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This study applies a non-linear threshold unit-root test to test the validity of purchasing power
parity (PPP) to assess the non-stationary properties of the convergence of real exchange rates
(RERs) based on Taylor rules for ten Central Eastern European countries. We find that the non-
linear threshold unit-root test has greater power than the linear method suggested by Caner
and Hansen (2001) if the true data generating process of RER convergence is a stationary
non-linear process. We examine the validity of Taylor rules from the non-linear perspective
and provide robust evidence that clearly indicates that PPP holds true for seven Central Eastern
European countries. These results imply that the choices and effectiveness of the monetary pol-
icies in Central Eastern European economies are highly influenced by external factors that orig-
inate from the United States. Additionally, our findings highlight that these countries' RER
convergence is a mean reversion towards the equilibrium values of Taylor rules in a non-
linear manner. Our findings mean capital mobility, exchange rate market efficiency and mone-
tary integration are non-linear in these Central Eastern European countries.
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1. Introduction

The analysis of long-run purchasing power parity (PPP) has probably been one of the most controversial topics in recent de-
cades within international economics. The results from the validity of PPP have important implications for decision or policy
makers of central banks, multinational firms and exchange rate market participants. The basic idea behind the PPP hypothesis
is that because any international goods market arbitrage should be traded away over time, we should expect the real exchange
rate (RER) to return to a constant equilibrium value in the long run. In particular, a non-stationary RER indicates that there is
no long-run relation between the nominal exchange rate and domestic and foreign prices, thereby invalidating the PPP. A suffi-
cient condition for a violation of PPP is that the RER is characterized by the presence of a unit root. In this case, shocks have per-
manent effects, and there is no tendency to return to a stable value (Perron & Vogelsang, 1992). Standard monetary models of the
determination of exchange rates have long been discredited by their failure to explain exchange rate behavior, as forcefully doc-
umented by Meese (1990); Flood and Rose (1995); Su, Chang, and Chang (2011); Lee and Chou (2013), and Huang and Yang
(2015). A new strand of literature identifies one of the major shortcomings of traditional exchange rate models in focusing
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minimally on the market's expectations of future values of the macroeconomic fundamentals; it also allows for the endogeneity of
monetary policy by incorporating Taylor rule reaction functions into otherwise standard exchange rate models (Bacchetta & van
Wincoop, 2006; Engel, Nelson, & Kenneth, 2008; Engel & West, 2004, 2005; Engel & West, 2006).

Recent literature uses Taylor rules to model the exchange rate determination (Molodtsova, Nikolsko-Rzhevskyy, & Papell,
2008; Taylor, 1995; Taylor & Peel, 2000). The Taylor rule specifies that the central bank adjusts the short-run nominal interest
rate in response to changes in inflation and the output gap. By specifying Taylor rules for two countries and subtracting one
from the other, an equation is derived with the interest rate differential on the left-side and the inflation and output gap differ-
entials on the right-side. If one or both central banks also target the PPP level of the exchange rate, the RER will also appear on
the right-side (Molodtsova & Papell, 2009). According to Taylor (1993), the interest rate reaction function known as the Taylor
rule has become the dominant method for evaluating monetary policy. In the Taylor rule, the nominal interest rate responds to
the inflation rate, the difference between inflation and its target, the output gap, the equilibrium real interest rate, the lagged in-
terest rate and the RER. The Taylor rule incorporates the features that monetary theory has identified as associated with good
monetary policy: transparency, accountability and credibility. In particular, a central bank that adheres to a Taylor rule reveals
to the public that it is committed to price stability, and the bank systematically takes steps to achieve it. Therefore, the public
maintains its expectations of low and stable inflation, and financial markets anticipate the central bank's next move and increase
market interest rates immediately when inflation rises. The endogeneity of monetary policy can be modeled by means of a Taylor
rule with the interest rate as the policy instrument. In such an environment, interest rates respond to inflation, the output gap and
possibly the exchange rate. A model of the open economy with a Taylor rule displays exchange rate behavior that is very different
from that in traditional exchange rate models. It is widely accepted that a well-designed monetary policy can counteract macro-
economic disturbances and dampen cyclical fluctuations in prices and employment, thereby improving overall economic stability
and welfare (Orphanides & Williams, 2002). Such models display exchange rate behavior very differently than do traditional ex-
change rate models. For example, whereas in standard flexible-price monetary models an increase in the current inflation rate
causes the exchange rate to depreciate, in Taylor rule models, the exchange rate appreciates because higher inflation induces ex-
pectations of tighter future monetary policy (Clarida & Waldman, 2008).

In particular, research was conducted in the field of measuring the impact of the international business cycle on a small open
economy; refer to Smith and Summers (2005); Artis, Galvâo, and Marcellino (2007); Chen and Shen (2007). The emerging evi-
dence on the empirical performance of Taylor rule models of the open economy is very encouraging. Frömmel and Schobert
(2006) explore monetary policy rules for central and eastern European countries (CEECs) by explicitly explaining changes in pol-
icy settings. The process of economic transition began in 1992 in the former Soviet Union with a liberalization of the foreign ex-
change markets and a provision of currency convertibility. These drastic steps resulted in initial deep undervaluations of the
national currency. In this study, we analyze whether Taylor rules hold for CEECs because of their increasing importance in
view of these countries joining the European Monetary Union (EMU) or the European Union (depending on the country). At
the same time, price liberalization was accompanied by very high inflation rates. Therefore, the features of CEEC transition econ-
omies provide an interesting study of a Taylor rule hypothesis test. First, there was the centrally planned and rapid liberalization
of prices and markets, and certain markets suffered from high inflation. Second, and most importantly, the initial conditions for
CEEC transition varied extensively, and they may be an important indicator in explaining the magnitude of deviations from Taylor
rules in a nonlinear view.

The central objective of this study contributes significantly to this field of research because we first examine the evidence in
RER based on Taylor rules for CEECs using the threshold autoregressive model (TAR) and the test statistics suggested by Caner
and Hansen (2001). The main advantage of this procedure is that it allows one to simultaneously test for nonlinearities and
non-stationarity. Second, to the best of our knowledge, this study is the first of its kind to utilize the threshold unit root test
for long-run RER based on Taylor rules in CEECs from a nonlinear view. This empirical result provides strong evidence that favors
the validity of PPP for the seven CEECs. This information is important because it reveals how participants in financial markets as-
sess the convergence status of the CEECs.1

The remainder of this study is organized as follows. Section 2 is a brief literature review. Section 3 describes the Taylor rules
and methodology of the non-linear threshold unit root test. Section 4 presents the data used in our study and discusses the em-
pirical findings. Finally, Section 5 reviews our conclusions.
2. Literature review

A non-stationary RER indicates that any long-run relation between the nominal exchange rate and domestic and foreign prices
is virtually non-existent, therefore invalidating the theory of PPP. Empirical evidence of PPP on the stationarity of the RER is abun-
dant; unfortunately, a consensus has not yet reached. For details regarding previous studies, refer to the work of Taylor (1995);
Taylor and Sarno (1998); Sarno and Taylor (2002); Lothian and Taylor (2000, 2008). Cuestas (2009) finds that PPP holds in most
of these countries once nonlinear deterministic trends and smooth transitions have been considered. Molodtsova and Papell
(2009) provide evidence of predictability that is much stronger with Taylor rule models than with conventional interest rate,
PPP, or monetary models.
1 In this paper, we focus on the test of PPP and RER particularly using the nonlinear method for check. Therefore, we do not consider the Balassa–Samuelson effect.
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Usually, the Taylor rule is a linear algebraic interest rate rule that specifies how the central bank must adjust its interest rate to
the inflation rate and the output-gap. This interest rate rule characterizes a monetary policy strategy for achieving the objectives
of monetary policy: price stability and maximum employment. This linear interest rate rule represents an optimal policy rule
under the condition that the central bank minimizes a symmetric quadratic loss function and that the aggregate supply function
is linear (Clarida, Jordi, & Mark, 1998, 2001; Svensson, 2000). Taylor (1993) suggests that the Taylor rule should not be followed
mechanically but solely in concert with judgment. That is, the Taylor rule corresponds to a guide post of suitable monetary policy:
a mechanism that constrains monetary policy to ensure that it is systematic, consistent, and rule-like. Monetary policy that is sys-
tematic, consistent, and rule-like characterizes a transparent and credible monetary policy and alleviates the time-inconsistency
problems that are associated with discretionary monetary policy. Therefore, it may be preferable not to rely on a specific
model and use statistical techniques that enable the possible nonlinearities in monetary policy to be detected irrespective of
their underlying sources. Kim, Kishor, and Nelson (2006) test for nonlinearities in the Fed policy rule using the flexible framework
of Hamilton (2001), which considers uncertainty regarding the function forms. Cukierman and Muscatelli (2008) employ smooth
transition regression to test for nonlinearities of the Taylor rules in the US and the UK. Florio (2006) augments the researchers'
model with the possibility of nonlinearities in interest rate smoothing using the change in the Fed policy rate as a transition var-
iable. Ikeda (2010) finds two conflicting policy asymmetries in CEECs: an aversion to interest rates above the reference value (re-
quiring an expansionary stance) and a preference for exchange rate appreciation relative to the euro area (requiring a policy
tightening). However, both theoretical and empirical reasons exist to suggest that the central bank may act in accordance with
a non-linear Taylor rule. First, if the central bank minimizes an asymmetric loss function in which negative and positive inflation
and output-gap deviations are assigned different weights, a non-linear Taylor rule is optimal (Dolado, Maria-Dolores, & Naveira,
2005; Nobay & Peel, 2003; Ruge-Murcia, 2003; Surico, 2007).

Engel and West (2005) use the Taylor rule model as an example of present value models in which asset prices (including ex-
change rates) will approach a random walk as the discount factor approaches one. Engel and West (2006) construct a “model-
based” RER as the present value of the difference between home and foreign output gaps and inflation rates and find a positive
correlation between the “model-based” rate and the actual RER. Because we know that exchange rates may be affected by the
internal and external shocks generated by structural changes, they may be subject to considerable short-run variation. It is impor-
tant to know whether the RER has any tendency to settle at a long-run equilibrium level because Taylor rules requires that RER
revolves around a constant or time trend. A few studies (Maria and Dolores, 2005; Frömmel & Schobert, 2006; Mohanty & Klau,
2007; Paez-Farrell, 2007; Vasicek, 2010) provide evidence of the linear monetary policy rules of the CEECs. However, certain nar-
ratives suggest that monetary policy may also be asymmetric in these countries. In particular, inflation targets may show anti-
inflationary bias and therefore, asymmetric policy due to reasons of reputation. The case for anti-inflationary bias could arguably
be stronger in CEECs because the announced inflation targets, in contrast to most developed countries, had a downward-sloping
trend, and the countries were de facto targeting disinflation. However, it appears useful to explore diverse sources of policy
asymmetries in a more general setting rather than adhere to a particular source of policy asymmetry (inflation) or a particular
model. The presence of a nonlinear mean-reverting adjustment has been advanced by recent theoretical developments that em-
phasize the role of transaction costs, imperfect capital mobility and incomplete institutional reforms. An alternative view is that
nonlinearity at the aggregate level is caused by other influences, such as official interest rate and exchange rate intervention. Ad-
ditionally, the existence of structure changes in the RER may imply broken deterministic time trends, and the result is a nonlinear
pattern (Cuestas & Harrison, 2010). Regarding methodology, recent studies of long-run RER have primarily utilized conventional
unit root tests such as the Augmented Dickey and Fuller (1981), ADF, the Phillips and Perron (1988), PP, and the Kwiatkowski,
Phillips, Schmidt, and Shin (1992), KPSS, and fail to reject the unit root hypothesis of the RER. It is well known that if the RER
follows a nonlinear stationary process, tests based on linear models, such as the widely used ADF unit root models, will be
misspecified (Chortareas, Kapetanios, & Shin, 2002). However, Sarno (2000) and Taylor and Peel (2000) also demonstrate that
the adoption of linear stationarity tests is inappropriate for the detection of mean reversion if the true process of the data gener-
ation of the exchange rate is in fact a stationary non-linear process.

This empirical study explores the link between an interest rate rule for monetary policy and the behavior of the RER. Whereas
Engel and West (2006) use the model to explain the RER exclusively in terms of observable macroeconomic aggregates, we link
these fundamentals with the transitory component of the exchange rate and let both the transitory and the long-run equilibrium
RER be influenced by random determinants. We base our analysis on a variant of the two-country Taylor rule model introduced
by Engel and West (2006). This study contributes to this line of research by determining the unit root process of RER of ten CEECs
using the threshold unit-root test proposed by Caner and Hansen (2001) under the Taylor rules.

3. The Taylor rule model and Caner and Hansen's (2001) threshold unit root test

In accordance with Engel and West (2006), we use a two-country model, with most variables defined as the difference be-
tween a home country (the United States in our empirical work) and a foreign country. We assume that the home country follows
the Taylor rule of the following form
it ¼ c1y
g
t þ c2πt þ εt ; c1N0; c2N1ð Þ ð1Þ
where πt is the inflation rate; ytg is defined as the output gap; and εt is a shock to the monetary policy rule that contains omitted
terms. Taylor (1993) originally analyzes the federal funds rate and determines that the parameters for inflation and the output
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gap are closely approximated by the rule with c1=0.5 and c2=1.5estimated by ordinary least squares (OLS). Because most stud-
ies regarding Taylor rules in CEECs do not use significant parameters of c1 and c2, we will assume that the rule in CEECs has the
same parameters as the standard Taylor rule. The assumption that the home country and foreign country have the same monetary
policy parameters c1 and c2 is made for convenience.

Let “*” indicate the foreign country. The foreign country follows a Taylor rule that explicitly includes exchange rates
2 The
ly statio
is that t
ymptoti
i�t ¼ −c0 s�t−st
�� �þ c1y

g�

t þ c2π
�
t þ ε�t 0 b c0b 1ð Þ ð2Þ
where st⁎ is a log nominal exchange rate, and s�t is a target for the exchange rate. We shall assume that monetary authorities target
the PPP level of the exchange rate
s�t ¼ p�t−pt : ð3Þ
Because st is measured in dollars per unit of foreign currency, the rule indicates that, ceteris paribus, the foreign country raises
interest rates when its currency depreciates relative to the target. Perhaps the most pertinent reference is Vasicek (2010), who
finds that a term in the RER is statistically significant in Taylor rules estimated with c0=0.1.

As the next equation clarifies, our argument continues to holds if the United States was to target exchange rates. We omit the
exchange rate target in Eq. (1) on the interpretation that United States monetary policy has virtually ignored exchange rates ex-
cept as an indicator.

Subtracting the foreign from the home monetary rule, we obtain
i�t−it ¼ −c0 s�t−st
�� �þ c1 ygy−y�gy

� �
−c2 π�

t−πt

� �þ ε�t−εt
� �

: ð4Þ
RER can be expressed as the summation of the nominal exchange rate and price difference of the two countries, that is
q�t ¼ s�t þ pt−p�t : ð5Þ
Using Eqs. (3), (4) and (5), we obtain the RER expression as
q�t ¼
1
c0

it−i�t
� �

−c1 ygt−y�gt
� �

−c2 πt−π�
t

� �� �þ ηt : ð6Þ
In Eq. (6), ηt ¼ 1
c0
ðε�t−εtÞ. This equation implies that the RER could be affected by interest rate, output gap and inflation dif-

ferentials. In fact, Eng, Wong, and Habibullah (2012) and Byrne and Nagayasu (2008) prove that inflation and/or interest rate dif-
ferentials are the sources of structural breaks in the mechanism that characterizes the nonstationary RER. Wu, Tsai, and Chen
(2004); Shibamoto and Kitano (2012), and Chowdhury (2010) also investigate structural changes in the RERs of different coun-
tries, which motivate us to involve structural breaks in testing unit roots. For this consideration, we apply the threshold effect on
the unit root process of the RER series qt⁎ using the threshold unit root model developed by Caner and Hansen (2001), who con-
sider a two regime TAR(k) model:
Δq�t ¼ θ01xt−1I Zt ≤ωf g þ θ02xt−1I ZtNωf g þ et ; t ¼ 1; :::; T ð7Þ
where xt−1=(qt−1⁎, vt′, Δqt−1⁎, …, Δqt−k⁎)′, I{•} is the indicator function, et is an i.i.d. disturbance, Zt−1=qt−1⁎−qt−m⁎ for m≥1 is
the threshold variable, vt is a vector of exogenous variables that includes an intercept and possibly a linear time trend, ω is a
threshold parameter2 and k≥1 is the autoregressive unit root. The components of θ1 and θ2 can be partitioned as follows:
θ1 ¼
ρ1
β1
α1

0
@

1
A; θ2 ¼

ρ2
β2
α2

0
@

1
A

where ρ1 and ρ2 are scalar terms. β1 and β2 have the same dimensions as vt, and α1 and α2 are k-vectors. Thus, (ρ1 , ρ2) are the
slope coefficients on qt−1⁎; (β1, β2) are the slopes on the deterministic components, and (α1, α2) are the slope coefficients on
(Δqt−1⁎, … , Δqt−k

⁎) in the two regimes.
particular specification for the threshold variableω is not essential to the analysis. In general,what is necessary for our results is thatω bepredetermined, strict-
nary, and ergodicwith a continuousdistribution function; it is stationary under the alternative assumptions that risk premium is I (1) and I(0). Because the truth
here is a threshold effect, the threshold parameter is consistently estimated by the threshold estimate (Chan, 1993), and the Wald test will have the same as-
c distribution as if the threshold parameter were known a priori.



353C. Jiang et al. / International Review of Economics and Finance 44 (2016) 349–358
The threshold effect in Eq. (7) has the null hypothesis H0: θ1=θ2, which is tested using the familiar Wald statistic:WT ¼ WT

ðωÞ ¼ supλ∈ΛWT ðωÞ. The stationarity of the process ωt can be established by two means. First, when there is a unit root in both
regimes. Here the null hypothesis is of the form H0:ρ1=ρ2=0, which is tested against the unrestricted alternative ρ1≠0 or ρ2≠0
using the Wald statistic. The parameters ρ1 and ρ2 of Eq. (7) control the regime-dependent unit root process of the risk premium.
If ρ1=ρ2=0 holds, the risk premium has a unit root that can be described as a rejection of UIP. This statistic is:
3 In T
seventh
R2T ¼ t21 þ t22 ð8Þ
where t1 and t2 are the t ratios for ρ1 and ρ2 from the ordinary least squares estimation. However, Caner and Hansen (2001) claim
that this two-sided Wald statistic may have less power than a one-sided version of the test. Consequently, the researchers pro-
pose the following one-sided Wald statistic as follows:
R1T ¼ t21I ρ̂1 b0f g þ t22I ρ̂1 b0f g ð9Þ
R1T tests H0 against the one-sided alternative ρ1b0 or ρ2b0. Caner and Hansen (2001) show that both tests R1T and R2T will have
power against both alternatives.

4. Data and empirical findings

We use monthly data that cover the years from 2000 to 2013 to apply the Caner and Hansen (2001) threshold unit test in
testing the validity of PPP. During this period, CEECs began their liberalization programs and transitioned to market economies.
This empirical study covers ten CEECs versus the United States: Bulgaria, Croatia, the Czech Republic, Estonia, Hungary, Latvia,
Lithuania, Poland, Romania and the Slovak Republic. For the selection of interest rates, there has been discussion regarding
what is the correct short-term interest rate. For CEECs, the interest rate is usually measured by the Euro Overnight Index Average
(EONIA) lending rate on the money market because it is the benchmark European interest rate. Nevertheless, Pérez Quirós and
Sicilia (2002); Hamilton (1996); Moschitz (2004); Würtz (2003) and Kempa (2008) raise objections to this approach because
of the relatively high volatility when examining a daily frequency due to short-term liquidity needs. For other studies (e.g.
Boeckx, 2011; Bouvet & King, 2011; Gerdesmeier & Roffia, 2004; Siklos, Werner, & Bohl, 2004; Ullrich, 2003), this approach
does not appear to be relevant because the monthly averages smooth out such movements. Certain studies find that the conclu-
sions are unaffected when they replaced the overnight rate with the 3-month EURIBOR (Belke & Klose, 2011; Carstensen &
Colavecchio, 2004). Consequently, it is possible to interchange the two rates in the reaction function of the central bank. Because
the different measures of interest rates are often found to be highly correlated, we consider the choice of the interest rate measure
robust to our estimates and base our choice on the availability of the data. Thus, our short-term interest rate is measured by the
3-month interest rate from the Statistical Office of the European Union, EUROSTAT. We have chosen this databank for two main
reasons: first, because it is the source employed by the European Central Bank; second, it offers homogeneous data for all
European countries. For the Slovak Republic, we choose the 3-month interest rate from the Organization of Economic Co-
operation and Development (OECD). However, for Croatia, we use the discount rate as our short-term interest rate from the Cen-
tral Bank of Croatia due to its longer availability than other variables (McGettigan et al., 2013).

Furthermore, the output is measured by the seasonally adjusted Industrial Production Index (IPI). Generally, the manner in
which to calculate the potential output is a difficult task and affects the results. However, most studies use a filter to calculate
the potential output and output gap. If we assume the original series to exhibit a deterministic trend, we can measure the poten-
tial output by the Hodrick–Prescott filter of the IPI. The output gap is then computed as the deviation of the logarithm of the ac-
tual industrial production from its HP trend. Inflation is measured by the annual percentage change in the seasonally adjusted
Harmonized Consumer Price Index (HCPI). Judd and D. (1998) base their inflation rates on different price indices and conclude
that the estimation is not very sensitive to different measures of inflation. Kozichi (1999); Bodenstein, Erceg, and Guerrieri
(2008); Mehra and Sawhney (2010), Testing for PPP against the USA is based on the argument that internal foreign exchange
markets are primarily influenced by their output and inflation in the past.

For comparison, the univariate unit root tests are first employed to examine the null of a unit root in bilateral RERs based on
Taylor rules for the ten CEECs that we study. Based on the results from Table 1, there is no question that three univariate unit root
tests, the ADF, PP, and KPSS tests, all fail to reject the null of non-stationary RERs among these ten CEECs except for Latvia and
Lithuania. Our results signify that the determination of RER is a random process. In other words, Taylor rules do not hold
among these eight CEECs under study. However, the low power of ADF, PP and KPSS tests originate from the convergence of
RER and the ignorance of structural changes. Therefore, these tests tend to accept the hypothesis of a unit root when the station-
ary alternative is true.

We compare the nonlinear unit tests based on Kapetanios, Shin, & Snell, 2003; Sollis (2009) and Cuestas and Ordóñez (2014)
in this study. The results are shown in Table 2 as follows.3 The KSS test rejects the unit root null hypothesis at the 1% significant
level for Estonia, Latvia, Lithuania and Slovakia. We also reject the null hypothesis for Bulgaria, Estonia, Latvia, Lithuania and
Slovakia at the 5% significance level by the Asymmetry Exponential Smooth Transition Autoregressive (AESTAR) model of Sollis
able 2, the second column is unit tests based on the test of Kapetanios et al. (2003). In addition, the results of Sollis (2009) are shown in thefifth column, and the
column is the test of Cuestas and Ordóñez (2014).



Table 1
Univariate unit root test for real exchange rate (based on the United States).

Country
Levels First Differences

ADF PP KPSS ADF PP KPSS

Bulgaria −1.060(1) −1.299(2) 0.887[2]⁎⁎⁎ −12.831[1]⁎⁎⁎ −22.427[1]⁎⁎⁎ 0.113[3]
Croatia −1.638(1) −1.627(1) 0.618[1]⁎⁎ −18.872[0]⁎⁎⁎ −31.426[3]⁎⁎⁎ 0.165[6]
Czech Republic −1.299(1) −1.629(1) 1.112[2]⁎⁎⁎ −18.313[0]⁎⁎⁎ −19.202[1]⁎⁎⁎ 0.051[2]
Estonia −1.152(0) −1.089(2) 0.557[1]⁎⁎ −13.208[0]⁎⁎⁎ −13.364[2]⁎⁎⁎ 0.046[3]
Hungary −1.553(1) −1.088(2) 1.263[1]⁎⁎⁎ −13.854[0]⁎⁎⁎ −13.845[3]⁎⁎⁎ 0.051[2]
Latvia −1.412(0) −1.422(1) 1.053[4]⁎⁎⁎ −11.069[2]⁎⁎⁎ −39.398[4]⁎⁎⁎ 0.198[4]
Lithuania −1.221(0) −1.199(1) 0.690[4]⁎⁎ −16.870[0]⁎⁎⁎ −42.055[5]⁎⁎⁎ 0.270[3]
Poland −1.942(0) −1.853(1) 1.107[1]⁎⁎⁎ −16.078[0]⁎⁎⁎ −16.019[1]⁎⁎⁎ 0.118[2]
Romania −1.620(1) −0.972(2) 0.927[3]⁎⁎⁎ −12.528[0]⁎⁎⁎ −12.644[4]⁎⁎⁎ 0.211[4]
Slovakia −1.841(2) −1.413(3) 0.854[1]⁎⁎⁎ −13.894[1]⁎⁎⁎ −22.053[3]⁎⁎⁎ 0.058[2]

Note: The number in parenthesis indicates the lag order selected based on the recursive t-statistic, as suggested by Perron (1989). The number in the brackets
indicates the truncation for the Bartlett Kernel, as suggested by the Newey and West (1987).
⁎⁎⁎ Indicates significance at the 1% level.
⁎⁎ Indicates significance at the 5% level.
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(2009); however, it considers that the unit tests based on Cuestas and Ordóñez (2014) are able to reject the null hypothesis for all
the countries at the 1% significant level. Compared with the other two tests, the KSS test derives the limiting nonstandard distri-
bution and has better power than the standard Dickey–Fuller test under the alternative of a globally stationary ESTAR process.
However, Sollis (2009) finds the finite-sample properties of the proposed test have greater power than the test of Kapetanios
et al. (2003) if the DGP is a stationary asymmetric ESTAR model. The test of Cuestas and Ordóñez (2014) focus on the smooth
transitions rather than on the structure break. However, that test suggests that the threshold effect is in the short-run dynamic,
rather than in the dominate root. Although the conventional test for a unit root is insignificant, the TAR unit root tests by Caner
and Hansen (2001) are arguably significant.

In accordance with Caner and Hansen (2001), we first fit an OLS linear model with k = 12 lagged differences to establish a
baseline. The model's t-statistic (the ADF test for a unit root) is insignificant at the 5% asymptotic critical value. This result
leads to the standard conclusion that the linear representation of the RER has a unit root. Next, we use the Wald test WT to ex-
amine whether we can reject the linear autoregressive model in favor of a threshold model. The results of the Wald test are
shown in Table 3, and we report the bootstrap critical values generated at conventional levels of significance. The bootstrap p-
value for threshold variables of the form Zt−1=qt−1⁎−qt−m⁎ for delay parameters m ranges from 1 to 12. The parameter m is gen-
erally unknown; there is no reason to believe the optimal delay parameter will be the same across countries. To circumvent this
issue, Caner and Hansen (2001) suggest making m endogenous by selecting the least squares estimate of m that minimizes the
residual variance. This suggestion equates to selecting m at the value that maximizes the WT statistic. Combined, these results
imply strong statistical evidence against the null hypothesis of linearity of at least 10% in eight CEECs (excluding Croatia and
Lithuania), which indicates that simple linear models are inappropriate. Subsequently, these are our preferred models.

Next, we explore the threshold unit root properties of RER based on the R1T statistic for each delay parameter m, ranging from
1 to 12, particularly focusing on the results obtained for our preferred model. The R1T test results, in addition to the bootstrap crit-
ical value at the conventional levels of significance and the bootstrap p-value, are reported in Table 4. We are able to reject the
Table 2
Nonlinear unit tests based on Kapetanios et al. (2003); Sollis (2009); Cuestas and Ordóñez (2014).

Country KSS ϕ1 ϕ 2 ϕ1 = ϕ 2 = 0 ϕ 2 = 0 T AIC Lag

Bulgaria 0.794 −0.00016 2.50E − 06 4.464⁎⁎ 8.268 −8.334⁎⁎⁎ 7.430 1
Croatia −1.389 1.18E − 06 2.56E − 06 1.311 0.499 −8.544⁎⁎⁎ 7.947 3
Czech Republic −1.334 −9.76E − 05 8.95E − 07 1.447 0.718 −10.062⁎⁎⁎ 6.149 1
Estonia −5.963⁎⁎⁎ 0.00017 1.18E − 06 13.551⁎⁎⁎ 7.129 −7.346⁎⁎⁎ 3.925 2
Hungary −1.490 −4.56E − 05 −3.21E − 07 1.277 0.344 −8.369⁎⁎⁎ 7.275 6
Latvia −5.963⁎⁎⁎ 0.00018 1.18E − 06 12.213⁎⁎⁎ 7.438 −7.346⁎⁎⁎ 6.091 2
Lithuania −5.963⁎⁎⁎ 0.00021 1.18E − 06 22.235⁎⁎⁎ 7.640 −7.346⁎⁎⁎ 8.225 2
Poland −1.032 5.74E − 05 5.25E − 07 1.504 5.910 −5.188⁎⁎⁎ 7.100 3
Romania −0.595 −5.06E − 06 −1.58E − 08 0.341 0.331 −8.611⁎⁎⁎ 9.104 5
Slovakia −5.963⁎⁎⁎ 0.00029 1.18E − 06 8.565⁎⁎⁎ 7.813 −7.346⁎⁎⁎ 5.545 2

Notes: The second column is unit tests based on the test of Kapetanios et al. (2003). Also, the results of AESTAR model of Sollis (2009) can be shown in the fifth
column and the seventh column is the test of Cuestas and Ordóñez (2014). The critical values for 10%, 5% and 1% are −1.92, −2.22 and −2.82, respectively by
Kapetanios et al. (2003). The F-statistic for the null hypothesis of ϕ1 = ϕ 2 = 0 are tabulated at Table 1 of Sollis (2009), and the critical values are 6.806, 4.971,
and 4.173 at the 1%, 5% and 10% significant level, respectively. A feature of the AESTAR model proposed is that if the unit root hypothesis has been rejected against
the alternative of stationary symmetric or asymmetric ESTAR nonlinearity, the null hypothesis of ϕ2 = 0 (symmetric ESTAR nonlinearity) can then be tested (fol-
lowing a standard F-distribution) against the alternative of asymmetric ESTAR nonlinearity. The critical values for 10%, 5% and 1% are −3.110, −3.386 and −3.928,
respectively. Cuestas and Ordóñez (2014).
⁎⁎ Significant at the 5% level.
⁎⁎⁎ Significant at the 1% level.



Table 3
Threshold test.

Bootstrap critical values (%)

Country m WT 10 5 1 Bootstrap p-value Threshold

Bulgaria 1 74.939 49.761 54.549 62.222 0.004 −2.124
Croatia 5 27.248 50.938 55.935 71.049 0.894 6.054
Czech Republic 9 55.711 40.508 42.524 48.269 0.070 1.732
Estonia 5 60.662 40.686 45.383 51.448 0.000 −9.521
Hungary 2 56.196 39.947 41.806 47.266 0.006 1.744
Latvia 7 117.998 97.226 115.412 151.327 0.046 −13.166
Lithuania 1 33.763 44.628 47.730 55.483 0.516 8.305
Poland 6 47.328 41.833 44.274 49.288 0.018 0.191
Romania 4 51.175 42.287 44.952 53.327 0.016 22.401
Slovakia 2 64.391 45.871 48.919 55.043 0.008 6.532

355C. Jiang et al. / International Review of Economics and Finance 44 (2016) 349–358
unit root null hypothesis for Bulgaria and Estonia at the 1% level, for Czech Republic, Hungary, Poland and Slovakia at the 5% level,
and for Romania at the 10% level. However, we are unable to reject the threshold unit root hypothesis for the other three CEECs
(Croatia, Estonia and Lithuania). Combined, our results provide strong evidence that favor the long-run validity of Taylor rules for
the CEECs under study relative to the United States. Combined, our results provide strong support for Taylor rules for seven CEECs
and indicate that these countries are non-linear stationary, which implies that deviations in the RER are mean-reverting towards
the Taylor rule equilibrium. The Taylor rules model policy asymmetry by means of switches between regimes according to a
threshold variable; this is an intuitive strategy that considers the nature of monetary policy decisions. In particular, it appears
more plausible that central banks modify the policy stance amidst information regarding (realized or expected) inflation or finan-
cial shocks. As noted earlier, discretionary monetary policy by the central bank as well as interventions in monetary markets could
determine this nonlinear behavior.

Therefore, these results focus on new EU member countries and EU accession and candidate countries in CEE that have either
moved from fixed to more flexible exchange rate regimes (the Visegrád Group) or have already pursued a fairly flexible exchange
rate regime since the early stages of transition. We investigate the role of the exchange rate by examining the interest rate-setting
behavior of the central bank and the extent to which the interest rate-setting behavior has explained exchange rate develop-
ments. When estimating monetary policy rules, one must explicitly consider shifts in exchange rate regimes. The influence of
the exchange rate on the interest rate-setting behavior of CEE central banks can differ strongly between periods with different
exchange rate arrangements. Most countries follow their officially announced policy settings, i.e., the importance of the exchange
rate for the interest rates declined substantially after the introduction of floating exchange rates. In particular, inflation targets
may show anti-inflationary bias and therefore, asymmetric policy due to reasons of reputation. The case for anti-inflationary
bias could arguably be stronger in CEECs because the announced inflation targets, in contrast to most developed countries, had
a downward-sloping trend, and the countries were de facto targeting disinflation. For example, the Czech Republic, Hungary,
Poland and Slovakia switched from fixed to flexible exchange rate regimes during the sample period and then chose inflation
targeting as a monetary strategy. Hungary and the Czech Republic have shifted the role of the exchange rate in their interest
rate setting behavior in accordance with their official policy shifts from fixed to flexible exchange rate regimes. Poland provides
the strongest results for pure inflation targeting, which are also in accordance with the official announcements, whereas the re-
sults for Slovakia may reflect the discretionary stance of the central bank, as observed by central bank members themselves.
Romania officially declared managed floating exchange rate regimes during the entire sample period; however, Romania never
officially declared any monetary policy strategy and pursued different forms of monetary targeting, later moving to a two-pillar
strategy that is akin to the strategy of the European Central Bank. Excluding Romania, which officially claimed to have had man-
aged floating regimes during the total sample period, the CEECs have successively moved from generally fixed to more flexible
exchange rate regimes by widening the exchange rate bands over time. Thus, officially, the role of the exchange rate has declined
Table 4
Threshold unit root test.

Bootstrap critical values (%)

Country R1T 10 5 1 Bootstrap p-value

Bulgaria 25.101 9.677 13.046 19.232 0.000
Croatia 7.358 10.187 13.051 20.484 0.194
Czech Republic 14.752 9.781 12.156 16.038 0.016
Estonia 8.685 10.223 11.841 17.408 0.362
Hungary 12.520 10.228 12.262 19.278 0.048
Latvia 27.675 11.144 12.028 14.442 0.000
Lithuania 9.031 9.593 11.694 16.805 0.112
Poland 16.189 10.232 12.798 17.805 0.018
Romania 10.081 9.556 11.472 17.215 0.096
Slovakia 17.483 10.281 12.749 22.987 0.022
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over time or has never played a significant role in the monetary policy strategies of the respective countries. Nevertheless, the
exchange rate may still have been of implicit significance in monetary policy strategies.

We cannot reject the null hypothesis for Croatia, Estonia, and Lithuania because these countries continued to have significant
restrictions on foreign exchange transactions and encountered high inflation. The interest rate-setting behavior of these countries'
central banks reacted strongly to exchange rate changes, although shifts in monetary regimes make it difficult to assess the rel-
ative importance accorded by countries in terms of inflation control and external equilibrium. For example, Estonia has adopted
a monetary policy regime of inflation targeting, which allowed the country to fight inflation. Additionally, the existing managed
floating exchange rate regime is compatible with EU membership. Lithuania has made considerable progress in liberalizing and
stabilizing its economy. The country established a currency board vis-à-vis the US dollar in 1994 and since 2002 has pegged its
currency to the euro. The efforts of Croatia to improve its living standards and economic efficiency have reduced its fiscal and
monetary discipline and have led to persistent current account deficits. Consequently, higher demand and unit labor costs togeth-
er with higher food and energy prices have contributed to higher inflation rates. The process of the CEEC economic transition
began with the liberalization of foreign exchange markets and the provision of currency convertibility. These drastic steps resulted
in the initial deep undervaluation of national currencies. At the same time, price liberalization was accompanied by very high in-
flation rates. The result of this policy is that central banks in these CEECs tend to look beyond inflation and focus on other objec-
tives as well, most prominently on exchange rate changes.

Apparently, the threshold stationary test employed in our study provided evidence that favors the long-run validity of PPP
based on Taylor rules for the seven CEECs under study.4 The major policy implication that emerges from this study is that Taylor
rules can be used to determine the equilibrium exchange rate for these seven CEECs. These countries have strict inflation targeting
(when stabilizing inflation around the inflation target is the sole objective for monetary policy) with flexible inflation targeting
(when there are additional objectives for monetary policy). Our results also indicate that strict inflation targeting implies a vigor-
ous use of the direct exchange rate channel for stabilizing inflation on a short horizon. In contrast, flexible inflation targeting ul-
timately stabilizes inflation on a longer horizon and thus, also stabilizes RERs and other variables to a significant extent. In
comparison with the Taylor rule, the reaction function under inflation targeting in an open economy responds to more informa-
tion, particularly to foreign disturbances. Our findings indicate that we can use Taylor rules to predict exchange rates and to de-
termine whether a currency is over- or undervalued and experiences a difference between domestic and foreign inflation rates.
Nevertheless, reaping unbounded gains from arbitrage in traded goods is not possible in these seven countries. Furthermore,
our findings are important to policy makers in CEECs who base their determination on interest and exchange rate adjustments.

5. Conclusion

Using models that do not assume a linear adjustment, this study implements the non-linear threshold unit-root test by Caner
and Hansen (2001) to assess the non-stationary properties to test the validity of long-run PPP based on Taylor rules for a sample
of CEECs. Standard linear ADF, PP, and KPSS statistics show that the data are essentially non-stationary for these countries. In con-
trast, when we adopt a threshold unit root test, which has a higher power than a standard univariate and non-linear unit root
statistic to reject a false null hypothesis of unit root behavior, the empirical evidence suggests that RER based on Taylor rules
are well characterized in CEECs by a non-linear mean-reverting process that exhibits periods of exploding behavior. We find
that the monetary policies in Central Eastern European economies are highly influenced by Taylor rules.
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