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1. Introduction 

Purchasing power parity (PPP) hypothesis is one of the most important issues in open-economy 

macroeconomic models. Theoretically, absolute version of PPP implies that a basket of goods 

in one country should cost the same in another country when quoted in the same currency. The 

relative version of PPP, on the other hand, emphasize that the exchange rates will adjust to 

offset inflation differentials between countries. Because PPP hypothesis describes equilibrium 

level of exchange rates, empirical fulfillment of the PPP is also important for policy authorities 

and market practitioners as well. Test of the empirical fulfillment of the PPP hypothesis are 

usually based on unit root tests of the real exchange rates (RER). As stated by Lothian and 

Taylor (1997), Hegwood and Papell (1998) and Papell (2002), while there might be temporary 

deviations from the PPP hypothesis in the short run due to sluggish adjustment of nominal 

exchange rates or domestic prices, the long-run validity of the PPP hypothesis implies that real 

exchange rates revert to a constant mean.  Thus, a real exchange rate that reverts to a constant 

mean is compatible with PPP, whereas a non-stationary real exchange rate would violate the 

PPP hypothesis. 

Balassa (1964) and Samuelson (1964), however, argue that divergent international productivity 

levels could lead to permanent deviations from PPP by creating differences in wages and prices 

between countries. Assuming that PPP holds for traded goods only, productivity differentials 

between countries determine the domestic relative prices of non-tradables, leading to trend 

deviations from PPP in the long run. Hence, researchers used these ideas to develop models 

in which real exchange rates contain a time trend justified on the basis of Balassa-Samuelson 

effects (Obstfeld, 1993; Papell and Prodan, 2006). Thus, trend-stationarity of the real exchange 

rate series supports the Balassa-Samuelson proposition. 

Earlier studies have usually tested PPP hypothesis in a linear context by employing 

conventional unit root tests. Most of these tests, however, failed to provide empirical evidence 

in favour of real exchange rate stationarity (Meese and Rogoff, 1988; Edison and Fisher, 1991). 

Researchers attributed such failures to the low power of linear unit root tests with short time 

spans of data. Some researchers pointed out that the equilibrium real exchange rates might 

shift over time and suggested to use unit root tests that allow for structural breaks in the mean 

(Hegwood and Papell, 1998; Papell, 2002; Sollis, 2005; Papell and Prodan, 2006)1. Papell 

(2002) and Papell and Prodan (2006) state that if structural breaks in the real exchange rate 

appear to be permanent, then absolute PPP doesn’t hold but rather a qualified PPP holds. On 

the other hand, if structural breaks in the real exchange rate are temporary (i.e. if structural 

changes are offsetting each other), then long-run PPP hypothesis holds in the long run. In this 

sense, for the exact PPP hypothesis to hold, structural breaks in the series have to be 

temporary, implying that the mean toward which the real exchange rate reverts is the same both 

at the start and end of the sample. Following this proposition, some authors developed unit root 

tests allowing for temporary structural changes in the deterministic component of real exchange 

rate series. For example, Sollis (2005) proposed unit root test allowing for symmetric and 

asymmetric smooth transition models to model temporary structural breaks in the deterministic 

 
1 Another strand of the literature suggested use of panel data to increase power of stationarity tests. See, for example, 
Frankel and Rose (1996) and Lothian (1997). More recently, Emirmahmutoglu and Omay (2014) provided empirical 
evidence in favor of the PPP proposition in a panel 15 European countries using asymmetric nonlinear models. 
However, their results imply that the mere use of panel data is not sufficient to find support for the PPP proposition. 
In fact, they were able to reject the null hypothesis of unit root only after allowing for higher degrees of nonlinear 
adjustment as suggested by Sollis (2009). 
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part of the series. On the other hand, Papell and Prodan (2006) used restricted additive outliers 

in the deterministic part of the series to model temporary structural breaks. 

Another development in empirical studies of the PPP hypothesis is the nonlinear behavior of 

the real exchange rate. For example, Rogoff (1996) points out that nonlinearities in real 

exchange rate may arise from frictions due to transportation costs, tariffs and non-tariffs barriers. 

Further, Kilian and Taylor (2003) states that as the degree of misalignment from PPP rises, the 

degree of mean reversion of the real exchange rate rises. Sarno and Taylor (2001) and Taylor 

(2004, 2005) point out that, in addition to trade barriers and transportation costs, official 

interventions in the foreign exchange markets and nominal rigidities may also lead to 

nonlinearities in adjustment of real exchange rates to equilibrium. On the other hand, Sollis 

(2004), Christopoulos and Leon-Ledesma (2010) and Omay et al. (2018) argue that the exact 

behavior of real exchange rate may well be described by nonlinear adjustments towards 

equilibrium after allowing for structural breaks. In fact, Sollis (2004), Telatar and Hasanov 

(2009), Christopoulos and León-Ledesma (2010), Kutan and Zhou (2017), Omay et al. (2018), 

Omay et al. (2020), among others, provide more evidence on empirical validity of the PPP 

hypothesis after allowing for simultaneous structural breaks and nonlinear adjustments towards 

the equilibrium. 

In this paper we examine the empirical validity of the PPP hypothesis by employing novel unit 

root test procedures proposed by Christopoulos and Leon-Ledesma (2010) and Omay et al. 

(2020). These test procedures allow for rather rich dynamics of real exchange rate series 

consistent with both empirical observations and theoretical models. In particular, both test 

procedures allow for gradual breaks in the deterministic components along with nonlinear 

adjustment towards the equilibrium. Christopoulos and Leon-Ledesma (2010) used flexible 

Fourier form (FFF) to model structural breaks while Omay et al. (2020) proposed to use an 

exponential smooth transition (ESTR) function which is theoretically more appealing than the 

FFF. Adjustment towards equilibrium in both test procedures are modeled using symmetric and 

asymmetric exponential smooth transition functions proposed by Kapetanios et al. (2003) and 

Sollis (2009), respectively. As real exchange rates may simultaneously exhibit temporary 

structural breaks and nonlinear mean reversion, both test methods are likely to yield higher 

power than those accounting for either nonlinear adjustment or structural breaks alone. In 

addition to these tests, we also apply conventional ADF test as well as Sollis’ (2005) test for 

comparison purposes. Application of competing test procedures to the same data set also 

allows one to evaluate aptness of these procedures in testing the PPP proposition. In fact, our 

results suggest that both structural breaks and nonlinear adjustment must be taken into account 

in empirical tests of the PPP proposition whereas the ESTR-type functions might be more 

appropriate for modeling structural breaks in RER series.  

Another contribution of the present paper is that it investigates the PPP proposition in a more 

comprehensive framework. Previous studies focused mainly on a smaller group of countries 

and/or bilateral RER series. For example, Christopoulos and Leon-Ledesma (2010) considered 

15 OECD countries, Omay et al. (2018) 28 EU countries and Omay et al. (2020) 24 OECD 

countries. In this paper, we test the empirical validity of the PPP hypothesis for 60 economies 

(59 countries and Euro Area), whose data were available in the BIS (Bank of International 

Settlements) database. The sample countries account for more than four-fifth of the world’s 

GDP and international trade. Furthermore, rather than using bilateral RER series, we use the 

broad trade-weighted real effective exchange rate (REER) indices. Bahmani-Oskooee et al. 

(2007) argued that using REERs allows for a test of the multi-country version of PPP, rather 

than that of PPP based on bilateral trading partners. In fact, stationarity of the REER series 
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implies that the PPP holds with respect to major trading partners, but not with a specific country. 

Fluctuations in REER are more crucial for international trade flows rather than bilateral rates. 

Thus, this paper provides a more comprehensive test of empirical fulfillment of the PPP 

proposition.  

The remaining of the study is organized as follows. The next section discusses the newly 

developed test procedures used in this paper. Section 3 describes dataset and present empirical 

findings. The last section concludes the paper. 

 

2. Methodology 

In order to model temporary gradual structural changes in the deterministic components of 

REERs, Christopoulos and Leon-Ledesma (2010) consider following gradually changing Fourier 

function. 
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Christopoulos and Leon-Ledesma (2010) point out that unit root tests with this form of temporary 

structural breaks performs especially well relative to other tests when breaks are temporary and 

when breaks tend to happen in opposite directions. They further argue that the events that led 

to the appreciation and subsequent depreciation of the dollar in the early 1980s may have 

generated large equilibrium exchange rate swings. 

Christopoulos and Leon-Ledesma’s (2010) unit root test is conducted via a two-step procedure. 

The first step is to obtain the OLS residual series t  from regression (1) for values of k  between 

1 and 5 and selects the k  that minimizes the residual sum of squares. The second step is to 

test for a unit root in t  by employing the following ADF and KSS regression models: 
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where equation (2) is ADF regression which assumes linear adjustment toward equilibrium while 

equation (3) assumes nonlinear adjustment towards equilibrium. We denote the test that models 

adjustment linearly by FADF (the Fourier-ADF test), which uses eq. (2) along with eq. (1). The 

test procedure that allows for nonlinear adjustment will be denoted by NLtF −  (the Fourier-KSS 

test), which uses eq. (3) with eq. (1).  

As pointed out by Omay et al. (2020), the Fourier function given in eq. (1) implies that the 

deterministic component of series fluctuates continuously between upper and lower bands in a 

predictable way. However, this predictable fluctuation implies a never-ending arbitrage 

opportunity in exchange rates, which contradicts the economic theory and common sense2. 

 
2 Omay (2015) and Cai and Omay (2021) propose fractional frequency and double frequency Fourier functions, 
respectively, in unit root test procedures. However, these modifications also imply a predictable fluctuation in the 
deterministic components. While these functions may capture gradual breaks in deterministic components of many 
economic variables, the deterministic components implied by Fourier functions are implausible for real exchange rate 
series.  
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Therefore, they propose using exponential smooth transition functions to model temporary 

breaks in real exchange rates. Sollis (2005) and Çorakçı et al. (2017) also used exponential 

smooth transition functions to model a temporary gradual structural break in the mean of the 

series. They consider three models for the alternative hypothesis of stationarity against which 

the unit root null could be tested. The models are as follows: 

Model A: 

ttt Sy  ++= ),(21                                                (4) 

Model B: 

ttt Sty  +++= ),(211                                           (5) 

Model C: 

tttt tSSty  ++++= ),(),( 2211                                  (6) 

with the following exponential smooth transition functions 

 2)(exp1),( TtSt  −−−= ,          0                                   (7) 

 22 )(exp1),( TtSt  −−−= ,        0                                   (8) 

The transition function, ),( tS , is continuous, bounded between zero and one, and symmetric 

around zero. The transition speed parameter   determines the smoothness of the transition 

such that the speed of structural shift increases with  . While Corakcı et al. (2017) and Omay 

et al. (2020) use (7) to model temporary structural break, Sollis (2005) uses square of transition 

speed parameter as in the transition function (8) to introduce higher degree of nonlinearity in 

the deterministic part of the series and ensure positivity of the transition speed.   determines 

the timing of the transition midpoint such that 0),( =tS  when Tt = , and ),( tS  approaches 

1 when t  moves further from T . These features of the transition function imply that the 

structural changes in the deterministic components of the series are temporary.  

Equations (4-6) together with (2) constitute Sollis (2005) unit root tests for Models A, B and C. 

Corakcı et al. (2017) unit root test is similar to Sollis (2005) test, however, the transition speed 

parameter is different between the two tests. Omay et al. (2020) use equations (4-6) together 

with (3) and develop unit root test against the alternative of series ( t ) being stationary around 

a temporary structural change in the deterministic component with asymmetric speed of 

adjustment toward equilibrium. In all of these three test methods, the unit root test statistics are 

calculated via a two-step procedure. In the first step A, B and C models are estimated by the 

nonlinear least square and t̂  residuals are obtained. The second step tests for a unit root on 

the residuals t̂  by employing equations (2) or (3). The rejection of the unit root null hypothesis 

0=  indicates that the REER series is mean reverting with temporary structural break in the 

deterministic component. 

 

3. Data and the Empirical Test Results 

This study investigates the empirical validity of the PPP hypothesis for 60 economies (59 

countries and Euro-Area), including  27 EU member countries (Austria, Belgium, Bulgaria, 
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Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, 

Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, Portugal, 

Romania, Slovakia, Slovenia, Spain, Sweden), 4 non-EU European countries (Iceland, Norway, 

Switzerland, United Kingdom), Russia, 4 Middle Eastern countries (Israel, Saudi Arabia, United 

Arab Emirates, Turkey), 13 Asia-Pacific countries (Australia, China, Chinese Taipei, Hong 

Kong, India, Indonesia, Japan, Malaysia, Philippines, Singapore, South Korea, Thailand, New 

Zealand), 5 South American countries (Argentina, Brazil Chile, Colombia, Peru), 3 North 

American countries (Canada, Mexico, United Sates) and 2 African countries (Algeria, South 

Africa). All data of REERs are CPI-based (2010=100) broad indices obtained from the BIS (Bank 

of International Settlements) and covering the period 1994:01-2020:04.        

To test stationarity of the REER series, we apply the unit root tests described in the previous 

section. Namely, we use the Fourier-ADF, Fourier-KSS, Sollis (2005) and Omay et al. (2020) 

unit root tests. In addition, conventional ADF unit root tests (   and  ) are applied for 

comparison purposes. Furthermore, since a REER is a weighted average real rate of a country’s 

currency relative to its trading partners, it may contain a time trend justified on the basis of 

Balassa-Samuelson-type effects. Especially, structural reforms and/or relatively higher speeds 

of adoption of technological innovations in some countries may bring about rapid productivity 

gains for those countries. Hence, Models B and C in Sollis (2005) and Omay et al. (2020) unit 

root tests are used to test for a version of PPP allowing for a time trend to capture the Balassa-

Samuelson-type effect. Empirical results of these tests are reported in Table 1. 
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Table 1. Unit root test results for real effective exchange rates. 
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Table 1. Unit root test results for real effective exchange rates (Continued). 
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As can be seen from the Table 1 the conventional ADF test with constant term rejects the unit 

root null hypothesis for 12 countries (at 10% or higher significance levels). However, the ADF 

test including both constant and trend rejects unit root null hypothesis for only 5 countries. On 

the other hand, the FADF and e  tests that allow for gradual temporary break in the 

deterministic component, reject the null hypothesis of unit root for 16 and 15 countries, 

respectively. Further, NLtF −  and Et  tests that allow for gradual temporary break in the 

deterministic component together with nonlinear adjustment toward equilibrium, reject the null 

hypothesis of unit root for 26 and 27 countries respectively. The test results reveal that, after 

taking into account temporary structural break together with asymmetric speed of adjustment, 

the number of stationary REERs considerably increases. Also notice that the Et  test 

outperforms ADF, FADF, e  and NLtF −  tests in terms of the number of stationary REERs. 

Further, test results indicate that Et  has better power over ADF, FADF, e  and NLtF −  tests 

in terms of the rejection of unit root null hypothesis. At 1% significance levels, Et  test rejects 

the null hypothesis for 13 REERs, while ADF, FADF, e  and NLtF −  tests reject the null 

hypothesis for 2, 0, 1 and 7 REERs, respectively. The )(e  and e  tests, which include time 

trends in unit root tests, reject null hypothesis of unit root for 17 and 19 REERs, respectively. At 

the 5% significance level, )(e  and e  tests reject null hypothesis of unit root for 9 and 11 

REERs respectively. On the other hand, )(Et  and Et  test statistics reject null hypothesis of 

unit root for all countries and Euro Area except for Argentina in the case of )(Et  test statistic. 

In particular, )(Et  test statistic rejects null hypothesis of unit root for 48 countries at 1% 

significance level, 6 countries at 5% significance level and 5 countries at 10% significance level. 

However, Et  test statistic rejects null hypothesis of unit root for 50 countries at 1% 

significance level and 10 countries at 5% significance level. Consequently, Omay et al.’s (2020) 

unit root tests (i.e. Et , )(Et  and Et ) that take into account temporary structural break in 

the deterministic component together with nonlinear adjustment toward equilibrium, reject the 

null hypothesis of unit root for all countries, and thus strongly support the long-run PPP 

hypothesis for all countries in the study. 

Figure 1 presents REERs of all sample countries along with estimated nonlinear deterministic 

trend functions. We use model B to obtain fitted trend functions for all countries except for 

Argentina. Fitted trend function for Argentina is obtained from model C. As can be seen from 

the figure, the fitted trend functions capture major swings in the series quite well in most of the 

countries. Visual inspection of those REERs in Figure 1 as well as test results reveal the 

importance of taking into account structural breaks in analyzing dynamics of real exchange 

rates. 
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Figure 1. REERs (solid line) and estimated ESTR trend functions (dashed line). 
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Germany                                                                      Greece 
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Switzerland                                                                Thailand 

  
Turkey                                                                 United Arab Emirates 

  
United Kingdom                                                     United States 
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4. Discussion of the results 

The unit root test results presented in the previous section have important implications regarding 

exchange rate dynamics. First, notice that allowing for structural breaks results in more frequent 

rejection of the null hypothesis of unit root, consistent with the PPP proposition. In fact, while 

the conventional ADF (   and   combined) test rejected the null hypothesis in the case of 13 

countries, the FADF test rejected the null of unit root in the case of 16 countries whereas the 

Sollis’ (2005) tests ( e , )(e  and e ) rejected the null hypothesis in the case of 33 countries. 

This finding is in line with results of Hegwood and Papell (1998) and Papell (2002) and indicates 

that the equilibrium exchange rates might have shifted in the face economic shocks. Indeed, 

the world economy has witnessed several regional and global economic and financial crises 

during last three decades. In addition, most of the sample countries have undergone important 

structural changes and economic fluctuations during the sample period. These changes have 

probably caused to a shift in many real economic variables, including exchange rates.  

Second, our results indicate that the ESTR-type functions are more appropriate than the Fourier 

functions for modeling the breaks in real exchange rate series as suggested by Omay et al. 

(2020). Actually, as we have already mentioned, the Sollis’ (2005) tests rejected the null of unit 

root more frequently than the FADF test. The fact that the ESTR-type functions are more 

appropriate for modeling the deterministic components also imply that breaks in real exchange 

rate series are temporary in nature. This suggests that, however important might be the effects 

of shocks on real exchange rates, these shocks do not alter the equilibrium rate (or path) in the 

long run. Thus, our findings imply that, although economic shocks may have cause to a shift in 

the level of real exchange rates, such changes are temporary in nature, and exchange rates will 

revert to pre-shock level (or path) if sufficient time is allowed.  

Third, the results imply that real exchange rate dynamics might be inherently nonlinear as we 

find that allowing for nonlinear dynamics results in more frequent rejection of the null hypothesis. 

In fact notice that the test procedure of Omay et al. (2020) provided more evidence in favor of 

the PPP when compared to Sollis’ (2005) procedure. Similarly, the NLtF −  test rejected the null 

hypothesis in more cases than the FADF test. Thus, our findings support results of previous 

researchers who found that both asymmetric dynamics and gradual breaks govern real 

exchange rate series (see, for example, Sollis, 2004; Telatar and Hasanov, 2009; Omay et al. 

2018). 

Finally, our results provide some support for the Balassa-Samuelson effect. Notice that both 

test procedures of Sollis’ (2005) and Omay et al. (2020) reject the null hypothesis of unit root in 

more cases after allowing for a trend in the series. In particular, the )(e ( e ) and )(Et  (

Et ) rejected the null hypothesis more frequently than e  and Et  tests. This finding can be 

interpreted as an evidence of a trend in the real exchange rate series. While conventional 

exchange rate theories do not allow a trend in real exchange rate series, the presence of a trend 

can be justified by productivity differentials across countries. Thus, stationarity around a 

(nonlinear) deterministic trend supports the Balassa-Samuelson effect.  

5. Conclusion 

This study investigates long-run PPP hypothesis for 60 economies for the period 1994:01-

2020:04. Unlike many previous multi-country studies, we use trade-weighted averages of 60 

bilateral exchange rates adjusted by relative consumer prices. Use of reel effective exchange 
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rate series is equivalent to testing the validity of the PPP proposition vis-à-vis major trading 

partners rather than against a single country. Taking account of the fact that both structural 

breaks and nonlinear adjustments may characterize exchange rate dynamics, we use recently 

developed test procedures that allow for simultaneous structural breaks and nonlinear 

adjustment. Specifically, we use unit root test procedures that restrict structural breaks only to 

temporary changes. For comparison purposes, we also applied the conventional ADF test that 

takes account of neither structural breaks nor nonlinearities. We find that allowing for structural 

breaks and nonlinearities results in more frequent rejection of the null hypothesis of unit root, 

consistent with the PPP proposition. Among the test procedures employed in this paper, the 

test proposed by Omay et al. (2020) outperforms other tests in terms of rejection of the null 

hypothesis. Their test procedure rejected the null hypothesis in all 60 series, thus providing 

evidence in favor of the PPP proposition in all economies. This result implies that their test 

procedure might be more appropriate in analysis of stationarity of exchange rates. 

Our results have clear and nice implications. First, stationarity of the REER series imply that 

exchange rate management policies will affect foreign trade flows only in the short run as 

deviations from the equilibrium are not persistent. Second, the effects of these policies might 

be asymmetric as our results suggest that adjustment towards equilibrium is nonlinear. Third, 

we found evidence in all countries only after allowing for a structural break. This implies that 

major shocks have shifted equilibrium exchange rates. Therefore, previous levels of exchange 

rates might not be proper to evaluate present deviations from the equilibrium, if any. Finally, as 

equilibrium rates might shift in the future as well, exchange rate policies might have no or 

unexpected effects. All in all, our results imply that both policymakers and market practitioners 

must take account of possibility of structural changes and nonlinear dynamics in their decisions.  
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