B E B R

HM29# H2=2(EH 100 2)

IV ECM Threshold Cointegration Tests and

Nonlinear Monetary Policy in Korea

Walter Enders
(Professor of Economics and Lee Bidgood Chair of Economics and Finance, University of Alabama)
Junsoo Lee
(Professor of Economics and Stimpson Gulf Lumber Faculty Fellow, University of Alabama)

Mark C. Strazicich

(Associate Professor, Department of Economics, Appalachian State University)

0

3 B3| HMY

H Z
=

A~
AL

Al
.

OK
0l

A EH
oHd
&
SUE

(Alabama ¢
o & =%
(Alabama CH& W w4)
O3 AEBIXIAIS
(Appalachian State CHE W w4)

A

HI

>
L

=
o

fraliEi
o py
ton 1l

Q@
[>

L

I

El
El
:B

* walter Enders: (e—mail) wenders@cba.ua.edu, (address) Department of Economics, Finance, and Legal Studies
Culverhouse College of Commerce & Business Adinistration University of Alabama, Tuscaloosa, AL 35487—0024

* Junsoo Lee: (e—mail) jlee@ cba.ua.edu, (address) Department of Economics, Finance, and Legal Studies
263 Alston Hall Box 870224 University of Alabama, Tuscaloosa, AL 35487

* Mark C. Strazicich (e—mail) strazicichmc@appstate.edu, (address) Appalachian State University Boone, Norgh

Carolina 28608—2051 Office: 3104 Raley Hall

« Key Word: Monetary Policy(& 3}°d ), Korea(3t=), Taylor Rule(8l € &1 £, Threshold

Cointegration(3- Al & &2 &)

« JEL code: C220, E4
* Received: 2007.8.17 * Referee Process Started: 2007. 8. 24

* Referee Reports Completed: 2007. 11. 27




ABSTRACT

The goal of this paper is to examine the validity of nonlinear Taylor rules in Korea. To perform
our tests, we utilize new IV ECM threshold cointegration tests that are invariant to nuisance
parameters. The new tests have a standard chi-square distribution and the same critical values can
be used throughout.  This is in contrast to OLS ECM threshold cointegration tests, which depend on
nuisance parameters and have nonstandard distributions. After finding significant support for
nonlinear cointegration, we find that the Bank of Korea raises the call rate of interest only when
inflation is above a threshold rate. Ve additionally find that the Bank of Korea increases the call rate
of interest to possibly counter domestic currency deprecation only when the rate of currency
deprecation exceeds a threshold.
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I . Introduction

Predicting the reaction of monetary authorities to changes in fundamental
economic variables has long been a goal of central bank observers and monetary
economists alike. In particular, observers often wish to know how the central bank
responds to changing economic fundamentals when setting short-term interest rates.
This research is often expressed by a simple monetary policy reaction function, or
“Taylor rule.” The simple policy rule was initially introduced by Taylor (1993) and
can be described as follows:

. * * Ea . .
L=r *tm+ao(n-—n)+ ay+ aiq + ot & : 1)

where i; is the nominal target interest rate of the central bank, r* is the equilibrium
real interest rate, and n; is the inflation rate over the most recent four quarters. Here,
n* is the target inflation rate of the central bank, y: is the “output gap” measured as
the percentage deviation in real GDP from target or potential real GDP, and & is an
iid. error term. Lagged values of i; are included to allow for “interest rate
smoothing,” where the central bank gradually adjusts i; to the target rate (e.g.,
English, Nelson, and Sack, 2003). Rearranging terms and simplifying gives the
following testing equation:

it = o + o + 0y + Olaier + Ol + &, (2)

where o = (r* - au'n*) and o1 = (1 + ar). See Qin and Enders (2007) for a survey of
papers that examine a linear Taylor rule.

In spite of the number of papers that test models of the Taylor rule, the validity of
many of these tests has been questioned. Bunzel and Enders (2007) and Osterholm
(2005), for example, find that the U.S. interest rate and inflation rate each have unit
roots, while the output gap is stationary. Moreover, they additionally find no
evidence of a long-run linear cointegrating relationship among the variables in the
model. We obtain similar results with Korean data. These findings call into
question many estimates of the linear Taylor rule, since if the variables in the model
are nonstationary and not cointegrated then spurious estimates can result.

Recently, a growing body of literature finds evidence of nonlinear dynamics in
many economic time series. For example, given transactions costs, central banks may
take action to increase the target interest rate only when the inflation rate surpasses a
threshold. Similar asymmetric responses can arise if monetary policy makers care
more about high inflation than low inflation. For these and other reasons, a growing
number of authors argue that the Taylor rule should be modeled as a nonlinear
relationship. See, for example, the papers by Clarida, Gali, and Gertler (2000), Nobay
and Peel (2003), Ruge-Murcia (2003), Dolado, Maria-Dolores, and Ruge-Murcia (2004),
where the authors argue that central bank preferences are likely to be asymmetric in
the inflation rate and/or output gap. The presence of nonlinearities in the Taylor rule
could explain the apparent lack of mean reversion in i; and =, and the findings that
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these variables are not linearly cointegrated, since the standard unit-root and
cointegration tests assume that the data-generating process is linear. As in the linear
case, in order to estimate nonlinear models and avoid spurious results we must first
examine the validity of the model by testing for nonlinear cointegration.

Until recently, the lack of testing for nonlinear cointegration in nonlinear models
might be due to difficulties of finding practical testing methodologies. In this paper,
we estimate and test the validity of nonlinear threshold models by employing new
error-correction model (ECM) threshold cointegration tests. Specifically, we test for
nonlinear monetary policy in Korea by estimating nonlinear Taylor rules. While
previous papers have tested for nonlinear Taylor rules in the U.S., and other early
industrialized countries, we contribute to the literature by testing for nonlinear
Taylor rules in Korea, a newly industrializing economy. Several notable differences
exist between the economies of the US. and Korea that might lead to different
findings in a nonlinear Taylor rule. Perhaps most important, while the US. is a
large open economy, the economy of Korea is a small open economy with
proportionately greater exposure to international trade. For instance, in 2004, the
shares of exports and imports of goods and services in GDP were 10% and 15%,
respectively, in the U.S., while their shares were 44% and 40%, respectively, in Korea
(World Bank, 2007, World Development Indicators). Second, while the goals of low
inflation and full employment are likely important for monetary policy in both the
US. and Korea, attention to the foreign exchange rate may be a relatively more
important policy goal in Korea. In a small open economy, the central bank may
give a lower priority to controlling inflation, relative to exchange rates, than in a
large open economy like the U.S. If so, one can hypothesize that if the Korean
inflation rate increases at the same time that the won appreciates relative to the U.S.
dollar, the Bank of Korea might choose not to increase the call interest rate to slow
inflation due to concerns that this could cause a further appreciation of the won and
potentially harm or destabilize foreign trade.

Using the new IV ECM threshold cointegration tests, we estimate a nonlinear
Taylor rule for Korea using quarterly data from 1991-2007. Overall, we find
significant evidence of a nonlinear threshold cointegrating relationship in the Korean
Taylor rule. Most important, we find that the Bank of Korea increases the call rate
of interest only when inflation rises above a threshold rate. In addition, we find
that the Bank of Korea increases the call rate of interest to possibly counter a
depreciation of the won or to increase its stability, but only when the deprecation
exceeds a threshold rate. The remainder of the paper proceeds as follows. In
Section 2, we provide further background discussion of the Taylor rule in Korea and
discuss some methodological issues. In Section 3, we develop our new IV ECM
threshold cointegration test and examine its properties. In Section 4, we present our
empirical findings. In Section 5, we summarize and provide concluding remarks.

II. Background and Testing Issues

We will examine the validity of nonlinear Taylor rules in Korea by estimating
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new ECM threshold cointegration models. A linear Taylor rule for Korean
monetary policy has been previously examined in the paper by Hsing and Lee (2004).
The authors utilize linear cointegration tests, vector autoregressions (VAR), and
impulse response functions with quarterly data from 1978-2003. In addition to the
usual right-hand variables of the inflation gap, output gap, and lagged interest rate
(call rate), they include variables of deviation from trend in the Korean-U.S.
exchange rate and the standard deviation in Korean stock prices from trend. Trend
values are estimated by using Hodrick-Prescott (1997) filters. Prior to estimating
the Taylor rule in Korea, the authors perform augmented Dickey-Fuller (ADF) unit
root tests to determine whether the variables in the model are stationary or
nonstationary. They find that the exchange rate gap and stock price gap are
stationary variables, while the other variables are nonstationary. Hsing and Lee
(2004) next perform cointegration tests using their nonstationary variables and reject
the null of no cointegration at the 1% level of significance. The results from their
impulse response functions provide evidence that a positive increase in the inflation
rate leads to a short-run increase in the call rate by the central bank. They
additionally find evidence of a short-run positive effect on the call rate following an
increase in the exchange rate gap (i.e, when the won depreciates relative to the
dollar). In the longer-run, the authors find that the call rate of interest increases
following an increase in the output gap (i.e, when output rises above full
employment), and when stock prices are above trend.

While our paper complements the findings of Hsing and Lee (2004), there are
several important differences. Most important, we utilize a nonlinear framework in
order to allow for regime-specific threshold effects that depend on the rate of
inflation and other variables. In addition, potential problems noted in the literature
about estimating Taylor rules remain in their study. Most notably, Hsing and Lee
(2004) omit any stationary variables from their cointegration test out of necessity of
employing OLS based estimation procedures. In contrast, we include any
stationary variables from the model in our IV threshold cointegration tests. It is
understandable why, out of necessity, the authors omitted important stationary
variables from their OLS based cointegration tests. However, it seems difficult to
omit important variables from the model for the sake of estimation convenience.
An interesting contribution in the work of Hsing and Lee (2004) is to include the
Korea/U.S. exchange rate in the Taylor rule. We follow their suggestion and build
on their paper. While can hypothesize that including the exchange rate in the
Taylor rule is less important when examining a large open economy like the U.S,, in
a small open economy with a heavy reliance on international trade it may be
important to examine reactions of the central bank to exchange rate changes. To do
so, we will consider three types of threshold variables in our nonlinear Taylor rule:
(1) the rate of inflation; (2) the rate of depreciation in the exchange rate; and (3) the
rate of economic growth. We will then utilize a nonlinear framework to allow for
regime-specific threshold effects that are functions of these variables.

As noted, the literature has been silent in regards to testing the validity of
nonlinear Taylor rules by using nonlinear cointegration tests. The question is why?
The answer, we expect, lies in the difficulties of finding practical testing
methodologies. To begin, we note that standard unit-root and cointegration tests
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often indicate the absence of a valid relationship in the linear Taylor rule. This
might happen since assuming a linear data-generating process will lead to lower
power in the presence of nonlinear dynamics. As such, it is natural to examine
nonlinear Taylor rules. However, despite the growing evidence of nonlinear
dynamics in many empirical papers, to the best of our knowledge, the previous
papers that estimate nonlinear Taylor rules have not explicitly examined the validity
of their estimates by testing for nonlinear cointegration.!

Regarding the methodology of testing for threshold cointegration, Enders and
Siklos (2001) initially suggest valid threshold cointegration tests that permit
asymmetric adjustment in the error correction term. Their paper might be the first
work in the literature to provide relevant critical values to test for threshold
cointegration. The authors adopt the traditional approach of Engle and Granger
(1987, EG). However, their tests cannot be applied to the model that includes a
stationary variable so we cannot use their test to examine the nonlinear Taylor rule.
More recently, another line of threshold cointegration test has been considered by
Seo (2006) and Li (2006) using the ECM. However, these methods utilize OLS type
estimation procedures and depend on nuisance parameters.

Our main point of departure from the OLS based tests is to utilize stationary
instrumental variables (IVs) in the ECM threshold cointegration test. The OLS
based ECM threshold cointegration tests have a non-standard distribution that
depends on a mixing of the Dickey-Fuller type non-standard distribution and the
standard normal distribution. As a result, the usual non-standard critical values
cannot be obtained a priori without knowing the weights of the two distributions.
We build on the previous important works of Hansen and Seo (2002), Seo (2006), and
Enders et al. (2007), among others, and provide new solutions. In particular, we
include stationary IVs in the ECM threshold cointegration test. By adopting
stationary IVs in our ECM threshold cointegration test, we demonstrate that the test
statistics will be free of nuisance parameters and have chi-squared or standard
normal asymptotic distributions in every case. As a result, the same critical values
can be used throughout. Our paper complements the work of Enders et al. (2007),
who suggest utilizing stationary IVs in autoregressive distributed lag (ADL)
threshold cointegration tests. The authors demonstrate that by adopting stationary
IVs in ADL threshold cointegration tests, the test statistics will be free of nuisance
parameters. Enders et al. (2007) utilize their test to estimate nonlinear Taylor rules
for the US. We suggest an alternative IV threshold cointegration test based on the
ECM. Our IV ECM threshold cointegration test is an important contribution, since
OLS based ECM tests are increasingly popular in the literature but have a
disadvantage that they often require bootstrapping.

1 The one exception is the paper by Enders, Lee, and Strazicich (2007), where the authors examine
nonlinear U.S. Taylor rules. We wish to contribute to the literature in this regard, by examining the
validity of nonlinear Taylor rules in Korea. As we will explain in more detail, in terms of methodologies
our paper complements the work of Enders et al. (2007). The underlying concept of the approach used in
this paper is similar to theirs. However, our paper focuses on a different test statistic than is the focus in
Enders et al. (2007). As such, our suﬁgested tests provide solutions to the limitations found in previous
tests that utilize the ECM type approach.
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Ill. New Testing Methodology

The question of interest is whether a stable linear or nonlinear Taylor rule does in
fact exist. Specifically, given that at least some variables in the Taylor rule are
non-stationary, it is important to ascertain whether there is a valid cointegration
relationship among them. Initial examination of our tests reveals little or no
support for linear cointegration in equation (2). Testing for cointegration in the
Taylor rule, however, incurs a difficulty since there is a trivial cointegration
relationship among the target interest rate and its lagged values. Given our
discussion above, it is quite possible that the Taylor rule should be modeled as a
nonlinear relationship. In particular, if a right-hand variable in the model exceeds a
certain threshold, the central bank will react in a different manner than when the
variable is below the threshold. For instance, when the inflation rate is relatively
low (less than 4%, for example) the central bank may not intervene at all. In
contrast, when inflation is relatively high (above 4%, for example), a standard Taylor
rule response will apply. This type of nonlinear model can make significant
progress towards explaining misspecifications in the standard Taylor rule, such as a
finding of unreasonably high interest rate smoothing that resembles a random walk
and/or lack of cointegration. However, in order to accurately test the validity of
nonlinear Taylor rules requires testing procedures not subject to nuisance
parameters.

Balke and Fomby (1997) initially introduced the so-called threshold cointegration
test, which permits a threshold effect in the long-run adjustment process of the ECM.
The authors assume that cointegration exists only within a certain range of
deviations from the long-run equilibrium implied by the null, but they did not
consider an explicit test for threshold cointegration. Hansen and Seo (2002) suggest
a procedure to estimate and test for the existence of threshold effects in a vector ECM,
but also did not provide an explicit test for threshold cointegration.? We consider
models with nonlinearity in the short-run dynamics, as demonstrated in the
literature on testing for threshold cointegration. Hansen and Seo (2002) and Seo
(2006) consider different sets of parameters in two regimes as follows

Ax;=c+ n Liziat o (1-1) z4 + (stationary dynamics) + uy, 3)
and define Heaviside indicator functions as

L=1ifz4>8and ,=11if z,<38 (4a)
or

L=1i1fAzi1>8and ;= 1if Az <6. (4b)

2 Gonzalo and Pitarakis (2004) propose a procedure to test the presence of threshold effects in
nonstationary ECM models with or without cointegration. However, they also do not provide explicit
tests for threshold cointegration.
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While these “level” and “momentum” threshold variables are common in the
literature, additional threshold indicators can be adopted in the IV ECM threshold
cointegration tests due to the invariance properties of the test. For instance, using
our test, we can adopt additional threshold indicators for inflation rates such as

L=1ifmy>tand [, =01if 5, < 1. (4c)

The threshold indicator in (4c) allows us to model different regimes that depend
directly on whether inflation is relatively high or low. We focus on estimating
equation (3) and utilize versions of (4a) - (4c) to allow for different regimes in our
short-run dynamics. Note that the number of parameters in the testing equation is
smaller for the ECM based threshold cointegration tests than the ADL based tests,
since the ECM based tests impose the common factor restriction (CFR). When the
CFR holds, the ECM based tests are more powerful than the ADL based tests, while
the reverse will be true when the CFR does not hold.

Our threshold cointegration tests differ from Enders et al. (2007) in that we
consider IV ECM type tests instead of IV ADL type tests. Thus, while we follow the
corresponding framework suggested in Enders et al. (2007) for the IV ADL test, we
instead consider the IV ECM threshold cointegration test equation (3) with the IVs,

Wr = Zt— Zi-my (5)

where m is a finite number and m << T. From (5), it is clear that w is stationary
since wy consists of the stationary variables (z: - zem), regardless of whether the
system in (3) is cointegrated or not. Specifically, it is simple to demonstrate that w:
= (21 -Zt2) ¥ (Zto - Zze3) ¥ oo + (Ztems1 — Zt-m) = Zea t Zi2+ .o+ Zims1, Where
each differenced term is stationary even if each individual z is I(1). The test for
threshold cointegration in (3) is performed by testing the following hypotheses:

Het 1 =0andy, =0 vs. H;: at least one of these is not zero.

Rejection of the null hypothesis (H,) indicates that cointegration is supported in
at least one regime. For simplicity, we can rewrite equation (3) as

Axi,=n Lzt (=1 za+ &i'Lrq + &' (A-1) g + u, (6)

where qtincludes the deterministic terms of the constant, lags of x;;and  x2, and
any stationary covariates. We consider the usual t-statistic on y; = 0,1 =1, 2, in (6).
Alternatively, we can consider the Wald test statistic for the joint hypothesis:

Wald = (RO) [62 Rz W) (W' W)W ) R (RO), 7)

where 0; = (y1, 72, &1, ¢2'), 5‘12 is the estimated error variance from (3), R is a
selection matrix that selects the parameters under the null hypothesis, and r is the
number of restrictions. In the expression of (6), we use simplified notations
Z andW to denote that the effect of g is controlled by using the residuals from the
regression of z;on q; or the regression of wion q;. Letting z = (Z+ 1, .., z1)’' and q =
(qm+1, -, qr)’, We obtain the residuals as Z = Mgz, where Myis the projection onto
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the orthogonal space of q: with Mq= I, — q(q’q)_lq’. Similarly, we obtain the
residuals W = Mgw, where w = (Wys1, .., wp)'. Then, we use W with (W, Ly
W, (1-Ly)) as the instruments for Z . It can be shown that the asymptotic
distribution of the resulting t-statistic is standard normal and the distribution of the
Wald statistic is chi-squared.

Theorem 1. Suppose that Assumption 1 in Enders, Lee, and Strazicich (2007) holds. Also,
suppose that y1= y»= 0 in the data generating process (3), and the threshold parameter t is
consistently estimated or is known a priori. Then, as T — oo, the Wald statistic in (6)
follows

Wald - y,° ,

and each t-statistic tion 1 = 0 or = 0 has the standard normal distribution
ti—> Z.

Proof:  See the Appendix.

In order to conduct the threshold cointegration test, we need to estimate the
threshold parameter t. For this, we adopt a grid search method. First, we sort the
threshold variable from the lowest to the highest value and determine the threshold
estimate within the range of 10 to 90 percentiles of the threshold variable at the value
where the sum of squared residuals from regression (6) is minimized. The idea is
that the threshold value cannot be smaller (greater) than the lowest (highest) value of
the threshold variable, and we eliminate both end points, which is standard
procedure in the literature. Minimizing the sum of squared residuals yields the
same consistent estimates of the threshold parameters as maximizing the F-statistic
on the coefficients that separate two regimes.

The threshold parameter is consistently estimated when the coefficients in two
regimes are different. The consistency of the threshold parameter is warranted
under three different cases. First, different regimes will occur when there is a
structural change in the level term (c; # cy), or in any deterministic terms including
trend functions. Second, a regime change is evident when the short-run dynamics
of Axj; and Axy, are different in each regime. Third, the threshold parameter is
consistently estimated when the persistent parameters are different, such that » = .
It is important to note that our consistency results do not hinge solely on the third
case of y1 # ». Instead, we allow for the first two cases in addition to the third case.
Thus, our consistency result of the threshold parameter can be stronger than a
supreme type test statistic that relies solely on the third case. Although consistency
of the threshold parameter estimate is also maintained in a supreme type test as
given in the literature, it often requires the assumption that c; = cy (the coefficients
of the level and trend terms) and ¢; = ¢, (the coefficients of short-run dynamics) and
examines whether y; = por 71 # 5. When the required assumption (c; =cy and ¢,
= ¢g) does not hold, the supreme type test involves nuisance parameters and
diverges whenever c; #cz or ¢; # ¢o. In our case, we do not need to employ such a
supreme type test, and each of the separate restrictions of ¢; =¢s or 1 = p» is
decisively rejected in our analysis of the Korean Taylor rule.

Clearly, our IV based ECM testing strategy differs from the existing OLS based



144 | ssEmRassmeE / 2007. 1|

ECM threshold tests. For instance, the OLS based tests do not permit us to examine
the testing hypothesis described in (3) with (4c), since no asymptotic result is readily
available when the indicator function is defined differently from the equilibrium
error term. In contrast, our threshold classification rules are well tailored to testing
the Taylor rule. This outcome is due to the fact that in the OLS based ECM
threshold cointegration tests the distribution of the test statistic depends on the
particular indicator function that is adopted. As a result, new critical values must
be simulated, if the relevant asymptotic distributions can be possibly developed.
Rather than model the threshold variables solely by the magnitude or change of their
deviations from the long-run equilibrium, we can adopt other threshold variables
that may be better suited to the Taylor rule. As a result, in examining the long-run
relationship, we hypothesize that the central bank follows the standard Taylor rule
when inflation is higher than the threshold rate.
We will consider four different threshold variables as follows:

L= 11if m-1 > rand I;; = 0 otherwise, (8a)
L,=11if (lne—; — lne-2) > ¢ and / = 0 otherwise, (8b)
L;=1if |[Ine-; - Ine—2| > r and 7 = 0 otherwise, (8c)
L, =1 if InrealGDF,-1 — InrealGDF-, > r and /; = O otherwise. (8d)

The threshold function described in (8a) is the focus of our paper, and allows for
different reactions by the monetary authorities depending on whether inflation is
above or below a threshold rate. We hypothesize that the Bank of Korea will take
stronger action to increase the call rate of interest when inflation is above the
threshold rate than when inflation is below the threshold rate. Threshold function
(8b) allows for a different interest rate policy response when the rate of depreciation
of the won relative to the US. dollar exceeds a threshold rate. Thus, we
hypothesize that the Bank of Korea will take action to counteract and/ or stabilize the
value of the won only when the rate of depreciation exceeds a threshold rate. The
threshold function in (8c) is similar to (8b), but removes the sign on the rate of
change ine. This threshold variable allows for the possibility that the Bank of Korea
is more concerned with preventing general fluctuations in the exchange rate rather
than taking a particular action to prevent the won from depreciating per se. We
hypothesize that the Bank of Korea will take action to counteract a change in the
exchange by changing the call rate, regardless of whether the change is a
depreciation or appreciation, only when the rate of change exceeds a threshold rate.
The threshold function in (8d) is described by the rate of growth of real GDP. This
allows for the possibility that the Bank of Korea will respond differently to changing
i depending on whether the rate of growth in output is above or below the threshold
rate. Thus, we hypothesize that the Bank of Korea will increase the call rate of
interest only when the rate of growth in real GDP is above a threshold rate. It is
important to note that the four threshold functions defined in (8a) - (8d) could not be
considered in the OLS based ECM threshold cointegration tests without adopting a
bootstrap procedure. As previously noted, if some of the variables in the Taylor
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rule are I(0) while others are I(1), then a bootstrap procedure may be problematic.

A brief explanation is necessary to explain how the lag order m is determined.
The procedure to estimate the threshold parameter was discussed in the above. For
the time period considered, we obtain the estimated threshold value of t by
minimizing the sum of squared residuals in the OLS estimation of the testing
regression. Then, given this threshold value, we perform IV estimation using
values of m = 2,...,10. We select the value of m that results in the smallest residual
variance. Using this value of m, we re-estimate the threshold value t. In this
manner 1 and rare jointly determined.

IV. Empirical Results

Our quarterly data on the nominal target call interest rate, inflation rate, output
gap, and nominal exchange rate (the won price of one U.S. dollar) for 1991-2007 was
obtained from the web site of the Bank of Korea. We begin our investigation by
testing the linear Taylor rule described in (2), including the exchange rate (e;) and
lagged values of the call rate (ir1and ito). The results of estimation are displayed in
Table 1. While the sign on the coefficient of the inflation rate ( ) is positive in both
Model 1 and 2, the coefficient is only marginally significant at the 10% level. The
sign on the output gap variable is positive and significant at the usual levels. There
is no evidence that the Bank of Korea responds to a depreciation of the won by
changing the target rate of interest. We give more credit to Model 2, given that the
second lag interest rate variable is statistically significant. Most noteworthy, in both
Model 1 and 2, is the finding that the coefficient on .1 is highly significant and
approximately equal to one. This is especially true in the more significant Model 2.
This finding casts doubt on the validity of the linear Taylor rule, and suggests that i

<Table 1> Estimates of the Linear Taylor Rule in Korea

Dependent variable: i Model 1 Model 2
Constant -0.399 0.573
(-0.260) (0.371)
o 0.392 0.373
(1.687) (1.662)
Vi 0.233 0.185
(3.359) (2.636)
et 0.130 -0.511
(0.102) (-0.407)
i1 0.831 1.070
(9.894) (8.017)
i -0.260
(-2.252)

Notes: t-statistics are in parentheses.
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<Table 2> Unit Root Tests of the Taylor Rule Variables

Variable Rho t-value lags
it -0.082 -1.888 2
! -0.088 -0.790 12
Vi -0.496 4561 4
e -0.080 -1.748 1

Note: In each case we estimated a model of the general form Ax; = ao + pxi1 + ZaAx,; + €. Lag lengths were
chosen using a maximum lag length (i,.) of 12. If the t-statistic for the last lag was not significant at
the 5% level, i,,,, was reduced by one and the equation was re-estimated. 7, is the sample value of the
t-statistic for the null hypothesis p = 0. With 50 observations, the critical values at the 10% and 5%
significance levels are -2.60 and -2.93, respectively.

behaves as a random walk. This outcome is further supported when we test for a
unit root in each of the variables. The results of performing augmented
Dickey-Fuller unit root tests are displayed in Table 2. The results indicate that the
call rate of interest (i), inflation rate ( ), and exchange rate (e;) variables are each
nonstationary, while the output gap (i) is stationary.

The above results suggest a need to perform tests to determine if the variables in
the linear Taylor rule are cointegrated. Both EG and Johansen linear cointegration
tests were performed with results displayed in Tables 3 and 4, respectively. Results
for the EG cointegration test are reported with and without the stationary variable y.
In each case, the EG tests cannot reject the null of no cointegration at the usual
significance levels. Results using the Johansen linear cointegration test omit 1 and
reject the null of no cointegration. However, as noted, the results from estimating
the linear Taylor rule in Table 1 indicate little reaction of the target call rate to an
increase in the inflation rate, and the coefficient on the lagged interest rate variable
suggests that movements in the call rate resemble a random walk. We conclude
that there is little support for the linear Taylor rule in Korea.

We next examine results using the IV ECM threshold cointegration test as
reported in Table 5. The Q-statistic is provided as a test for serial correlations. We
utilize the four different threshold indicators described in (8a) - (8d) noted as Case 1
to 4, respectively. We begin by examining our most important model in Case 1,
where the threshold variable is the rate of inflation. The results show no support
for cointegration in the nonlinear Taylor rule for Korea. However, the results for
the other three threshold functions, Case 2 to 4, reject the null of no cointegration and
support a valid threshold cointegration model at the 10%, 10%, and 1% levels of
significance respectively.

When using the IV ECM threshold cointegration test, stationary covariates can be
included in the testing equation to increase power. While y; is included in the test
results in Table 5, we wish to consider a further increase in power by including the
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<Table 3> Engle-Granger Linear Cointegration Tests

Dependent variable: i Model 1 Model 2
Constant 5.028 4.715
(2.33) (1.99)
s 2.242 2.258
(10.4) (10.14)
Vi 0.036
(0.331)
e -5.277 -5.030
(-3.05) (-2.65)
EG cointegration -0.210 -0.300
test statistics (-1.574) (-1.963)
# of lags 4 12

Notes: t-statistics are in parentheses. For each sample period, we estimated a potential long-run equilibrium
relationship of the form i; = & + fim + (e, + u,. The second step was to use the estimated residuals to
estimate an equation of the form Ae; = pep1 + Zaideq + v With 50 (100) observations, the critical
value at the 10% and 5% significance levels are -3.31 (-3.09) and -3.46 (-3.40), respectively.

<Table 4> Johansen Linear Cointegration Tests

Hypothesized Eigen- Trace 5 Percent 1 Percent
No. of CE(s) value Statistic Critical Value Critical Value
None ** 0.5263 87.068 4721 54.46
Atmost1** 0.3401 40.738 29.68 35.65
At most 2 0.1822 14.969 1541 20.04
At most 3 0.0394 2.4926 3.76 6.65

Notes: *(**) denotes rejection of the null hypothesis of no cointegration at the 5% (1%) level. Trace test
indicates 2 cointegrating equation(s) at both 5% and 1% levels. One lag was used in the above

result.

first differenced right-hand variables in the testing equation (i.e., the first-difference
inflation rate, output gap, and nominal exchange rate). These conditional IV ECM
threshold cointegration tests can be undertaken given the invariance to nuisance
parameters and the assumption of weakly exogenous variables; see Li (2006) for
justification on the use of the conditional ECM test. Note that a similar conditional
OLS ECM threshold cointegration test could not be practically undertaken due to the






<Table 5> ECM Threshold Cointegration Estimates of the Nonlinear Taylor Rule in Korea
Dependent Case 1 Case 2 Case 3 Case 4
varizl ble: i - (t-stat) % Growth (t-stat) | % Growth (t-stat) Growth Rates (t-stat)
o ™ Rates of e; Rates of e | of GDP
Liza 0.148 117 -0.416 -1.46 -0.986 -2.21 -0.720 -3.29
(1-1)zea -0.160 -0.52 0.087 1.73 0.043 0.23 0.103 1.46
Plus 0.199 0.83 -0.658 -1.83 -2.377 -2.18 -3.636 -4.71
Minus -1.875 -1.83 0.509 0.97 -0.006 -0.02 0.214 1.03
Q-stat* 30.48 (0.000) 21.488 (0.044) 17.506 (0.177) 23.352 (0.025)
m 10 10 9 10
Threshold 5.084 1.234 0.464 -0.054
value
F-statistic
for 1.635 (0.441) 5.116 (0.077) 2.619 (0.083) 12.95 (0.002)
cointegration*

Notes: * p-values in parentheses.

Here, I =1 if the threshold variable > threshold, and 0 otherwise.
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nuisance parameter problem when including stationary variables. The test results
are displayed in Table 6. In contrast to Table 5, the results in Table 6 strongly reject
the null of no cointegration in most cases and demonstrate stronger support for the
validity of a nonlinear Taylor rule in Korea. Note that the first differenced variables
act like stationary covariates and increase power in IV based tests.

Given that the IV ECM threshold cointegration tests find significant support for
the nonlinear Taylor rule in Korea, we wish to examine the individual coefficients of
different variables in the model. To estimate the individual coefficients and to
compare results, we repeat our tests using the IV ADL threshold cointegration test of
Enders et al. (2007). The results are displayed in Table 7. We focus our discussion
on Case 1 and 2, since the tests in Case 3 and 4 cannot reject the null of no
cointegration at the usual significance levels. The results of our most important
Case 1 support our earlier expectations regarding the inflation rate and monetary
policy. The coefficient on the inflation rate is positive and significant only when
inflation is above the threshold rate. These findings support our conjecture of
nonlinear monetary policy and suggest that the Bank of Korea will increase the call
rate only when inflation rises above a threshold rate (approximately 4% rate of
inflation). In contrast, when inflation is below the threshold rate, the Bank of Korea
will reduce the call rate of interest. However, it should be noted that while the
negative coefficient on the inflation rate variable when inflation is below the
threshold is statistically significant, its absolute size is much smaller than when
inflation is above the threshold rate. The coefficient on the output gap variable (y)
is positive and statistically significant regardless of the rate of inflation. While the
results for y. when inflation is below the threshold rate were not expected, these
findings suggest that the Bank of Korea places a relatively strong weight on a rising
output gap as a signal to increase the call rate regardless of the current rate of
inflation.

While the sign on the exchange rate variable is negative when inflation is below
the threshold rate and positive when inflation is above the threshold rate, the
coefficient on the exchange rate variable is not significant in either case. We next
examine the results for Case 2, where the threshold variable is determined by
whether the rate of currency depreciation is above or below the threshold rate
(approximately 3% rate of depreciation in the won relative to the U.S. dollar). The
results in Case 2 suggest that the Bank of Korea will increase interest rates to possibly
counter currency depreciation only when the rate of depreciation rises above the
threshold rate. In contrast, when the rate of depreciation is below the threshold rate,
the Bank of Korea lowers the call rate. While the sign on the coefficient of the
exchange rate variable is negative and statistically significant when the rate of
deprecation is below the threshold rate, a possible explanation can be noted here.
Perhaps the Bank of Korea is concerned about stopping currency deprecation by
raising the call rate only when the rate of depreciation is relatively large. However,
in more normal times the Bank of Korea prefers to keep to the call rate relatively low
to keep the value of the won lower and encourage exports. The coefficients on the
other variables of the inflation rate and exchange rate are not significant in any case
at the usual levels. The results in Table 7 for Case 3 and 4 are less interesting, since
we cannot reject the null of no cointegration in these models and nearly all of the






<Table 6> Conditional ECM Threshold Cointegration Estimates of the Nonlinear Taylor Rule in Korea

Dependent Case 1 Case 2 Case 3 Case 4
P . - (t-stat) % Growth Rates  (t-stat) | % Growth Rates  (t-stat) Growth Rates (t-stat)
variable: i o
of e of e of GDP
Lizia -1.684 -7.55 0.066 0.72 -0.220 -1.14 -0.017 -0.12
(1-1)zea -0.080 -0.46 -0.571 -2.64 -0.877 -1.89 -2.350 -5.38
I m -1.931 -2.03 -0.005 -0.01 0.746 2.00 0.359 1.03
(1-I) m 0.539 2.38 0.973 3.89 2.057 214 -1.895 -2.90
I; Vi -2.217 -5.69 -0.056 -0.91 -0.038 -0.58 -0.026 -0.50
(1-I) e 0.018 0.21 0.149 1.38 -0.088 -0.43 -2.997 -3.57
I; et 63.44 3.81 13.94 10.6 10.93 3.78 10.68 5.70
(1-Ly e 10.89 5.47 5.134 1.16 -0.264 -0.03 93.56 3.96
Plus -3.582 -3.36 0.274 1.35 0.058 0.33 0.101 0.66
Minus -0.007 -0.045 -0.505 -1.84 -1.732 -2.29 -1.364 -1.49
Q-stat* 10.69 (0.556) 13.30 (0.425) 17.07 (0.196) 15.68 (0.206)
m 10 9 8 10
Threshold 5.730 1.233 0.6458 0.0219
value
F-statistic for
28.61 (0.000) 7.472 (0.024) 4.874 (0.087) 14.494 (0.000)

cointegration*

Notes: * p-values in parentheses.

Here, I; =1 if the threshold variable > threshold, and 0 otherwise.



<Table 7> ADL Threshold Cointegration Estimates of the Nonlinear Taylor Rule in Korea

Dependent Case 1 Case 2 Case 3 Case 4
P . - (t-stat) % Growth Rates (t-stat) | % Growth Rates (t-stat) Growth Rates (t-stat)
variable: i T
of e of e¢| of GDP
Tdeq -0.371 -2.25 0.042 0.25 0.194 1.56 0.070 0.08
(1-Lp)ier -0.018 -0.10 -0.577 -2.49 -0.184 -0.27 -1.124 294
Lemteq 0.968 1.97 -0.074 -0.15 -0.410 -1.33 -0.131 -0.09
(1-I¢) mea -0.191 -2.51 0.742 1.54 0.098 0.06 5.703 217
Liya 0.395 3.08 0.157 0.40 0.064 0.56 0.151 0.77
(1-L) yea 0.148 341 0.079 1.17 0.296 2.32 0.295 1.22
Liees -3.185 -1.61 2.979 1.99 -2.336 -0.60 0.164 0.03
(1-Iyew 1.522 0.87 -7.259 -3.59 -2.405 -0.51 82.110 -2.07
Plus 1.847 0.77 -3.692 -1.76 2.660 0.62 -0.102 -0.02
Minus -1.113 -0.51 8.878 4.01 3.408 0.90 85.695 2.08
Q-stat* 23.751 (0.069) 50.18 (0.001) 19.450 (0.194) 23.509 (0.052)
m 4 3 2 9
Threshold 4.0877 3.0064 0.6458 0.0219
value
F-statistic for
3.301 (0.045) 3.109 (0.053) 1.825 (0.161) 4.336 (0.298)

cointegration®

Notes: * p-values in parentheses.

Here, I; =1 if the threshold variable > threshold, and 0 otherwise.
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estimated coefficients are insignificantly different from zero.

For the sake of robustness, we examine two additional cases. We note that the
Bank of Korea began to adopt a policy of inflation targeting in late 1998. In this
regard, it will be interesting to analyze the Taylor rule in Korea using only data from
the sub-sample of 1999 to 2007. We also utilize data on the target rate of inflation
from 1998:3 to 2007:1, which are obtained from the web site of the Bank of Korea, and
use the target inflation rate as a time varying threshold level.3 Since only the
time-varying inflation target rates are used, threshold parameters are undefined in
this analysis.

An important caveat from using this smaller sub-sample should be noted.
There is a significant loss in degrees of freedom. However, in spite of this, overall,
we obtain results that confirm our previous findings of valid nonlinear Taylor rule.
In Table 8, we report our main results from adopting the inflation targeting sample
period of 1999-2007. The results for the target rate of inflation as the threshold
variable are similar to those in Table 6. Using the sub-sample of 1999-2007, the
results for Case 1A reject the null of no cointegration at the 5% level of significance
and support the validity of a nonlinear Taylor rule in Korea. The estimated
threshold rate of inflation is 2.731% from the ECM model and 3.566% from the ADL
model, respectively, when compared with inflation rates over the most recent four
quarters. Note that these threshold rates of inflation are lower than the rate of
5.730% found for the whole sample period (Table 6). This outcome is expected
given that inflation rates were falling in Korea by the late 1990s. The results for
other threshold variables reported in Case 2 to 4 in Table 8 cannot reject the null of
no cointegration at the usual significance levels, although the rate of depreciation of
the won nearly rejects the null at the 10% level. We next consider using the Bank of
Korea’s target rate of inflation as a time-varying threshold variable. The results are
displayed in Case 1B in Table 8. The results using the target rate of inflation (Case
1B) again reject the null of no cointegration in the ADL IV test, and nearly reject the
null (p-value = 10.3%) in the ECM IV test. Overall, the results for using the inflation
rate threshold variable in the inflation targeting sub-sample support those of the
whole sample period and provide additional evidence of a nonlinear Taylor rule in
Korea.

V. Conclusion

In this paper, we develop new ECM threshold cointegration tests that include
stationary IVs. The tests are invariant to nuisance parameters found in the OLS
based ECM threshold cointegration tests. As a result, bootstrapping is unnecessary
and the same critical values can be used throughout. This is the case regardless of
the threshold variables adopted, deterministic terms, or inclusion of stationary
covariates. In contrast to the OLS based ECM threshold cointegration tests,
including stationary covariates in the IV ECM threshold cointegration test increases

3 We are grateful to an anonymous referee who suggested using the target rate of inflation as a threshold
variable.
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<Table 8> Additional Test Results on the Nonlinear Taylor Rule in Korea

Case 1 Case 2 Case 3 Case 4
T % Growth | % Growth Growth Rates
Rates of e; Rates of e| of GDP
A. Sub-sample (1998:3 - 2007:1) is used
1. ECM Test
Threshold 2.731 1572 1.328 0.046
value
F-statistic for 3.214 1.930 0.954 1.575
cointegration® (0.042) (0.239) (0.437) (0.207)
2. ADL Test
Threshold 3.566 1.327 3.690 0.034
value
F-statistic for 6.486 1.215 3.690 0.375
cointegration* (0.009) (0.324) (0.100) (0.693)
B.Inflation Target Rates are used (1998:3 - 2007:1)
1. ECM Test
F-statistic for 2.558 na na na
cointegration* (0.103) '
2. ADL Test
F-statistic for 36.43 na na na
cointegration* (0.000) '

Notes: * p-values in parentheses.

power when the alternative is true while leaving asymptotic properties under the
null unchanged. Our testing methodology builds on the work of Enders et al. (2007),
who find similar invariance properties in IV ADL threshold cointegration tests. We
apply the IV ECM threshold cointegration methodology to test for threshold
cointegration in the nonlinear Taylor rule of Korea. While previous works find
evidence of nonlinear monetary policies in different countries, these papers seldom
test for nonlinear cointegration. However, if the variables in a nonlinear model are
nonstationary and not cointegrated, then estimation results can be spurious.
Following Enders et al. (2007), we seek to contribute to the literature by providing
new procedures to test for threshold cointegration in nonlinear models. Our new
methodologies will also prove useful in other applications in macroeconomics and
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related areas. In addition, we note that little work has been undertaken to test for
nonlinear monetary policies in newly industrializing countries.

We utilize our new testing procedures to examine and test nonlinear Taylor rules
in Korea. In addition to the usual variables of the interest rate, inflation rate, and
output gap, we follow the suggestion of Hsing and Lee (2004) in the linear case and
include the nominal Korea/U.S. exchange rate in our nonlinear Taylor rules.
Overall, we find little evidence to support the linear Taylor rule in Korea. In
contrast, we find significant support for nonlinear Taylor rules with threshold effects.
Four different threshold functions are examined. Most important among our
results, we find that the Bank of Korea will increase the call rate of interest in
response to an increase in inflation only when inflation rises above a threshold rate.
In addition, we find that the Bank of Korea increases the call rate of interest to
possibly counteract depreciation of the won only when the rate of depreciation is
above a threshold rate.
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Appendix. Proof of Theorem 1.

We wish to prove Theorem 1 and show that the asymptotic distribution of the IV
ECM test for threshold cointegration is chi-square. Our proof is an extension of the
proofs in Enders, Im, and Lee (2005) and Enders, Lee, and Strazicich (2007). The
difference is that in the present paper the error correction term (ECM) is
instrumented by stationary instrumental variables rather than lagged nonstationary
variables in a nonlinear model setting. First, we consider a sample splitting
regression

X, =60+ v, 2>t (A1)
X, =6t + vy ;< T

We define an indicator function d{t) = { n,> 7 }, where d(t) = 1 if n,> rand dft)
= O otherwise. We define 7, = 7 df(t) and £, = £ (1-d(t)). Then, we can
rewrite (A.1) as

X =6 f]r* + 6 1[2; + V. (A.Z)

We let 6= (6, &) and /= ( £/, £2). For instance, for the regression of the
conditional ECM, we have x; = Ar,, 3/ = d{y) (z-1, AL, lags of Af), and £y =
(1-d()(z-1, AL, lags of Af), where z- is the error correction term. Therefore,
we have Af;=(Ar, Ay, Ae) in our application to the Korean nonlinear Taylor rule.
Further, we can include I(0) regressors s; in £ and £/ as stationary covariates.

We assume that &, #= 1,..,, is an iid process with mean zero, variance 02, and

finite fourth moment. Define a partial sum process Sj,71 = er:lej with re[0,1] and

& =é&1+ ..+ &, where m is a finite positive integer. Then, following Enders,
Im, and Lee (2005) we show that

TS S — 056 W) = 1] (A3)
T3 Ee [ W) (A4)
TS &7 > mo. (A5)

The proof is found in the above reference. Letting F = { £;, 15, ..., 7'} with £; = (
il £5), we can easily expect that the moment matrix F F is a diagonal matrix,
since E(£;, £5) = 0. Also, we define

T T T T
BT: Z Wt* a[_ z W[e& f[(o),[z f;(o), f;(o)]*l z f;(o) a[ (A6)

t=1 t=1 t=1 t=1
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T T T
CT — Z W[*Z _ z W, f}(O)'[Z f;(O)' f[(O)]—l z f}(O) W[*. (A7)

t=1 t=1 t=1 t=1

Then, as shown in the above reference, it is straightforward to obtain the following
results

L 4 >
\/—TBI — A[m SW(1) (A8)
LT Cr— mao. (A9)

Then, by collecting the results in (A.8) and (A.9), we can show that

- —= By
- T
t = y(l =— \/_1 = W(1) ~ MO,1).
S Yliv) P _T Cr

t can be obtained in a similar manner. The distribution of the Wald statistic on the
joint hypothesis is given as the sum of the square of the above t-statistics. Then, the
distribution of the Wald statistic is chi-square, since the sum of standard normal
random variables has the chi-square distribution with degree of freedom equal to the
number of restrictions. This completes the proof.



