cointegration
rank. This often happens in models with long run restrictions as pointed out in Faust

and Leaper (1997).

3.2 A Six-variable VECM with Long Run Restrictions

As we find an anomaly of responses in the nonborrowed reserve ratio, we consider
a benchmark model with six variables dropping nonborrowed reserve ratio. We select
five lags and estimate the model assuming one cointegrating relation to impose the
same long run restrictions as the model in Section 3.1, which implies that there are
five permanent shocks in the structural VECM and four long run restrictions are
required to identify the monetary policy shock as in Section 3.1.

Figure 3.2 describes the impulse responses to a contractionary monetary policy

shock. Most results are similar to those of the seven-variable model in Section 3.1.
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First, the U.S. dollar exhibits persistent appreciation for seven years compared to the
original value. Second, the federal funds rate rises in the initial period but the effects
become negative after seven months. Third, output in the U.S. shows persistent
negative effects but much longer than those of the previous model. Fourth, the price
level decreases after a contractionary monetary policy shock.

4 Impulse Response Analysis in VECM with Short Run Re-
strictions

4.1 Block Recursive Assumptions in VECM

The reduced form VECM in (2.2) can be represented as a structural form:
B*(L)Az; = Bop — B(1)xi—1 + vy (4.1)

where B*(L) = By — X'~} B*L!, B*(L) = ByA*(L), B(1) = ByA(1), B = ByA?, and
vy = Bpe;. The short run restrictions are imposed on By to have a block recursive
structure. See Christiano et al. (1999) and Keating (1999) for an extended theoretical
background. Partitioning x; into three blocks is convenient to illustrate the block

recursive structure:
L1t
Ty = St y (42)
Lot
where x; is a vector of n(= ny + 1 + ny) variables of interest, s; is a monetary policy
variable, and xq; includes n; variables which are in the information set when the
Fed implements a monetary policy while x5, contains ny variables which are excluded

from the information set. Alternatively, x1; does not respond to a monetary policy

shock contemporaneously while z9; does. The block recursive assumption imposes
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zero restrictions on the following partitioned By:

[ b1y 0 0 ]
(’I’L1 X nl) (n1 X ].) (TLl X 7L2>
_ ba1 bao 0
Bo=1 (1xn) (Ix1) (1xn) (43)
b31 b2 b3
L (7’L2 X nl) (TLQ X 1) (TLQ X 77,2> ]

Two zero restrictions, bjs = b1z = 0, are required for the monetary policy shock to
be orthogonal to other structural shocks, while the restriction, by = 0, implies the
assumption that the Fed does not have information about variables in xo; when it
makes a monetary policy decision.

The block recursive structure gives sufficient conditions to identify a monetary
policy shock, and the ordering within x1; and x5; does not affect the results if one is
interested in the effects of a monetary policy shock. Instead, the ordering across two
groups might affect the results substantially. This is a crucial issue in the structural
VECM as well as VAR models, while the ordering does not affect the results in the
VECM with long run restrictions.

We investigate impulse responses in the structural VECM changing the order

of variables and the measure of a monetary policy in the following sections.
4.2 Interpreting federal funds rate as a monetary policy

We begin with VECM when we measure federal funds rate as a monetary policy.
As discussed in Section 3.1, we estimate the model using two cointegrating vectors
with five lags for all the models in the following sections.

We follow the order in Eichenbaum and Evans (1995). Seven variables are
ordered by output in the U.S. (y,s), the price level in the U.S. (P,;), output in Japan

), the interest rate in Japan (r;,), federal funds rates (r;¢), the nonborrowed
Yip jip ff
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Figure 4.1: Impulse Responses to Contractionary Shocks in Federal Funds Rates
(st =71, NBRX € xg;)
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Note: VECM uses seven variables, which are ordered by output in U.S., price in U.S., output in Japan, interestest rates in Japan,
federal funds rates, nonborrowed reserve ratio, and real exchange rates(dollar/yen). The lag length is five, which is equivalent to six in
levels VAR in Eichenbaum and Evans (1995). Two cointegrating vectors are considered according to the rank test.

reserve ratio (NBRX), and the real exchange rate (e,, dollar/yen). Interpreting ry as
a monetary shock, the variables are partitioned as: z1; = (Yus, Pus, Yjps Tip)'s St = T/,
and zo = (NBRX, e,). The Fed has information about yys, Pys, Yjp, and r;, but not
about NBRX and e,. Christiano et al. (1999) justify the ordering:
-+ the Fed does have at its disposal monthly data on aggregate employ-
ment, industrial output and --- substantial amounts of information re-
garding the price level. (p.83)
We investigate the impulse responses changing the information set of the Fed, and
find that the results are similar whether y,s, Pys, y;» and rj, are included in x; or zy.
Therefore, we report only the results of the first.!® The results are, however, very

sensitive to whether NBRX is included in x1; or xo9 as examined in the following

sections.
16This applies to the rest of this paper, as we obtain similar results when we measure the nonbor-

rowed reserve ratio as a monetary policy. The results are also similar in structural VAR regardless
of these changes.
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Figure 4.2: Impulse Responses to Contractionary Shocks in Federal Funds Rates
(st =1, NBRX € x14)
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Note: VECM uses seven variables, which are ordered by output in U.S., price in U.S., output in Japan, interest rates in Japan,
nonborrowed reserve ratio, federal funds rates, and real exchange rates(dollar/yen). The lag length is five, which is equivalent to six in
levels VAR in Eichenbaum and Evans(1995). Two cointegrating vectors are considered according to the rank test.

Figure 4.1 shows the effects of a contractionary monetary policy shock when the
Fed does not look at the nonborrowed reserve ratio when it makes monetary policy
so that NBRX is in z9. First, we find substantial and persistent appreciation of
the U.S. dollar. Contrary to the results in VECM with long run restrictions, the real
exchange rates keep decreasing for five years so that the U.S. dollar does not exhibit
overshooting behavior. We also find that UIP does not hold even in the long horizon.
Second, output in the U.S. increases a little initially but decreases substantially after
three months. Output in Japan has similar responses. Third, the federal funds rate
and the interest rate in Japan exhibit substantial and persistent increases. Fourth, a
contractionary monetary policy shock leads to a decrease in the nonborrowed ratio.
Finally, the price level in the U.S. exhibits a persistent increase after a contractionary

monetary policy shock, illustrating the “price puzzle”.
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Figure 4.2 shows the effects of a contractionary monetary policy shock when
the Fed has information about the nonborrowed reserve ratio when it makes a mon-
etary policy so that NBRX is in xy;. The results are quite different for output and
nonborrowed reserve ratio. First, we find substantial and persistent appreciation in
the U.S. dollar. Second, output in the U.S. increases substantially even for the long
term, which is inconsistent with common belief. Output in Japan has similar re-
sponses. Third, the federal funds rate exhibits substantial and persistent increases,
but the interest rate in Japan show relatively small changes. Fourth, a contractionary
monetary policy shock leads to an increase in the nonborrowed ratio except for an
immediate decrease after the shock. Finally, the price level in the U.S. exhibits a
substantial increase for sixteen months showing the “price puzzle”, but it shows a
persistent decrease in the long run.

Therefore, the impulse responses of output and the nonborrowed reserve ratio
depend on the assumption of whether the Fed looks at the nonborrowed reserve
ratio for its policy decision. It may be more plausible that the Fed looks at the
nonborrowed reserve ratio when it makes monetary policy. However, this leads to
very strange results as illustrated in Figure 4.2.

4.3 Interpreting nonborrowed reserve ratio as a monetary
policy

This section examines the impulse responses when we measure a monetary policy
by the nonborrowed reserve ratio, NBRX. Following the discussion in Section 4.2,
we examine two cases depending on whether 7 is included in 21, or xg;.

Figure 4.3 shows the effects of a contractionary monetary policy shock when the

Fed looks at the federal funds rate when it makes monetary policy so that rsy is in 21;.
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Figure 4.3: Impulse Responses to Contractionary Shocks in NBRX
(St = NBRX, Tff € l‘lt)
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Note: VECM uses seven variables, which are ordered by output in U.S., price in U.S., output in Japan, interest rate in Japan, federal
funds rates, nonborrowed reserve ratio, and real exchange rates(dollar/yen). The lag length is five, which is equivalent to six in levels
VAR in Eichenbaum and Evans(1995). Two cointegrating vectors are considered according to the rank test.

First, we find that the U.S. dollar depreciates immediately after the shock, and shows
persistent appreciation after nine months. We don’t find any evidence for overshooting
behavior nor prediction of UIP. Second, output in the U.S. shows a substantial and
persistent decrease except for the negligible increase in the initial period. Third, the
federal funds rate and the interest rate in Japan increase substantially. Fourth, a
contractionary monetary policy leads to a decrease in the nonborrowed ratio in the
long run. Finally, the price level in the U.S. exhibits a persistent increase after a
contractionary monetary policy showing the “price puzzle”.

Figure 4.4 shows the effects of a contractionary monetary policy shock when
the Fed does not consider the federal funds rate when it makes monetary policy so
that r¢¢ is in x9,. Most results are similar to those in the case that ;¢ is in x1;. One

exception is that the U.S. dollar does not show an initial depreciation.
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Figure 4.4: Impulse Responses to Contractionary Shocks in NBRX
(St = NBRX, Tff € fL‘Qt)
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Note: VECM uses seven variables, which are ordered by output in U.S., price in U.S., output in Japan, interest rates in Japan,
nonborrowed reserve ratio, federal funds rates, and real exchange rates(dollar/yen). The lag length is five, which is equivalent to six in
levels VAR in Eichenbaum and Evans(1995). Two cointegrating vectors are considered according tothe rank test.

Therefore, the responses to a monetary shock do not depend much on the selec-

tion of the Fed’s information set. Still, however, there remains the “price puzzle”.

5 Impulse Response Analysis in VAR with Short Run Re-
strictions

5.1 Block Recursive Assumptions in VAR

The reduced form VAR in (2.1) can be represented in structural form:
B(L)x; = Bop + vt (5.1)

where B(L) = ByA(L), B; = ByA;, and v; = Bye;. The short run restrictions are

imposed on By to have a block recursive structure as discussed in Section 4.1.

22



Figure 5.1: Impulse Responses to Contractionary Shocks in Federal Funds Rates
(st =71, NBRX € xg;)
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Note: VAR uses seven level variables, which are ordered by output in U.S., price in U.S., output in Japan, interest rates in Japan, federal
funds rates, nonborrowed reserve ratio, and real exchange rates(dollar/yen). The lag length is six, which is chosen in Eichenbaum and
Evans(1995).

5.2 Interpreting federal funds rate as a monetary policy

We begin with a VAR model when we measure federal funds rate as the mone-
tary policy. As discussed in Section 3.1, we estimate the levels VAR with six lags for
all the models in the following sections.

First, we follow the order in Eichenbaum and Evans (1995) as described in
Section 4.2. Interpreting 7;; as a monetary shock, the variables are partitioned as:
1t = (Yusy Lus, Yjps Tip)'s St = r5s, and xoy = (NBRX, e,)'. Therefore, the Fed has
information about y,s, Pys, Yjp, and 7, but not about NBRX and e,.

Figure 5.1 shows the effects of a contractionary monetary policy shock when the
Fed does not look at the nonborrowed reserve ratio when it makes monetary policy
so that NBRX is in x9;. This is the second model used in Eichenbaum and Evans

(1995).17 First, the U.S. dollar exhibits substantial and persistent appreciation in

I"Eichenbaum and Evans (1995) use different ordering in two models. In the first model, they
measure the nonborrowed reserve ratio as monetary policy, in which variables are ordered by
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real value. In contrast to the results in VECM with long run restrictions, the real
exchange rate keeps decreasing for twenty months and exhibits delayed overshooting
behavior. There is no evidence of the UIP prediction, as the exchange rate does
not bounce back for the initial twenty months. Second, output in the U.S. increases
somewhat initially but decreases substantially after three months. Output in the
U.S., however, returns to the original level after five years, and decreases a little after
then. Output in Japan has similar responses. Third, the federal funds rate rises in
the initial period but returns to its original level after three years. The interest rate
in Japan also shows a rise in levels for three years. Fourth, a contractionary monetary
policy shock leads to a decrease in the nonborrowed ratio, but it returns to the initial
level after twenty months. Finally, the price level in the U.S. exhibits a substantial
increase for three years showing the “price puzzle”, but decreases in the long run.
Figure 5.2 shows the effects of a contractionary monetary policy shock when the
Fed has information about the nonborrowed reserve ratio when it makes monetary
policy so that NBRX is in x1;. The results are similar to those in Figure 5.1 except

that the nonborrowed reserve ratio shows a small increase in the initial five months.

Yus» Puss Yjp, Tjp» NBRX,rs¢, and e,. From the block recursive assumption, the Fed does not look
at current level of the federal funds rate when it makes monetary policy decision or, alternatively,
the federal funds rate responds to monetary policy contemporaneously. See Figure II, p.990. In the
second model, they choose the federal funds rate as a monetary policy measure, in which variables
are ordered by yus, Pus, Yjp, Tjp, Tt s, NBRX, and e,. The corresponding assumption is that the Fed
does not look at current value of the nonborrowed reserve ratio or, alternatively, the nonborrowed
reserve ratio responds to monetary policy contemporaneously. See Figure III, p.995.
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Figure 5.2: Impulse Responses to Contractionary Shocks in Federal Funds Rates
(st =1, NBRX € x14)
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Note: VAR uses seven level variables, which are ordered by output in U.S., price in U.S., output in Japan, interest rates in Japan,
nonborrowed reserve ratio, federal funds rates, and real exchange rates(dollar/yen). The lag length is six, which is chosen in Eichenbaum
and Evans(1995).

5.3 Interpreting nonborrowed reserve ratio as a monetary
policy

This section examines the impulse responses when we measure monetary policy
by the nonborrowed reserve ratio, NBRX. Following the discussion in Section 5.2,
we examine two cases depending on whether r¢; is included in x1; or .

Figure 5.3 shows the effects of a contractionary monetary policy shock when
the Fed looks at the federal funds rate when it makes monetary policy so that 7 is
in xq;. First, we find that the U.S. dollar depreciates for five years compared to the
original level, and fails to exhibit either the overshooting behavior or the prediction
of UIP. Second, output in the U.S. shows a decrease for three years except for the
negligible increase in the initial period. Third, the federal funds rate increases in
the initial period and fluctuates thereafter. The interest rate in Japan responds

similarly. Fourth, a contractionary monetary policy shock leads to a decrease in the
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Figure 5.3: Impulse Responses to Contractionary Shocks in NBRX
(St = NBRX, Tff € l‘lt)
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Note: VAR uses seven level variables, which are ordered by output in U.S., price in U.S., output in Japan, interest rates in Japan, federal
funds rates, nonborrowed reserve ratio, and real exchange rates(dollar/yen). The lag length is six, which is chosen in Eichenbaum and
Evans(1995).

nonborrowed ratio for the initial fourteen months. Finally, the price level in the
U.S. exhibits a persistent increase after a contractionary monetary policy showing
the “price puzzle”.

Figure 5.4 shows the effects of a contractionary monetary policy shock when
the Fed does not consider the federal funds rate when it sets monetary policy so that
rsp is in xg. Alternatively, it is assumed that the federal funds rate responds to
monetary policy contemporaneously. This is the first model used in Eichenbaum and
Evans (1995). The results of output in the U.S., the federal funds rate, the interest
rate in Japan, and the nonborrowed reserve ratio are similar to Figure 5.3, while the
real exchange rate exhibits delayed overshooting behavior. The U.S. dollar does not
show the prediction of UIP, as it continues to appreciate for twenty months. The price

level in the U.S. exhibits a substantial increase for four years after a contractionary
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Figure 5.4: Impulse Responses to Contractionary Shocks in NBRX
(St = NBRX, Tff € ZL‘Qt)
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Note: VAR uses seven level variables, which are ordered by output in U.S., price in U.S., output in Japan, interest rates in Japan,
nonborrowed reserve ratio, federal funds rates, and real exchange rates(dollar/yen). The lag length is six, which is chosen in Eichenbaum
and Evans(1995).

monetary policy shock showing the “price puzzle”, but its level decreases in the long
run.

Therefore, the responses to a monetary shock depends on the selection of the
Fed’s information set, while the “price puzzle” remains regardless of the information
set. These two models used in Eichenbaum and Evans give robust results as long
as a monetary policy shock affects both the federal funds rate and the nonborrowed

reserve ratio contemporaneously, which is described in Figure 5.1 and Figure 5.4.

6 Concluding Remarks

This paper examined the effects of shocks to U.S. monetary policy on the dol-
lar /yen exchange rate and other economic variables, using structural Vector Error

Correction Model (VECM) methods. We compared results from short run and long
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run restrictions imposed on the structural VECM, and compared our estimates of the
impulse responses with those based on levels Vector Autoregression.

From the empirical studies in this paper, we found that estimates of the impulse
responses are sensitive to the choice of restrictions. We found evidence for immedi-
ate appreciation followed by gradual depreciation in the U.S. dollar with long run
restrictions in VECM, but failed to find such evidence with short run restrictions in
VECM or in levels VAR. We also resolve the “price puzzle” in VECM with long run

restrictions, which is often found in levels VAR.
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APPENDIX A

Monte Carlo Integration

The literature on confidence intervals for impulse response estimates is well
explained by Kilian (1998), which can be categorized by following three traditional
methods: the asymptotic interval method (see Liitkepohl (1990)), the parametric
Monte Carlo integration method (see Doan (1992) and Sims and Zha (1995)), and
the nonparametric bootstrap interval method (see Runkle (1987)). This paper uses
the Monte Carlo integration method that is used in KPSW. 18

It is convenient to rewrite the reduced form VECM in (2.2) as:

p—1
AT, = e fol S Al AT+
=1
= X/0+¢ (A1)

where X{ = (1,2, ,8,Ax;_y,---,Ar,_ ), and 0" = (u, 0, A7, -+, A% ;). Stacking

(A1) fort =1,---,T, the model becomes a matrix form:

Y =X0+U (A.2)

18Kilian (1998) examines the accuracy of these confidence intervals in the small samples, and
proposes the bootstrap-after-bootstrap method. He finds from Monte Carlo simulations that his
method is the best, the Monte Carlo integration method is the second best, the asymptotic interval
is the third, and the standard bootstrap interval method is the worst.
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Assuming that u; is i.i.d. and normally distributed, Zellner (1971) finds that ¥ follows

the Normal-inverse Wishart posterior distribution, with the prior, f(vec(9),%) ~

n+1

D

S~ Wishart((TSo)) ™, T) (A.3)
0 ~ N(,YL® (X'X)™") with given X (A4)
where 6y and ¥, are the estimates of # and X2, respectively, from OLS or MLE.

The algorithm for estimating confidence intervals of impulse responses is as

follows:
1. Estimate (2.2) and let (y, 6y and 3y be these estimates.
2. Let A be a lower triangular matrix of the Choleski decomposition of (X’X)~1
3. Let S7! be a lower triangular matrix of the Choleski decomposition of ¥5*

4. Generate n x T random numbers, wj, from the normal distribution, N (0, 1.).

5. Generate (n(p—1)+r+1) x n random numbers, uy, from the standard normal
distribution, N(0,1).

6. Let r, = wpS™', and get ¥, ' = rjry

7. Let Sy be a lower triangular matrix of the Choleski decomposition of 3,

8. Let 6 = 6y + ey, in which e, = Auy,S). Then, 6 ~ N(6y, X, @ (X'X)71). 1

9. Draw impulse responses, iry, as described in Section 2.3.

Note that var(ey) = var(vec(ep)) = var((Sy @ A)vec(up)) = SpS; @ AA' = 5, @ (X'X)~L
RATS uses vec(ey) = (Sp ® Ipnp—1)4r41)vec(Auy), which is the same as what I use. Note that
(Sp @ A)vec(uy) = vec(AupSy) = (Sp @ I)vec(Aup), in which vec(ABC) = (C" @ A)vec(B) is used
for transformation.
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10. Repeat 4 ~ 9, B times, and calculate one standard error upper and lower error

bands of the impulse responses using?

N|=
—
>
(S
~—

v 1232' +(1XB:'T2 (1233“”)2))
er = — ) ar — > iry — (=
pp BiH ’ BiH ' B ’

ol
—~
>
=2
S~—

L S SUTRER SFE SER SPE
ower = — mry — | — iry — | — r,
Bb:l ’ Bb:l ’ Bb:l ’

2ONote that we fix cointegrating vectors, 3, and generate parameters from a normal distribution,
N(6p, %, ® (X'X)~1). Note also that we do not update S.

33



