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Abstract

This paper investigates the real interest parity hypothesis by testing stationarity of real
interest rate differentials for 52 countries with respect to the USA. Taking account of the
fact that both asymmetric adjustment and gradual temporary breaks may better character-
ize the dynamics of real interest rate differentials, we propose a new test that allows for
two temporary shifts together with asymmetric adjustment towards the equilibrium. We
employ the newly proposed test procedure along with the conventional ADF test as well
as nonlinear KSS and OSH tests to examine stationarity of real interest rate differentials.
Among the main results, we find that the newly proposed unit root test procedure highly
outperforms the existing unit root tests in terms of rejecting the null hypothesis of unit root.
Our results suggest that real interest rate differentials can be characterized by a stationary
process with asymmetric adjustment around gradual and temporary shifts of mean.

Keywords RIRP - Multiple smooth breaks - ESTR trend - ESTAR nonlinearity
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1 Introduction

Free movement of goods and capital across borders has long been viewed by
economists as a prerequisite for economic efficiency. Therefore, many countries
have been implementing massive reforms to liberalize their domestic markets and
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to increase integration to the world economy to bolster economic development.
The degree of integration of domestic markets to the world economy can easily
be assessed by testing empirical fulfilment of the real interest rate parity (Frankel
1992; Chinn and Frankel 1995; Obstfeld and Taylor 2002; Lothian 2002). The
real interest rate parity (RIRP) holds that if agents form their expectations ration-
ally and arbitrage forces eliminate profitable trade opportunities in both goods
and assets markets, then the real interest rates will tend to equalize across coun-
tries. Hence, empirical fulfilment of the RIRP is considered as an evidence of
integration of markets between countries.

Whether the RIRP hypothesis holds or not has important implications for econ-
omists, policy authorities and market practitioners. The RIRP hypothesis is con-
sidered to be a building block of many exchange rate and open-economy macro-
economics models as these models are usually built on the assumption of equality
of prices and interest rates across countries (e.g., Dornbusch 1976; Mussa 1976).
From the policy perspective, the validity of RIRP implies that monetary authori-
ties’ influence on real macroeconomic variables through the interest rate chan-
nel are restricted, since the domestic real interest rate will be determined by the
world real interest rate (Phylaktis 1999; Ferreira and Leon-Ledesma 2007). On
the other hand, the violation of RIRP is a necessary condition for policy makers
to influence the economy through the real interest rate channel (Mark 1985). Vio-
lation of the RIRP hypothesis points to profitable trading opportunities in goods
and assets markets for market practitioners.

Given the importance of the RIRP hypothesis, examination of the empirical ful-
filment of the RIRP hypothesis has attracted huge interest of empirical researchers.
Early studies that used conventional regression methods or cointegration tests pre-
sented limited or no evidence of fulfilment of the RIRP hypothesis (e.g., Mishkin
1984; Cumby and Obstfeld 1984; Meese and Rogoff 1988; Cavaglia 1992; Chinn
and Frankel 1995; Crowder 1995). Being unsatisfied with results contradicting the
RIRP hypothesis, researchers have increasingly been searching for alternative meth-
ods to test the RIRP hypothesis. Some researchers proposed using panel methods to
improve power of the conventional tests in small samples (e.g., Wu and Chen 1998;
Holmes 2002; Baharumshah et al. 2005; Albulescu et al. 2016). Other researchers
pointed to possible nonlinearities in financial variables, and used techniques com-
patible with nonlinear dynamics (i.e.,Cuestas and Harrison 2010; Oge Giiney and
Hasanov 2014; Corakci et al. 2017). Nonlinearity in real interest rate dynamics may
arise because of various factors such as the presence of transaction costs, price rigid-
ities, asymmetric information, interaction of agents with heterogeneous beliefs, offi-
cial interventions into financial markets, etc.

Another strand of the literature used methods allowing for structural breaks
in series under investigation (Ferreira and Leon-Ledesma 2007; Camarero et al.
2010; Baharumshah et al. 2013) arguing that abnormal political changes, regime
changes in monetary policy, technological shocks, demand shocks, financial
reforms and economic crises may lead to structural changes in many economic
variables. Both strands of the literature provided evidence in favour of the RIRP
hypothesis using methods allowing for structural breaks or nonlinearities.
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Economists now acknowledge that many economic variables are best character-
ized by both structural breaks and nonlinear dynamics (e.g., Lundbergh et al. 2003).
Therefore, we test the empirical validity of the RIRP hypothesis by taking account of
both structural changes and nonlinearities. Specifically, to test the RIRP hypothesis,
we examine stochastic properties of the real interest rate differentials (RID) between
countries. While there may be differences between real interest rates because of mar-
ket rigidities, these differences must be temporary in nature and real interest rate
series must tend to equalize across countries in order the RIRP hypothesis to hold.
This implies that the RIDs are a mean-reverting process under the RIRP hypothesis.
Therefore, stationarity of RIDs are considered as empirical evidence in favour of the
RIRP hypothesis. On the other hand, presence of a unit root implies that deviations
between real interest rates are persistent in nature, contradicting the RIRP hypothesis.

In this paper, we contribute to the literature in two different ways. First, we propose
a new unit root test procedure that allows for two temporary shifts in the determinis-
tic component of the series along with asymmetric and nonlinear adjustment towards
the equilibrium. Previous tests of the RIRP that allowed for a break in the series have
used test methods which assume that structural breaks are permanent or periodic (e.g.,
Gulcu and Yildirim 2019). However, the RID does not return to pre-break level if the
break is permanent. Permanent shifts in the RIDs violate the purchasing power parity
(PPP) proposition, upon which the RIRP hypothesis is built. Also, continuous periodic
fluctuations imply predictable pattern for the mean of the series, which violates no-
arbitrage condition (see also discussions in Omay et al. 2020). Therefore, we model
shifts in the deterministic components of the series via exponential smooth transition
(ESTR) functions that restrict breaks to be temporary. The adjustment towards equilib-
rium is modelled via asymmetric ESTR function which allows the speed of adjustment
towards equilibrium to depend on both the sign and size of disequilibrium. The use of
ESTR functions allows both the shifts and adjustments to equilibrium to be gradual
rather than abrupt. Another nice feature of using the ESTR functions is that this mod-
elling approach allows a no break, a single break and a linear adjustment as special
cases. Thus, the test procedure proposed in this paper provides a framework for test-
ing stationarity of time series in line with theoretically consistent dynamics of many
economic and financial variables. In fact, it is widely agreed that many economic and
financial variables exhibit some form of nonlinearities (e.g., Terasvirta et al. 2010). On
the other hand, real and nominal shocks as well as policy interventions may lead to
shifts in the equilibrium level of many economic and financial variables. However, the
shifts in some variables (e.g., real exchange rates, real interest rates) must be tempo-
rary in nature to ensure equilibrium in goods and financial markets. Also, some shocks
or policy interventions might be transitory in nature (e.g., the coronavirus pandemic,
full deposit insurances or FX-protected deposit schemes), which will cause only to a
temporary shift in the level or trend of economic and financial variables. Thus, the test
procedure can be used to test stationarity of many financial and economic variables
consistent with underlying economic theory.

! Formally, the RIRP hypothesis implies that RID series are zero-mean white-noise process. However,
transaction costs and/or varying risk premiums across countries may lead to non-zero mean RID series.
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Second, the paper contributes to the RIRP literature by examining stationarity of the
real interest rate differentials of 52 countries. In this paper, we have covered all coun-
tries for which we could obtain relevant data on price indices and interest rates. In addi-
tion to the tests proposed in this paper, we also employed the conventional ADF (aug-
mented Dickey-Fuller (1979) test as well as the nonlinear unit root tests of Kapetanios
et al. (2003) (the KSS test henceforth) and Omay et al. (2020) (the OSH test). While
the KSS test allows for nonlinear adjustment towards equilibrium but no breaks, the
OHS test allows both a shift in the deterministic component of the series and nonlin-
earities in the adjustment towards equilibrium. Applying various tests helps to shed
light on stochastic properties of the RID series and explain limited empirical support
for the RIRP hypothesis. Our findings imply that allowing more complex dynamics
results in more empirical support for the RIRP hypothesis. In particular, we find that
the test proposed in this paper outperforms all these tests in terms of rejection of the
null hypothesis of unit root, consistent with the RIRP hypothesis. In addition, we find
that allowing for a single break and nonlinearity provides more support for the RIRP
hypothesis when compared to the case allowing for nonlinearity only, which, in turn,
provides more support than the linear model. These findings also help to explain the
mixed results in the literature. Overall, our results provide strong evidence in favour of
the RIRP hypothesis and point to importance of taking account of complex dynamics
in analysing financial data.

The rest of the paper is organized as follows. In the next Section 2 we briefly discuss
the RIRP hypothesis. Section 3 presents the unit root test procedure, derive critical val-
ues and examine small sample performance of the newly proposed test. Test results are
presented in Section 4. Finally, Section 5 concludes.

2 Theoretical background: The RIRP hypothesis

The RIRP hypothesis is based on the uncovered interest parity (UIP), purchasing
power parity (PPP), Fisher hypothesis, and rational expectations. The UIP holds that
the expected change in the exchange rate is exactly equal to the interest rate differ-
ence between domestic and foreign interest rates.

e __ = o
Asi =1, — 1 @)
where As? is the expected change in the exchange rate, i, and i} are the domestic and

foreign interest rates. The PPP emphasize that exchange rate change is equal to the
inflation differentials between countries.

As,=m —m 2)

where As, is the exchange rate change, 7, and 7" are the domestic and foreign infla-
tion rates. Finally, rational expectation hypothesis is represented by the following
equation:

Asf = As, + ¢, 3)
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Substituting eq. (3) and then eq. (2) into eq. (1) yields

=il =1, -7 +¢, 4)
Equation (4) can be rewritten as follows:

i —m =i -7 +¢

According to the Fisher equation, r, = i, — z, and r] = if — z;7 which define real
interest rate as nominal interest rate less inflation rate over the same period. Finally,
the real interest parity relationship is defined as follows:

RID=r,—71 =¢, 5)

According to the eq. (5), if RIRP hypothesis holds, the RID series is a zero mean
stationary process. Hence, we can employ unit root tests to examine the stationarity
of the RID series to see whether the RIRP hypothesis holds in the long run.

3 The methodology
3.1 Modelling temporary shifts in the deterministic component

Consider the following data generating process (DGP):
Vi =) +u, (6)

where ¢(#) is the deterministic nonlinear trend function and u, are the deviations
from the trend. This representation of the DGP has a nice property that it allows for
the possible shifts under both the null and the alternative hypotheses, without intro-
ducing any structures that are irrelevant under either (see, for example, Schmidt and
Phillips 1992).

We consider double exponential smooth transition functions to model temporary
gradual changes in the deterministic components of the series. Below are the three
alternative models for modelling the deterministic components:

Model A:
¢ = a; + 0,8, (11, 7)) + 35, (72, 72) (7a)

Model B:
PO = oy + it + @8, (11, 71) + 235,12, 7) (7b)

Model C:

2 Omay et al. (2018) also used the same DGP as in eq. (6). But they used Fourier and logistic transition
functions for the ¢(¢) trend function to model gradual changes in the deterministic components of the
series.
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d(1) = a; + Bt + a8, (71, 7)) + BotS (11, 71) + 438, (72, 7)) + B3tS, (72, 72)
(7¢)

with the exponential smooth transition function
S,(ror)=1- exp[—y,.(: - TiT)z], yi> Ofori=1,2 ®)

The transition function, Si(yi, Ti> is continuous, bounded between zero and one,
and symmetric around zero. The transition parameters y; determine the smoothness
of transitions such that the speed of structural shifts increase with y,. The param-
eters 7; determine the timing of the transition midpoints such that S;(y;,7;) =0
when ¢ = ;T and Si(yi, 7;) approaches 1 when ¢ moves further from 7,T; that is,
Si(yi, 7;) = 1 both for # < 7,7 and t > 7,T. These features of the transition function
imply that the structural changes in the deterministic components of the series are
temporary. Notice that the Model A is appropriate for modelling changes in the mean
of a non-trending series whereas Models B and C can be used for modelling changes
in the mean only and changes both in the mean and trend of series, respectively.
The use of smooth transition functions has another nice feature that by appropriate
parameter restrictions one obtains a single shift (y, = 0) and no shift (y; =y, =0)
models as well. In fact, when the transition parameter y; = 0, the ESTR function col-
lapses to zero, and hence one obtains a linear trend function.

In order to depict the nature of the changes that the ESTR functions can imi-
tate, we generated series for different transition parameters (yi, Tl-) as well as changes
parameters (a;) using eq. (7a) above. The graphs of these generated series are pre-
sented below in Fig. 1. As can be seen from Fig. 1, the use of two ESTR func-
tions Si(J/iv Ti) can imitate pretty rich variety of changes observed in many financial
variables.

3.2 Modelling adjustment to equilibrium

Following Sollis (2009) and Omay et al. (2018), we model deviations from the grad-
ually changing trend function using the asymmetric exponential smooth transition
functions. In particular, we consider the following asymmetric exponential smooth
transition autoregressive (AESTAR) model for the deviations u,:

Au, = G(Ol,u,_l){F(ez,u,_l)pl + (1 - F(Hz,ut_l))pz}u,_l +€, 9)
G(H,,u,_l) =1- exp(—el (uf_1)>,9] >0 (10)

F(6y,u,_,) = [1+exp(=6,u,_,)] .6, >0 (11)

where €, ~ i.i.d(O, 62). The transition function G(B1 S Uy ) is similar to § ( Yis rl») given
in eq. (8) above and the extreme values of this function are associated with the size
of the deviations from the equilibrium. Notice that G(Hl,ut_l) —-0asu_, -0
and G(Gl, ul_l) — 1 as u,_; = +oo, implying that the deviations u, may be highly
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DESTR trend vith generated series
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Fig. 1 Simulated series with two temporary gradual changes in the mean

persistent for small values whereas are quickly corrected for larger values. The tran-
sition function F (92, ”z-1) is also restricted between O and 1 whereas these regimes
are associated with negative and positive values of deviations from the equilib-
rium as ¥, is a zero-mean process. In particular, F (92, u,_l) —0asu,_, - —ooand

F(0y,u,_y) > lasu,_, — + .

@ Springer



M. Hasanov et al.

To see how the adjustment of the deviations are governed by the AESTAR model
given above, first consider the case when u,_; — —oo. In this case, the transition
function F (6’2, u,_l) — 0 and therefore eq. (9) collapses to

Au, = G(el’ u,_l)pzu[_l + €t (12)

Hence, since G(Gl,ut_l) moves from zero to one as u,_; — —oco, the model
implies transition from the inner regime

Au, =€, (13)
to the outer regime
Auy = poit;_; + € (14)

associated with the extreme values of the transition function G(el, u_, )
On the other hand, the transition function F (02, ur_l) — lasu,_; — +oo, result-
ing in:

Au, = G(Ql,ul_l)plu,_l +¢ (15)
In this case, the transition will be from the inner regime
Au, = ¢,
to the outer regime
Au, = pyu,_; +¢, (16)

as the exponential function G(Gl Uy ) moves from zero to one when u,_; — +oo.

Global stationarity of the AESTAR process depends on the conditions 6, > 0,
p1 <0,p, <0 (see also, Sollis 2009). A nice feature of the AESTAR model is that
it nests the symmetric exponential smooth transition autoregressive (ESTAR)-type
adjustment towards equilibrium as in Kapetanios et al. (2003). In particular, when
p, = p, or B, = 0 one obtains ESTAR model (see, for example, Omay et al. 2020).
In this case, the adjustment towards equilibrium will depend on the size of devia-
tions, irrespective of the sign. This implies that the adjustment is governed by the
following

Au,=G(0,u,_y)pu,_, +e¢, A7)

instead of eq. (9). The ESTAR process given in eq. (17) implies that while the devia-
tions may follow a unit root process around nonlinear attractor (given in eqs. 7a-7¢)
the process is globally stationary around the attractor if p < 0. In fact, notice that
G(0,u,_,) — lasu,_; — +oo, in which case eq. (17) collapses to:

Au, = pu,_| + ¢, (18)

which is a stationary process provided that p < 0.
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3.3 Testing the null hypothesis of unit root

As briefly discussed above, the AESTAR model given in eq. (9) collapses to the
unit root process given in eq. (13) when G(Bl, u,_l) = 0. Therefore, the null hypoth-
esis of unit root can be tested against the alternative of AESTAR nonlinearity by
testing

Hy:6,=0 (19)
against the alternative:
H :0,>0 (20)

However, this is not feasible as the parameters 68,, p;, and p, are not identified
under this null hypothesis. The problem of unidentified nuisance parameters under
the null can be circumvented by replacing the transition functions by appropriate
Taylor series approximation following Luukkonen et al. (1988). Replacing the tran-
sition functions G(0,, u,_, ) and F(6,, u,_, ) by their first-order Taylor series approxi-
mations, and allowing for serial correlation in the disturbances €, we obtain:

)
Ay, = (pluf_1 + (pzuf_1 + 2 5jAut_j +39, 21)
J=1

where @, and @, are functions of 6, 8,, p,, p,, and the J, term comprises the origi-
nal disturbances ¢, as well as the error term arising from the Taylor approximation.
Now, the null hypothesis H;, : 8, = 0 can equally be tested by

Hy:¢,=0,=0 (22)

by the conventional F-statistics using regression eq. (21).

In the case of symmetric ESTAR-type nonlinear adjustment towards equilibrium
as given in eq. (17) above, replacement of the transition function with its first-order
Taylor approximation produces the following auxiliary regression equation:

p
Au, = qu | + ijléjAul_j +9, (23)

Therefore, the null hypothesis of unit root can be tested against the ESTAR-type
stationarity by the conventional z-test associated with ¢ in the regression eq. (23).

As in Kapetanios et al. (2003) and Leybourne et al. (1998), these tests can be
carried out in two steps. In the first, one estimates the preferred deterministic com-
ponent given in egs. (7a-7¢) and collects residuals %,. In the second step, using the
de-trended series 4, one estimates the regression eq. (21) and/or (23) by ordinary
least squares estimator and tests the null hypothesis using conventional F- and/or ¢
-tests. We denote these test statistics as F,g,(fhg,) if the model A is used, F, 4z,
(t2gq(p)) if the model B is used, and F,z,4(f5,p) if the model C is used to model the
deterministic component of the series.
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As the nonlinear least squares estimator of the transition parameters (yl, Y25 Ty 1'2)
in egs. (7a-7¢) does not admit closed-from solutions of transition parameter we gen-
erated the critical values of test statistics via stochastic simulations. Simulated criti-
cal values are reported in Table 1.

3.4 Small sample properties of the proposed test

Performance of the proposed test statistics in small samples is analysed via small
Monte Carlo simulations. Size properties of the tests are evaluated using two differ-
ent DGPs, given below in egs. (24) and (25)-(26)°:

Yi=Y1tE (24)

g, ~ iidN(0, 1)

which does not allow a break under the null hypothesis, and

Y= @) +u, (25)

where
¢ = a; + 4,8, (7. 7) + %38, (72.72) (26a)
U, =u, | +¢& (26b)

€, ~ iidN(0, 1)

which allows two temporary shifts in the mean of the series.

The results reported in Table 2 below shows that both the ¢- and F-statistics have
quite satisfactory size properties.*

The power performance of the proposed tests in small samples was evaluated
using the following DGP:

Y=o+ a8 (7. 7)) + 038, (r2. 1) + 1, 27

Ay, = G(el’uz—]){F(ezvuz—l)pl + (1 - F<92’ut—l))p2}uz—l t¢g

3 We would like to thank an anonymous reviewer for reminding us to analyse the size of the tests with
break under the null hypothesis as well.

* In order to save space, we report simulation results only for the t,, and F,,, statistics (i.e., Model A).
Size properties of the fr,y5), Fougap)y L2Eap Faurap Statistics (Models B and C) were quite similar to those
reported in Table 2. Also, we analysed the size of other tests used in the empirical part of this paper, i.e.,
Omay et al. (2020) and Omay et al. (2018) under two temporary shifts. While the sizes of these tests
were slightly higher than those of the t,;, and F,,g, tests, they were within the acceptable interval, i.e.,
did not exceed 7.5%. All the simulation results are available upon request from the corresponding author.
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Table 1 Ceritical values of proposed test statistics

Model A

LEa Fopra
T 1% 5% 10% 1% 5% 10%
25 -6.854 -5.006 -4.273 36.967 16.319 13.000
50 -6.760 -4.812 -4.162 33.424 16.047 12.844
100 -6.423 -4.743 -4.087 26.617 15.894 12.651
150 -6.399 -4.673 -4.023 26.465 15.834 12.598
200 -6.334 -4.603 -3.94 25.948 15.688 12.507
250 -6.236 -4.557 -3.894 25.317 15.626 12.371
300 -6.118 -4.500 -3.842 24.893 15.617 12.329
400 -5.949 -4.405 -3.732 24.566 15.260 12.152
500 -5.780 -4.277 -3.674 22.424 14.798 11.469
2000 -4.473 -3.884 -3.527 10.939 8.667 7.283
Model B

bEap) Fosrap
T 1% 5% 10% 1% 5% 10%
25 -6.049 -5.233 -4.710 22.382 15.658 13.066
50 -5.379 -4.660 -4.239 16.774 11.968 10.089
100 -5.156 -4.490 -4.129 14.599 11.174 9.468
150 -5.149 -4.442 -4.106 14.152 10.871 9.350
200 -5.133 -4.430 -4.085 14.132 10.828 9.308
250 -5.061 -4.372 -4.068 14.022 10.712 9.202
300 -5.025 -4.365 -4.038 13.697 10.607 9.190
400 -4.974 -4.348 -4.016 13.476 10.574 9.141
500 -4.921 -4.297 -3.970 13.117 10.276 8.974
2000 -3.795 -2.982 -2.562 10.285 9.018 7.001
Model C

DEap Fugap
T 1% 5% 10% 1% 5% 10%
25 -6.200 -5.263 -4.814 23.260 16.276 13.523
50 -5.596 -4.762 -4.319 16.549 12.498 10.498
100 -5.162 -4.464 -4.106 14.721 11.075 9.373
150 -5.085 -4.351 -4.030 14.010 10.659 9.143
200 -4.995 -4.330 -3.987 13.607 10.523 8.991
250 -4.981 -4.309 -3.965 13.446 10.329 8.912
300 -4.964 -4.298 -3.957 13.430 10.259 8.845
400 -4.916 -4.250 -3.917 13.241 10.101 8.660
2000 -4.723 -4.051 -3.718 11.973 9.439 8.031

Critical values are obtained by 10,000 replications.
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Table2 Size of the proposed
tests

Panel A. Size of the tests under no break

T IZEa FZAEa
100 0.051 0.050
200 0.053 0.051
500 0.049 0.049

Panel B. Size of the tests under two temporary shifts

7 7 L2Ea Fanka
T=100
71 =7, =0.001 0.3 0.7 0.053 0.051
71 =1, =0.01 0.3 0.7 0.055 0.053
T=200
71 =7, =0.001 0.3 0.7 0.054 0.052
71 =1, =0.01 0.3 0.7 0.057 0.052
T=500
71 =7, =0.001 0.3 0.7 0.050 0.051
71 =7, =0.01 0.3 0.7 0.052 0.052

Empirical sizes are evaluated with 2000 replications. Nominal size
is 5%. As in Harvey and Mills (2002), we set y, = 7,, 7, = 0.3,
7, =07, =1 anda, = a; = 10.

g, ~ iidN(0, 1) (28)

where we set the transition parameters z, = 0.3,r; = 0.7 and let y, =y, = (0.001,0.01).
Alsoa; = 1,0, = a3 = 10,6, = (0.1,1.0), 8, = 1.0, p; = 0.3, p, = (-0.3,-0.7, —1.0).
These specific parameters have been previously used in similar contexts and cover
wider range of structural breaks. For a detailed discussion one may refer to Harvey
and Mills (2002) and Omay et al. (2020).

For comparison purposes we also computed the power of existing test statistics.
The results are presented in Table 3. In particular, we computed power properties
of the F —ty; test of Christopoulos and Leon-Ledesma (2010), the F;p,p test of
Omay et al. (2018) as well as the t5, and F,, tests proposed by Omay et al. (2020).
These tests also allow for simultaneous changes in the deterministic components
of the series along with nonlinear adjustment. Specifically, both Christopoulos and
Leon-Ledesma (2010) and Omay et al. (2018) used Fourier forms to model the
structural changes. On the other hand, Omay et al. (2020) use a single exponen-
tial smooth transition function to model gradual breaks. Christopoulos and Leon-
Ledesma (2010) model adjustment towards equilibrium using symmetric ESTAR
model. However, Omay et al. (2018) and Omay et al. (2020) use AESTAR model
instead.

As can be seen in Table 3, the t,, and F,,p, tests proposed in this paper outper-
form other tests in terms of power properties. While the ¢, and F,j, tests of Omay
et al (2020) as well as the F, 5, test of Omay et al. (2018) have reasonable power for
71 = 7, = 0.001, the power of both tests fall drastically when y; =y, = 0.01. This is
an expected result as lower values of the speed of transition (y;) resembles a linear
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Table 3 Power analysis of

. Existing tests Newly pro-
alternative tests

posed tests

n=r 0 pp F—iy Fipp g Fpapo e Faaga

0.001 0.1 -03 0.141 0.898 0.272 0.767 0.282 1.000
0.01 0.1 -03 0.010 0.010 0.020 0.020 0.215 1.000
0.001 0.1 -0.7 0.101 0.777 0.434 0.505 0.612 0.959
0.01 0.1 -0.7 0.010 0.010 0.010 0.010 0.434 0.949
0.001 0.1 -1.0 0.141 0.757 0.626 0.343 0.674 0.929
0.01 0.1 -1.0 0010 0.010 0.010 0.010 0.595 0.838
0.001 1.0 -03 0.010 0.616 0.454 0515 0.478 0.989
0.01 1.0 -0.3 0.010 0.010 0.010 0.010 0.444 0.959
0.001 1.0 -0.7 0.089 0.201 0.063 0.161 0.222 0.909
0.01 1.0 -0.7 0.010 0.010 0.010 0.010 0.107 0.818
0.001 1.0 -1.0 0.141 0.191 0.060 0.548 0.565 0.908
0.01 1.0 -1.0 0.010 0.010 0.010 0.010 0.426 0.897

Power properties of the tests are evaluated with 2000 replications.

trend. In fact, it is now well documented that existing tests have relatively reasonable
power only for rather slow gradual changes whereas power of these tests drop drasti-
cally for moderate and fast breaks. See also discussion in Omay et al. (2020). On the
other hand, the t,;, and F), ., tests preserve reasonable power wheny, =y, = 0.0L

4 Data and empirical results

We test the empirical validity of the RIRP hypothesis for 52 countries using monthly
data on short-term nominal interest rates and consumer price indices (CPI) that are
collected from the OECD and International Monetary Fund’s International Financial
Statistics (IFS) database over the period 1986:01-2020:12.> We have used treasury-
bill rates for 12 countries (namely, Austria, Brazil, Egypt, Hong-Kong, Iceland,
Italy, Mexico, Pakistan, Philippines, South Africa, Thailand, US), interbank rates
for 27 countries (Belgium, Canada, Colombia, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Indonesia, Ireland, Israel, Japan, Korea, Latvia, Lithu-
ania, Luxembourg, Netherlands, Poland, Portugal, Slovakia, Slovenia, Spain, Swe-
den, Switzerland, United Kingdom), money market rate for 8 countries (namely,
Argentina, Bulgaria, Czech Republic, Malaysia, India, Norway, Peru, Singapore)
and deposit rate for 6 countries (namely, Bolivia, China, Romania, Russia, Turkey,
Uruguay). Treasury-bill rates, money market rates, deposit rates and CPI are col-
lected from the IFS and interbank rates are collected from the OECD. In order to

> The start date of the sample period differs from one country to another based on the availability of data
for some countries. Also, for some countries, early periods of sample were skipped due to large erratic
behaviour of real interest rates.
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calculate real interest rates, following Ferreira and Ledn-Ledesma (2007), firstly, we
have calculated the quarterly average of the 12- month inflation ahead of period t.
Then, we have transformed the annualized monthly interest rate into a compounded
quarterly rate, and subtracted inflation from interest rate calculated in that way. We
have then computed the RID for 52 countries against the US.

To test the stationarity of the RID series, in addition to the test proposed in this
paper, we also applied the conventional ADF test, Kapetanios et al. (2003) (hence-
forth KSS) test that allow for gradual nonlinear adjustment towards equilibrium, and
Omay et al. (2020) (OSH) test that allow for a single temporary structural break in
the deterministic component with asymmetric speed of adjustment towards equilib-
rium. All tests’ regressions include only a constant but no trend.® Results of these
tests are reported in Table 4 below.

Before discussing the results of the unit root tests, we must point out that none
of the tests has absolute power over all remaining tests as noticed by Hasanov and
Telatar (2011). In fact, if the series are not subject to breaks and do not exhibit non-
linear dynamics the conventional ADF test outperforms other tests. The KSS test
has good properties if the adjustment is nonlinear but there is no break in the deter-
ministic components of the series. Similarly, the OSH test and the newly proposed
test will have good properties if the series are characterized by simultaneous breaks
and nonlinear adjustment, whereas both of these tests will suffer power losses if the
series are not subject to either breaks and/or nonlinearities. Therefore, one must con-
sider the results of these tests as complementing each other.”

As seen from the Table 4, the conventional ADF unit root test rejects the null
hypothesis of unit root only in the case of 17 countries. On the other hand, the KSS
test that allows for nonlinear adjustment towards equilibrium rejects the null of unit
root for 25 countries, implying that the adjustment towards equilibrium is inherently
nonlinear. Allowing for a single temporary break and nonlinearity leads to rejec-
tion of the null of unit root in 31 series. This result points to importance of tak-
ing account of the structural changes in series. The #,,, test proposed in this paper
rejects the null hypothesis of unit root in 45 out of 52 countries, providing evidence
in favor of the RIRP hypothesis in majority of the sample countries. However, the
Fypq test rejects the null hypothesis of unit root only in 27 out of 52 countries.
Recall that while both F,,, and f,5, tests allow for gradual temporary shifts in
the mean of the series, the F,,, test assumes asymmetric AESTAR-type adjust-
ment towards the equilibrium whereas the z,, test assumes symmetric ESTAR-type
adjustment. Notice also that whenever the F,,j, test rejects the null hypothesis of
unit root, the #,5, test also rejects the null hypothesis. Thus, these results suggest

% To save space, we do not report estimates of the coefficients of the nonlinear trend function, which
are available upon request from the corresponding author. To depict the nature of the gradual shifts in
the series under consideration, we plot the graphs of the RID series of all sample countries along with
estimated double ESTR trend functions in Fig. 2 in Appendix A. The fitted trend functions capture major
swings in the series quite well in most of the countries. Visual inspection of the RID series and compari-
son with simulated trend series in Fig. 2 reveal the importance of taking into account of structural breaks
in analysing RIRP hypothesis for many countries.

7 See also discussions in Appendix B.
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Table 4 Unit root test results for real interest rate parity

Existing Unit Root Tests Newly Proposed Tests

T, Iy tpa bLEq Fripa
Argentina -2.542 -2.768* -2.792 -3.415 7.154
Austria -2.492 -2.119 -3.823%* -4.499%* 10.640
Belgium -2.382 -2.477 -3.726* -5.142%* 16.000%*
Bolivia -2.227 -2.534 -2.629 -4.301* 11.777
Brazil -2.523 -4.838*** -5.047%** -6.207%** 20.124%*
Bulgaria -2.303 -2.374 -3.549%* -3.663 7.227
Canada -1.844 -2.688* -4.352%% -5.156%* 21.468**
China -2.917%% -2.401 -2.938 -4.292% 9.270
Colombia -3.368+* -3.034#* -6.782%%* -3.427 7.066
Czech Republic -2.181 -2.197 -2.888 -4.114* 9.663
Denmark -2.365 -5.236%** -6.840%%* -9.164%** 41,883
Egypt -2.521 -3.033** -1.906 -3.297 8.662
Estonia -2.592% -2.915% -4.780%%* -4.572%% 8.545
Finland -2.280 -3.459%* -5.479%%% -7.374%%% 27.165%**
France -2.072 -2.536 -4.657%%* -5.104%* 13.683*
Germany -2.322 -2.456 -3.398 -4.596%* 10.684
Greece -2.296 -2.488 -3.275 -4.468* 10.098
Hong-Kong -2.081 -2.475 -3.419 -4.246* 9.124
Hungary -3.339%* -3.462%* -4.816%* -4.407* 9.743
Iceland -3.197%* -3.727%%% -6.357%%* -6.579%%* 21.954%*
India -1.934 -5.649% % -6.215%%* -5.761%* 19.820%*
Indonesia -2.717* -3.313%* -3.225 -3.690 7.148
Ireland -3.020%* -8.999%#* -7.595%** -9.064 %% 45.377%%*
Israel -2.616* -2.019 -3.106 -5.412%% 14.746*
Ttaly -2.194 -2.255 -6.331%%** -6.371%%** 21.599%*
Japan -2.205 -3.791 %% -4.806%* -3.949% 7.904
Korea -2.544 -2.456 -3.629* -4.742%% 11.342
Latvia -2.871% -4.700%** -2.056 -5.319%* 20.830%*
Lithuania -2.099 -2.804* -5.914%* -6.347%%% 20.243**
Luxembourg -2.467 -2.393 -3.474 -3.906* 7.698
Malaysia -3.421%* 5097 -4.84(%* -5.084%* 13.389*
Mexico -2.073 -1.981 -3.768* -5.449%* 17.347%*
Netherlands -2.009 -1.456 -3.447 -3.960* 10.525
Norway -2.225 -2.033 -3.131 -5.409%* 15.232%*
Pakistan -2414 -2.422 -2.339 -2.394 7.041
Peru -2.954%* -2.649 -3.643* -6.599%* 22.336%*
Philippines -3.030%* -2.484 -4.685%** -6.123*** 18.9617*
Poland -2.200 -2.135 -4.299%% -4.834%* 12.078
Portugal -2.378 -2.619 -3471 -5.075%% 15.280%*
Romania -2.462 -2.125 -3.838#* -6.646%%* 21.999%*
Russia -2.468 -2.852% -3.295 -4.156* 8.699
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Table 4 (continued)

Existing Unit Root Tests Newly Proposed Tests

T, N tpa LEa Fiupq
Singapore -3.271%* -3.537%%* -5.107%** -4.278* 9.129
Slovakia -2.497 -1.125 -7.084%%* -6.281%** 21.019%*
Slovenia -2.128 -1.899 -2.643 -3.831 7.834
South Africa -2.881%* -3.267%* -4.050%* -4.858%%* 11.834
Spain -2.361 -3.381%* -3.454* -6.352%%* 20.652%*
Sweden -2.664* -7.854% % -7.2947%%% -9.2527% %% 49.550%**
Switzerland -2.269 -2.680%* -3.382 -4.411%* 9.709
Thailand -2.765* -4.300%** -4.610%** -5.015%* 12.624*
Turkey -3.073%* -2.358 -3.592% -5.692%* 16.308%**
United Kingdom -1.918 -2.072 -2.662 -3.951* 14.891*
Uruguay -2.089 -5.701%** -4.819% %% -6.961%** 24.251%%*

##% % and * denote the rejection of the unit root null hypothesis at 1%, 5% and 10% significance levels,
respectively. In order to be seen more clearly, computed test statistics of the stationary series are marked
inbold. 7, ty;, Iy, b, and Foup, denote the conventional ADF test, KSS test, the OSH test, and the unit
root tests with ESTAR- and AESTAR-type adjustments proposed in this study, respectively

that the adjustment of deviations towards the equilibrium can be best described by
an ESTAR-type nonlinearity rather than the asymmetric AESTAR-type nonlinearity.
This finding suggests that the adjustment of the domestic real interest rates towards
global rates depend on the size but not on the sign of the deviations from the global
rates. Notice also that the newly developed ¢, test rejects the null hypothesis of unit
root for 10 countries (namely, Bolivia, Czech Republic, Germany, Greece, Hong-
Kong, Luxembourg, Netherlands, Norway, Portugal, and the United Kingdom) for
which no other unit root test procedure employed in this study could reject the null
hypothesis of unit root. All in all, our findings reveal superiority of the proposed
unit root test procedures over the existing tests.

The results of these tests have several important implications. First, allowing
for nonlinearity results in more frequent rejection of the unit root, suggesting that
interaction between real interest rates among countries are in fact nonlinear. Second,
allowing for breaks along with nonlinear adjustment produced more support for the
RIRP hypothesis, implying that shocks have caused to significant breaks in the RIDs
although these breaks might have been temporary. Third, our results imply that the
speed of adjustment of the domestic interest rates towards the global rate depends
on the size but not the sign of the deviation from the global rates. This suggests that
big deviations are corrected faster than the small deviations whereas there is no dif-
ference in the speed of adjustment of positive versus negative deviations. Fourth, we
find that the RIRP hypothesis holds for majority of the countries during the analysed
period. In fact, we were not able to reject the null of unit root only in two cases,
namely in the cases of Pakistan and Slovenia. All in all, our findings imply that the
goods and financial markets of the majority of the sample countries are well inte-
grated to the world markets.
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5 Conclusion

This study investigates the empirical validity of the RIRP hypothesis for 52 countries
by testing stationarity of RIDs. As known, RIDs might be subject to both nonlinear
adjustments and structural changes and thus might be subject to considerable short-
run deviations from the equilibrium levels. Many authors have proposed unit root
test procedures that allow for simultaneous permanent structural breaks and non-
linear adjustments for testing stationarity of time series. However, permanent struc-
tural breaks is not compatible with the RIRP hypothesis, as the RIRP hypothesis
assumes that capital flows and free arbitrage activities tend to equalize real interest
rates across countries. Taking account of the fact that both asymmetric adjustment
and temporary shifts may better characterize dynamics of RIDs, we propose a new
test that takes into account two temporary gradual shifts together with asymmetric
adjustment towards equilibrium which is built on the recently developed OSH test.

For comparison purposes, we also applied the conventional ADF test, the KSS
test that allows for gradual nonlinear adjustment towards equilibrium, and recently
developed OSH test that allows for temporary smooth structural change in the deter-
ministic component with asymmetric speed of adjustment towards equilibrium. Test
results indicate that allowing for temporary structural changes and nonlinearities in
unit root tests results in more frequent rejection of the null hypothesis of unit root,
consistent with the RIRP hypothesis. In particular, our newly developed unit root
test procedure highly outperforms ADF, KSS and OSH tests in terms of number
of stationary RIDs. Moreover, the new test procedure reject the null hypothesis of
unit root for 10 countries for which no other unit root tests employed in this study
can reject the null hypothesis of unit root. These results imply that RIDs of many
countries vis-a-vis US might be inherently nonlinear with transitory shifts in the
equilibrium level. Overall, our unit root test results indicate that RIRP hypothesis is
supported for 50 out of 52 countries in the sample.

Some important points emerge. First, our results imply that while shocks may
cause to significant shifts in the real interest differentials in the short run, such shifts
are temporary in nature and the RIDs of most countries will come back to their pre-
shock levels in the long run. Second, our results imply that the adjustment of devia-
tions towards equilibrium might be inherently nonlinear but symmetric. Specifically,
our findings imply that the speed of adjustment depends only on the size of the dis-
equilibrium but not on the sign. This suggests that large deviations in RIDs tend
to provoke equilibrating responses whereas adjustments tend to occur faster as the
shocks are bigger. On the other hand, our results point to no significant difference
in the speed of adjustment of negative versus positive deviations. Finally, our results
support the view that most emerging economies are financially and economically
integrated to the world economy, implying that policies aimed at affecting real eco-
nomic variables via interest rates will have only short-lived effects.

@ Springer



M. Hasanov et al.

Appendix A. Graphs of the RID series and estimated trend functions
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Fig.2 RIDs (solid line) and estimated double ESTR trend functions (dashed line)
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Appendix B. Testing gradual change in the deterministic component
of the series

In practice, researchers might be concerned about choosing the appropriate test for
the time series under consideration: should a test allowing for a break be applied or
conventional tests are just right? If there is a break, should it be a single break or a
multiple break test? The issue becomes more complicated when breaks are modelled
using nonlinear trend functions that allow for continuous rather than abrupt changes
in the trend of the series.

One practical solution is to apply alternative tests sequentially; first apply any
conventional unit root test (e.g., the ADF), rejection of which would be seen as evi-
dence of stationarity. However, if these tests do not reject the null, one would apply
a test which allows for a single transitory break in the series (e.g., Omay et al. 2020).
If this test does not reject the null of unit root as well, one may proceed to the tests
proposed in this paper. However, as shown by Nunes et al. (1997), this approach
places the null hypothesis in considerable jeopardy: the overall size of this multi-
stage test can exceed the nominal size considerably.® Additionally, this approach
adds considerable estimation burden on practitioners, mainly stemming from
sequential estimation of nonlinear models. In fact, in the second step the researcher
needs to estimate the nonlinear trend function using a single transition function. If
the null hypothesis is not rejected again, the researcher would re-estimate the non-
linear trend function with two transition functions and repeat the test. Or before esti-
mating the trend function with two transition functions, one would ideally test the
adequacy of the estimated trend function against remaining non-linearities in the
deterministic component of the series (see, for example, Eitrheim and Terésvirta
1996). Alternatively, one may alleviate estimation burden by pre-testing the func-
tional form of the trend function following Lin and Terdsvirta (1994), and depend-
ing on the results proceed with the selected trend function. As this procedure does
not entail estimating a nonlinear model, we suggest using this procedure rather than
applying the tests sequentially.

Consider the following DGP:

8 We would like to thank an anonymous reviewer for reminding us possible size distortions associated
with such a sequential testing approach.
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Y= @) +u, (A1)

where the deterministic ¢ () trend function may have a single transitory shift
b0 = @, + @S, (11,7, (A2)
or two shifts:
¢ = ay + a8, (11, 71) + @35, (72, 72) (A3)

where the transition functions are as defined in the text. One may test linearity of

the deterministic component by replacing the ESTR functions with their proper
linear approximations (see, for example, Lin and Terdsvirta 1994). For example,
replacing the ESTAR function S, with its first-order Taylor series approximation one
obtains the following auxiliary regression:

yi=PBo+Bit+ Pl +e, (A4)

>where e, comprises the deviations u, in eq. (A.1) as well as the error term arising
from the Taylor approximation. One may test linearity by testing the null hypothesis
H, : p, = p, =0, rejection of which would provide an evidence in favour of a sin-
gle transitory shift. However, if there are two additive ESTR transition functions as
given in eq. (A.3) one may use higher order approximations. Consider, for example\
the following regression equation:

Yo =Bo+ Bit+ Bof’ + Bst’ + Byt + e, (A.5)

One may test linearity of the deterministic component by testing the null
hypothesis:

Hy:p=ph=p=p=0

Rejection of which would provide an evidence of nonlinearity in the trend of the
series. If H | is rejected, one may proceed to test whether double transition functions
are necessary or a single transition function is adequate to capture the nonlinearities
in the trend. In particular, if H,, is rejected, one may test:

Hy : p3=p5,=0

H301ﬂ1=ﬂ2=0|ﬂ3=ﬂ4=0

Rejection of H,, would imply that a single transition function might not be ade-
quate for capturing the nonlinearities in the deterministic component of the series.
If H, is not rejected but Hj, is rejected, single transition might be more appropriate
to model the deterministic component. In fact, notice that the null H; tests linearity
of the trend function against the single ESTR-type gradual shift. Therefore, rejec-
tion of both H,; and H;, along with no-rejection of H,, would imply that a single
ESTR-type nonlinearity is sufficient to capture nonlinearities in the trend function.
Notice also that if the null H is not rejected, one may still proceed to test Hs, using
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the regression eq. (A.4), rejection of which would also suggest a single ESTR-type
nonlinearity in the trend. However, rejection of both Hs, and H,, would suggest that
single ESTR type nonlinearity might be inadequate to capture nonlinearities in the
trend of the series.’

Table 5 below reports the results of these hypotheses tests for the RID series.

Table 5 Break test results

Countries H,, Hy, Hy,

Argentina 15.555 [0.000] 17.009 [0.000] 11.071 [0.000]
Austria 82.645 [0.000] 58.735 [0.000] 80.894 [0.000]
Belgium 68.613 [0.000] 29.026 [0.000] 95.046 [0.000]
Bolivia 99.311 [0.000] 63.056 [0.000] 100.152 [0.000]
Brazil 73.058 [0.000] 1.790 [0.169] 143.541 [0.000]
Bulgaria 27.593 [0.000] 16.195 [0.000] 34.992 [0.000]
Canada 75.334 [0.000] 45.253 [0.000] 86.509 [0.000]
China 28.845 [0.000] 51.134 [0.000] 4.915 [0.008]
Colombia 19.080 [0.000] 14.056 [0.000] 22.644 [0.000]
Czech Republic 21.617 [0.000] 28.471 [0.000] 11.845 [0.000]
Denmark 54.553 [0.000] 39.331 [0.000] 58.385 [0.000]
Egypt 11.178 [0.000] 5.660 [0.004] 16.145 [0.000]
Estonia 17.152 [0.000] 21.564 [0.000] 11.005 [0.000]
Finland 50.661 [0.000] 32.942 [0.000] 58.818 [0.000]
France 83.226 [0.000] 68.391 [0.000] 73.575 [0.000]
Germany 36.475 [0.000] 11.891 [0.000] 56.989 [0.000]
Greece 25.194 [0.000] 43.019 [0.000] 5.446 [0.005]
Hong-Kong 169.001 [0.000] 7.211 [0.000] 313.909 [0.000]
Hungary 24.549 [0.000] 20.528 [0.000] 25.663 [0.000]
Iceland 14.711 [0.000] 6.486 [0.002] 22.149 [0.000]
India 28.906 [0.000] 13.083 [0.000] 38.487 [0.000]
Indonesia 5.834 [0.000] 4.117 [0.017] 7.358 [0.000]
Ireland 34.586 [0.000] 67.707 [0.000] 1.029 [0.358]
Israel 34.925 [0.000] 43.946 [0.000] 20.436 [0.000]
Italy 112.491 [0.000] 66.227 [0.000] 120.076 [0.000]
Japan 9.673 [0.000] 16.196 [0.000] 2.751 [0.066]
Korea 13.255 [0.000] 26.402 [0.000] 0.089 [0.914]
Latvia 8.549 [0.000] 14.761 [0.000] 2.114[0.123]
Lithuania 39.633 [0.000] 36.459 [0.000] 33.105 [0.000]
Luxembourg 49.364 [0.000] 34.536 [0.000] 50.570 [0.000]
Malaysia 16.348 [0.000] 0.802 [0.449] 31.925 [0.000]

° Here we must note that the procedures outlined here is not meant to propose a procedure to test for and
chose the most appropriate model for the deterministic component of the series, for which researchers
may refer to the relevant literature. See, e.g., Lin and Terésvirta (1994), Perron et al. (2017).
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Table 5 (continued)

Countries Hy, H,y, Hy,

Mexico 26.643 [0.000] 6.715 [0.001] 44.429 [0.000]
Netherlands 108.798 [0.000] 176.234 [0.000] 20.458 [0.000]
Norway 22.005 [0.000] 3.786 [0.024] 39.504 [0.000]
Pakistan 41.854 [0.000] 58.696 [0.000] 17.694 [0.000]
Peru 19.199 [0.000] 31.407 [0.000] 5.509 [0.005]
Philippines 35.053 [0.000] 18.844 [0.000] 46.860 [0.000]
Poland 38.616 [0.000] 17.015 [0.000] 54.932 [0.000]
Portugal 58.423 [0.000] 95.545 [0.000] 14.321 [0.000]
Romania 37.401 [0.000] 7.783 [0.000] 63.708 [0.000]
Russia 45.383 [0.000] 1.682 [0.188] 88.529 [0.000]
Singapore 13.897 [0.000] 13.949 [0.000] 13.013 [0.000]
Slovakia 31.171 [0.000] 26.505 [0.000] 30.492 [0.000]
Slovenia 47.002 [0.000] 39.950 [0.000] 39.578 [0.000]
South Africa 20.581 [0.000] 23.727 [0.000] 15.536 [0.000]
Spain 152.066 [0.000] 72.356 [0.000] 171.384 [0.000]
Sweden 36.214 [0.000] 24.916 [0.000] 42.493 [0.000]
Switzerland 30.430 [0.000] 59.909 [0.000] 0.719 [0.487]
Thailand 52.043 [0.000] 43.146 [0.000] 44.277 [0.000]
Turkey 85.476 [0.000] 35.965 [0.000] 115.112 [0.000]
United Kingdom 82.978 [0.000] 0.683 [0.505] 165.532 [0.000]
Uruguay 163.146 [0.000] 14.050 [0.000] 293.338 [0.000]

Figures in brackets are p-values

List of abbreviations ADF: Augmented Dickey-Fuller test; AESTAR: Asymmetric exponential smooth
transition autoregressive; CPI: Consumer price indices; DGP: Data generating process; ESTAR: Expo-
nential smooth transition autoregressive; ESTR: Exponential smooth transition; IFS: International Finan-
cial Statistics; KSS: Kapetanios et al. (2003) nonlinear unit root test; OSH: Omay et al. (2020) nonlinear
unit root test under structural break; PPP: Purchasing power parity; RID: Real interest rate differentials;
RIRP: Real interest rate parity; UIP: Uncovered interest parity
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