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CENTRE OF PLANNING AND ECONOMIC RESEARCH 

The Centre of Planning and Economic Research (KEPE) was established as a 

research unit, under the title "Centre of Economic Research", in 1959. Its primary 

aims were the scientific study of the problems of the Greek economy, the 

encouragement of economic research and the cooperation with other scientific 

institutions. 

In 1964, the Centre acquired its present name and organizational structure, 

with the following additional objectives: first, the preparation of short, medium and 

long-term development plans, including plans for local and regional development as 

well as public investment plans, in accordance with guidelines laid down by the 

Government; second, the analysis of current developments in the Greek economy along 

with appropriate short and medium-term forecasts; the formulation of proposals for 

stabilization and development policies; and third, the additional education of young 

economists, particularly in the fields of planning and economic development. 

Today, KEPE focuses on applied research projects concerning the Greek 

economy and provides technical advice on economic and social policy issues to the 

Ministry of Economy and Finance, the Centre 's supervisor. 

In the context of these activities, KEPE produces four series of publications, 

notably the Studies, which are research monographs, Reports on applied economic 

issues concerning sectoral and regional problems, and Statistical Series referring to the 

elaboration and processing of specifies raw statistical data series. Finally, it publishes 

papers in the Discussion Papers series, which relate to ongoing research projects. 

Since December 2000, KEPE publishes the quarterly issue Economic 

Perspectives dealing with international and Greek economic issues as well as the 

formation of economic policy by analyzing the results of alternative approaches. 

The Centre is in a continuous contact with foreign scientific institutions of a 

similar nature by exchanging publications, views and information on current economic 

topics and methods of economic research, thus furthering the advancement of 

economics in the country. 
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ABSTRACT 

Two different approaches intent to resolve the "puzzling" slow convergence to 

purchasing power parity (PPP) reported in the literature, (see Rogoff, 1996). On one 

hand, there are models that consider a nonlinear adjustment of real exchange rate to PPP 

induced by transaction costs. On the other hand, there are models that relax the "classical" 

PPP assumption of constant equilibrium real exchange rates, see Balassa, 1964, and 

Samuelson, 1964 (the BS effect). This paper reconciles those two approaches by 

considering a nonlinear adjustment mechanism towards non-constant equilibrium real 

exchange rates. The equilibrium is proxied using either a deterministic trend or the relative 

price of nontradables in a theoretically appealing manner to proxy for BS effects. Our 

results imply faster speeds of mean-reversion and half-life shocks to the real exchange rate 

of less than two years. 
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1 Introduction 

In a celebrated paper, Rogoff (1996) describes the "purchasing power parity puzzle", 

that is the difficulty to reconcile high short-term volatility of real exchange rates with 

extremely slow convergence to purchasing power parity (PPP). The average half life 

of PPP deviations reported in the literature and based on linear models is around 3-5 

years, seemingly far too long to be explained by nominal rigidities. Subsequently a 

number of authors have attempted to provide an empirical rationale for this puzzle. 

One approach, motivated by recent theoretical contributions (see e.g., Dumas, 1992; 

Uppal, 1993; Sercu et al., 1995; O'Connell, 1998; Ohanian and Stockman, 1997; 

and O'Connell and Wei, 1997), is to employ a nonlinear framework for analysis of 

purchasing power deviations. This approach recognizes that transactions costs or the 

sunk costs of international arbitrage induce nonlinear adjustment of the real exchange 

rate to PPP. 

The theory of this approach states that in a general equilibrium model optimal 

allocation of goods between domestic and foreign countries (the real exchange rate) 

is a nonlinear autoregressive process with disequilibrium increasing with the size of 

imbalance when real exchange rate is within a transaction costs band. When goods can 

be transferred abroad, there might not be optimal shipping the goods when the cost of 

shipping is greater than price difference. Whilst globally mean reverting this nonlinear 

process has the property of exhibiting near unit root behavior for small deviations from 

PPP, since small deviations from PPP are left uncorrected. They are not large enough to 

cover transactions costs or the sunk costs of international arbitrage. According to these 

models, the size of the transaction bands would depend on a series of variables such 

as risk aversion, variability of domestic production and shipping costs. Obviously, the 

values of such variables could change over time provoking changes to the size of the 

band. When price differentials surpass the band, trade between countries will occur, 
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pulling the economy back to equilibrium. 

One parametric nonlinear model that captures the nonlinear adjustment process 

suggested by the theoretical literature in aggregate data is the exponential smooth tran

sition autoregression model (ESTAR), of Granger and Terasvirta (1993) in which tran

sitions between a continuum of regimes is assumed to occur smoothly. "Regimes" 

correspond to a continuum of parity deviations with range from zero to infinity (the

oretically). The smooth adjustment process is suggested in the analysis of Dumas 

(1992) while as noted by Terasvirta (1994), in aggregate data, regime changes may be 

smooth rather than discrete given that heterogeneous agents do not act simultaneously 

even if they make dichotomous decisions (see also Anderson, 1997, for an empirical 

application of agent heterogeneity and smooth transition in the bond market). Recent 

empirical work (e.g., Michael et al., 1997; Baum et al., 2001; Taylor et al., 2001, Peel 

and Venetis, 2003; and Paya et al., 2003) has employed monthly real exchange rates 

for the interwar and postwar float as well as a two century span of annual rates and 

showed that the ESTAR model provides a parsimonious fit to the data. 

The speed of adjustment of these nonlinear models will then depend on the size of 

the deviation from PPP which is consistent with the theory detailed above. However, if 

we were to analyze the speed of adjustment of PPP deviations within a linear structure, 

this would be the same either when a very small or a very large deviation is present in 

the market. 

Of particular interest is the result reported in Taylor et al., (2001), and Paya et al. 

(2003) for monthly data from the post-war float. Nonlinear impulse response functions 

show that whilst the speed of adjustment for small shocks around equilibrium will 

be highly persistent, larger shocks mean-revert much faster than the "glacial rates" 

previously reported for linear models (Rogoff, 1996). In this respect, the nonlinear 

models provide some solution to the PPP puzzle outlined in Rogoff (1996). Namely, 

how can one reconcile the enormous short run volatility of real exchange rates with the 

extremely slow rate at which shocks appear to damp out? 

A second approach to resolution of the puzzle, has been to relax the implicit as-
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sumption in the nonlinear studies that the equilibrium real exchange rate is constant. 

A variety of theoretical models, such as that of Balassa (1964), Samuelson (1964), 

and Lucas (1982) imply a non-constant equilibrium in the real exchange rate. Produc

tivity differentials between two countries can explain deviations from PPP, especially 

under cpz-based real exchange rates. This argument was first postulated by Harrod 

(1939), and further stressed by Balassa (1964) and Samuelson (1964). If productivity 

is higher in the tradable-good sector than in the non-tradable sector, but wages tend 

to equalize within different sectors of the economy, non-tradables (mainly services) 

will be relatively more expensive in countries with higher productivity levels. ' Under 

these assumptions (the HB S effect), PPP need not hold in the short run and it would 

exhibit a "trend-like" behavior defined by the productivity differential between the 

two countries. Such effects have been found to be important in panel data analysis, 

though a linear framework was assumed (see e.g., Canzoneri, Cumby and Diba, 1996; 

and Chinn and Johnston, 1996). These studies report faster adjustment of the real 

exchange rate to equilibrium than the speeds obtained in panel studies where the equi

librium exchange rate is assumed constant.2 One limitation of the panel studies is that 

adjustment is assumed to be linear since, at the present time, estimation technology 

requires this assumption. 

However, even in relatively short spans of data, real effects on the equilibrium 

real exchange rate flowing from HB S effects may be important. For instance, Rogoff 

(1996) suggests that the sustained post-war appreciation of Japan's real exchange rate 

against the Dollar is consistent with such effects. Naturally, models that ignore this 

1 The fact that the relative price of nontradables would reflect changes in productivity is also achieved 

under different set-ups. See De Gregorio et al. (1994) for a growth model with one production function 

for each sector, and Rogoff (1992) for a small open economy with perfect capital mobility. Canzoneri 

et al. (1998) also prove that for a class of technologies, including Cobb-Douglas production functions, 

labor mobility and marginal cost pricing imply that the relative price of home goods should be propor

tional to the ratio of average labor productivity in the traded and home-good sectors. 
:We know from the analysis of Taylor (2001) that if the true data generation process is nonlinear 

then the use of the linear models can severely underestimate the speed of adjustment. 
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effect may generate misleading speeds of PPP adjustment to shocks. In this regard it is 

interesting that Lothian and Taylor (2000) found that, for data spanning two hundred 

years, adjustment speeds were much faster in a linear autoregressive model embodying 

a nonlinear deterministic trend (the proxy for HBS effects) than in the model without 

trends. That result was reinforced by Peel and Venetis (2003) in a nonlinear frame

work. 

Because both the nonlinear adjustment mechanism to equilibrium and the possibil

ity of a non-constant equilibrium real exchange rate are theoretically well motivated 

it seems worthwhile to examine the speeds of adjustment obtained from estimates of 

models that endeavour to capture both effects. That is the purpose of this paper. We 

model real exchange rate deviations for seven economies in the post-war float employ

ing high frequency-monthly data. We base our analysis on the ESTAR framework but 

incorporating deterministic trends and the relative price of non-tradables in a theoret

ically appealing manner to proxy for HBS effects. We show that the estimates of the 

models and the implied speeds of adjustment are sometimes quite different in models 

that incorporate such proxies for the equilibrium real exchange rate than in ESTAR 

models where the equilibrium rate is assumed constant. Overall, when the equilibrium 

level of the real exchange rate is considered to be non-constant, the speed of mean-

reversion is much faster than in a "classical" framework and, in some cases, half-life 

of shocks to the real exchange rate appear to be less than two years. The empirical evi

dence reported seems to provide a coherent explanation of the puzzle raised by Rogoff 

(1996). 

The rest of the paper is organized as follows. Section 2.1 presents and discusses 

the nonlinear ESTAR model considered in our applications. Section 2.2 examines 

the test of unit root against the alternative of nonlinear stationarity. In section 2.3 

we describe the dataset and then we discuss the empirical estimates of linearity tests. 

Section 2.4 presents the results of the estimated ESTAR models. Linear time trends and 

a more structural approach with productivity differentials are also considered. Section 

3 presents the results of the estimated impulse response functions of the nonlinear 
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models and assesses the impact of trends on the persistence of shocks. Finally, section 

4 concludes. 

2 Nonlinear Real Exchange Rate 

2.1 ESTAR Model 

In this section we investigate the possibility that the real exchange rate, yt, (yt = 

St — Ρ + Ρ*), could be described by the following ESTAR process as in Michael et al. 

(1997); Taylor et al. (2001); Peel and Venetis (2003), and Killian and Taylor (2003): 

ijt = cxt + $(L)(yt - cxt)G (yt-d - cxt-d\ l\ + «t 

G (yt-d - cxt-d\ 7) = exp < - 7 (yt-d - cxt-dj > 

w i t h 7 > 0 (1) 

where st is the logarithm of the spot exchange rate (units of domestic currency per 

one unit of foreign currency), pt is the logarithm of the domestic price level and p* the 

logarithm of the foreign price level. The set of regressors xt could be deterministic or 

stochastic and {ut} is a white noise sequence with mean zero and variance σ\. Parame-
p 

ter d is called the delay lag of the transition variable yt-d — c xt_d and Φ(£) = Y^^iL1 

is a polynomial in the lag operator L. The vector of variables xt can be inteφreted as 

the determinants of the equilibrium level of the real exchange rate. Model (1) is only a 

reformulation of the popular ESTAR(p) model of Granger and Terasvirta (1993) and 

it is written in terms of zero mean and/or trend free random variables. Van Dijk et al. 

(2002) provide a rigorous survey on recent developments in smooth transition models. 

The ESTAR transition function is symmetric about yt-d — cxt-d and admits the limits, 

G (.57) - Oas 

G(.;7) -> l a s 

Ut-d — C Xt-d 

t 

yt-d - c xt-d 
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Parameter 7 can be seen as the transition speed of function G(.) towards 0 (or 1) as the 

absolute deviation \yt-d — c Xt~d\ grows larger (smaller). Particular emphasis is re-
v 

served for the unit root case Φ(1) = Σ φ3• — 1. Then, model (1) has a fixed point3 at 
j - i 

y s= ex with immediate economic interpretation which merits further comments. We 

can view fluctuations in yt — c xt as short run "disequilibrium" or transitory fluctua

tions around the long run equilibrium y—c x. Given the function's asymptotic behavior 

described in (2), yt resembles a random walk process when it is near its long run path 

cxt. When the deviations from equilibrium are "large", the magnitude of such devia

tions along with the magnitude of 7 imply that G(.) is less than one so that yt is mean 

reverting. Eventually, the larger the past deviations we observe, the faster yt converges 

towards c xt.
4 Thus, equation (1) stands as a general framework of adjustment towards 

equilibrium dictated by (for example) the presence of arbitrage conditions and it can 

be viewed as a nonlinear cointegrating regression if yt, xt are nonstationary. 

It is true that nonlinearity can have a myriad of alternative spécifications, nev

ertheless, equation (1) admits a convenient reduction based on the value of a single 

parameter involved in the nonlinear function G(.} ) namely 7. For simplicity, assume 

ρ = I, and d = 1. Then, under the null hypothesis of a linear model, 

H0 : 7 = 0 (3) 

we obtain 

yt = cxt + -ut (4) 

1 -<pxL 

Kapetanios et al. (2003a,b KSSa,b hereafter) recognized the advantages of the non

linear representation (1) and derived unit root tests for three leading cases of nonlinear 

(and asymptotically stationary) alternatives, 

3The fixed point can be found by solving equation ( 1 ) after eliminating time subscripts and the errors 

ut. For example, y = c χ + $(l)(y — c x)G (y — c x;yj 
4To avoid confusion, the notion of "mean reversion" is defined as the situation where the effects of 

shocks on yt do not persist forever. In a sense, explosiveness is ruled out. 
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1. In (1) let Φ(1) = 1 and cxt = c0. Under the null, HQ : 7 = 0 (nonlinearity is 

not present), yt behaves as a random walk with drift (or pure random walk when 

c0 = 0. The latter case is referred to as the raw data case or case 1 by KSSa 

while c0 Φ 0 is referred to as the de-meaned data case or case 2). 

2. In (1) let Φ(1) = 1 and c'xt = c0 4- C\t. Under the null, H0 : 7 = 0 (nonlinearity 

is not present), yt behaves as a trended random walk (case 3 in KSSa) 

3. In (1) let Φ(1) = 1 and xt be a set of nonstationary regressors integrated of or

der one. Under the null, Ho : 7 = 0 (nonlinearity is not present) regression (4) 

reduces to a spurious regression. For 7 > 0 cointegration exists in a nonlinear 

manner. Three subcases are identified. Subcase (a) xt. is a k χ 1 set of nonsta

tionary regressors (case 1 in KSSb), subcase (b) xt is (k -f 1) x 1 including a 

constant (case 2 in KSSb) and subcase (c) xt is (k 4- 2) χ 1 including a constant 

and a time trend (case 3 in KSSb). 

For all real exchange rate series we examine, we will consider all three aforemen

tioned leading cases as possible alternatives to the unit root standard. Case 1 implies 

that real exchange rate returns to a constant equilibrium level and it will be referred to 

as the "benchmark" case. The third leading case (nonlinear cointegration) will attract 

most of our interest. Large deviations from the long run relationship do not persist for

ever while for small deviations the stationary connection of yt and cxt does not hold. 

Thus we are tempted to name case 3 as "weak co integration".5 Note that although the 

KSSa,b model might appear different from (1), it is actually based on a reparameter-

azation setting the transition function equal to 1 — G(.). We prefer model (1) for its 

direct form with function G(.) resembling a positive autoregressive "varying" parame

ter. Furthermore, infinitely large deviations are instantly (within a month) "corrected". 

5 KSSb developed nonlinear unit root tests for case 3 based on two operational versions of cointe

gration. One test relies on an error correction form while the other is based on the Engle and Granger 

(1987) two step procedure. 
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Conditions (5) and (6) of KSSa are satisfied in (1), even when a unit root is present, 

thus when 7 > 0, yt is geometrically ergodic and asymptotically stationary. 

2.2 Testing the null of spurious regression against the alternative 

of "weak cointegration" 

In this section, we extend the results of KSSa,b by expanding the space of alterna

tives. We allow for transition variables with delays longer than d = 1. Following the 

definitions of Luukkonen et al. (1988), and the work of KSSa,b we derive at — type 

test statistic based on first order procedures.6 We briefly discuss the KSSa,b proce

dure and then we present a corollary to the KSSb theorem 3.1. To ease notation, let 

y* = yt — cxt where c denotes least squares estimates. Let d = 1 and for simplicity 

ρ — 1. Under the null hypothesis, and that of a unit root in Φ(£), using a first or

der Taylor approximation to the transition function around point 7 0 = 0. we get the 

auxiliary regression 

&y*t = fyt-i + error (5) 

or the augmented regression 

ρ 
Δ!/ί* = Σ aAVt-j + fyt-ì + error (6) 

where lags of the dependent variable address the issue of possible error autocorrelation. 

Testing for δ = 0 against δ < 0 corresponds to testing the null hypothesis (3). The 

t-statistic is given by7 

t^(c) = - i r Ο) 
s.e{ò) 

ρ . j 
6The pth order Taylor approximation of G(.) arround 70 = 0 is (1 + £ (—l)· 7^^.^). Higher order 

fml 
approximations will introduce more than one regressors at the right hand side of the auxiliary regression 

(5). 

Vy£ and tyL will refer to cases (1) and (2) respectively. The t\-L statistic will be denoted 

t-XL-^XL ·̂ VL depending on the subcase we test. 
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where s.e(ô) denotes the standard error of δ. The asymptotic distribution of (7) is not 

standard since, under the null, the underlying process is nonstationary. Apparently, (7) 

converges weakly to a complicated functional of Brownian motions and its distribution 

is the same when the transition variable ift_x is substituted by y*_d or moving averages8 

of y*_j(see Venetis et al. (2004) for a corollary to the KSSb theorem 3.Land proof). 

What changes is the form of the auxiliary regressions that generalize to 

&Vt = àyl-iVl-d + e r r o r 

Ay; = £,aAylj + 6y*t-iyl-d +error (8) 

The corollary's results are particularly important since we can generalize KSSa,b 

tests against wider alternatives that assume longer adjustment periods. Asymptotic 

critical values for the tNL(c ) statistics have been tabulated via stochastic simulations 

in KSSa,b. Table 1 collects the critical values of interest from KSSa,b to ease our 

subsequent presentation. 

The small sample properties (size and power performance) of the t-type statistics 

(7) are investigated by KSSa,b using small-scale Monte Carlo experiments. The results 

are particularly encouraging. It seems the test has strong power properties for small 

samples of Τ = 100 or Τ = 200 observations given that the transition speed parameter 

is not particularly small. A word of caution is necessary at this point. In the station

ary regressors framework, the normalization v 7 _ ; has often been applied since the 

transition speed parameter is unit dependent. KSSb results suggest that even for transi

tion speeds being as small as -^th of the transition variable variance the power is close 

to 1.0 (even at samples of 100 observations). Nevertheless, for smaller Y s the power 

of the test drops dramatically9. This is expected since we approach the unit root and 

the series appears increasingly "structured". 

8 Moving average type transition regressors have been used before in exponential smooth transition 

models (albeit in a stationary regressors framework). To mention only one example see Galbraith and 

Tkacz (2000). 
9We performed our own simulations matching the KSSa,b size and power results. Nevertheless, we 

also allowed for 7 < 0.10. Results are available upon request. 
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The next section proceeds with application of the tests, i V L , £;VL, tNL, to real ex

change data. The ESTAR type specification is well established for nonlinear real ex

change rate models. Initially, we favor d = 1, a choice also preferred by similar studies 

[see e.g. Michael et al., 1997, Taylor et. al., 2001, Kapetanios et al., 2003a,b, and Paya 

et al., 2003]. We will then relax this assumption.10 

2.3 Empirical application of nonlinear unit root tests 

The data consists of monthly observations on end-of-period spot exchange rates of US 

dollar against French franc (FRF), Belgian franc (BEF), Deutsche mark (DEM), Italian 

lira (ITL), Japanese yen (JPY), Netherlands guilder (NLG) and British pound (GBP). 

The real exchange rate is calculated using the consumer price indices of US (home 

currency) and of the other seven economies.11 Three additional real exchange rates are 

computed: GBP/DEM, GBP/JPY (U.K pound is the home currency), and DEM/JPY 

(Deutsche Marc is the home currency). Our sample spans the period January 1973 to 

May 2001. The real exchange rate, yt, was normalized so the first observation, 1973/01 

is set to zero, y^ = 0. 

Figure 1 plots the ten real exchange rates. Theory predicts that the series should 

be untrended and this "appears" generally to be the case with three notable exceptions, 

namely, the bilateral rates against the JPY. Although theory does not support the idea of 

a trend in the real exchange rates, the relevant tNL statistics were based on de-meaned, 

de-trended and fitted data. 

We explain why. The benchmark case is straightforward assuming a constant long 

run PPP equilibrium. In case (2), we set c xt = δ0 + ö^t. The introduction of a time 

trend in the long run PPP path is non -intuitive as we attempt to approximate real 

effects such as the Harrod-Balassa-Samuelson (HBS) effects. Similar specifications 

10Note that, one alternative choice for G(.) would be the logistic function but it implies asymmetric 

response to positive and negative deviations in PPP. Clearly, the exponential function has theoretical 

ground and it is more intuitive since it implies symmetric adjustment to deviations from c Xt-d-
1 ' Exchange rates and price data are taken from International Financial Statistics database. 
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have been found to be significant in a linear framework (see e.g., Lothian and Taylor, 

2000; and Shivery, 2001). Rogoff (1996) argues that a canonical time series example 

of the HBS effect is Japan which has experienced the fastest overall per capita income 

growth of any major country since the second world war. Indeed, a first order time 

trend polynomial proved to be important in all cases where the bilateral real exchange 

rate included Japan12, confirming the empirics of Figure 1. 

This suggests that the time trend may have additional predictive content for the 

unobservable productivity differentials over our sample period as well as possibly cap

turing some other factors, such as net foreign asset positions and fiscal imbalances, 

that could explain permanent deviations from "classical" PPP13 (see e.g. MacDonald 

and Stein, 1999). 

Unfortunately, the linear time trend is a poor approximation when it comes to struc

tural changes (of intercept or slope type). It assumes a constant increase or decrease of 

the underlying real factor, thus a constant devaluation or appreciation of the real rate. 

Increasing the order of the time trend polynomial dissolves the "long run path" inter

pretation as the polynomial time trend fits increasingly better the short run dynamics 

of yt. Given the aforementioned atheoretical nature of time trends, we consider a third 

case of alternatives to the puzzling unit root of real rates. 

In case (3), we set c xt = CiX\,t or c xt = c0 4- c2x\.t or c xt = c0 + c\t + ο^χχχ. 

A structural approach is adopted by replacing the mechanical deterministic trend with 

theory proposed variables known to affect the real exchange rate path. Before pro

ceeding to the analysis a remark is necessary. It is straightforwardly understood that 

the variables employed could only be poor proxies for the productivity differential. 

12Chinn and Jonston (1996) and Koedijk et al. (1998), using panel data methods conclude that one 

needs a trend to explain movements in this currency. Kong (2000) uses a linear trend as the equilibrium 

level for the Yen/Deutsch mark real exchange rate in the post-war period. 

,3Chinn and Johnston (1996) and Strauss (1999) consider demand-side factors that could explain per

manent deviations from PPP. In particular, they consider that government spending over GDP (largely 

on non-tradables) could induce changes in the equilibrium level of the cpi-based real exchange rate. 

Nevertheless, data availability at monthly frequency prohibited us to proxy such effects. 
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We have already pointed out in the introduction that productivity differentials be

tween two countries can explain deviations from PPP. Under the HBS effect, PPP 

would not hold in the short run and it would have a trend defined by the productivity 

differential between the two countries. Therefore, we will employ the relative price 

of non-traded goods (proxied by consumer price index, cpi) over the price of traded 

goods (proxied by producer price index, ppi) as a measure of productivity, and we will 

use the difference of this ratio over its foreign counterpart as the productivity differ

ential between the two countries14: prod — (cpi*/ppi*)/{cpi/ppi). The productivity 

differentials (in logs) are plotted in figure 2. 

Several studies have explicitly tested the relationship between the relative price 

of non-tradables and productivity [see, e.g., Balassa, 1964, Marston 1987, Asea and 

Mendoza, 1994, De Gregorio et al., 1994]. The overall empirical evidence is that there 

is always a positive and significant link between these two variables. Under our nota

tion, higher foreign productivity would increase the real exchange rate implying a real 

depreciation of the home (US) currency against the foreign currency, i.e., the coun

try with greater productivity growth. This relationship has been tested using different 

cointegration techniques [see, Chinn, 1997; Chinn and Johnston, 1996; Canzoneri et 

al., 1998; Kakkar and Ogaki, 1999]. In a reduced-form model of the real exchange 

rate, MacDonald (1998) using multivariate cointegration methods for the post-war pe

riod, finds evidence of a long-run relationship between the real exchange rate (US 

dollar/Deutsche mark, US dollar/Japanese yen) and a set of fundamentals including 

the same proxy (prod) for productivity differentials with the one used in our appli

cation. Strauss (1999) analyses the mean reversion of the real exchange rate of the 

sterling against fourteen other OECD exchange rates for the post-war period. Using 

Johansen VAR, dynamic OLS and fully modified OLS, the author demonstrates that 

14For a discussion about the use of the consumer price index, (cpi), as a proxy for the price of non-

traded goods, see Engel (1993) and Froot and Rogoff (1995). Also, see Engel, (1999) for a more 

general discussion on these indices as proxies for nontraded and traded goods sectors. See Chan and 

Tong (1986) and Luukkonen (1990). 
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increases in the domestic relative price of domestic non-tradables are associated with 

appreciations of real exchange rates. 

We now proceed to test whether the real exchange rates follow a unit root against 

an ESTAR alternative. We estimate an ADF regression model with 12 lags for the 

first differences of real rates Ayt for each series and for each case (1), (2), (3a), (3b) 

and (3c). Due to the large number of estimated models we followed an automated 

procedure. In the first stage, autoregressive terms with a t-statistic less than 1.40 are 

excluded. In the second stage autoregressive terms with t-statistics less than 1.55 are 

excluded. All autoregressive terms still remaining at the third stage were proven to be 

significant at least at the 10% level. Then, regression (6) with selected augmentations 

was estimated to compute the test statistics. The test results for the case of d = 1 are 

summarized in Table 2. 

The nonlinear ADF test, r v { . for d — 1. is able to reject a unit root in only 2 out 

of 10 cases with at least 10% significance level, giving very weak support to long run 

PPP. A similar picture arises when we observe the results produced by assuming cases 

(2) with de-trended data or cases (3a) and (3b). A notable exception here is the JPY 

related rates that reject the unit root null hypothesis when we detrend the data. Only in 

case (3c) were a constant, a time trend and the productivity differential are included the 

null hypothesis is rejected in 4 out of 10 cases. We feel that this is compliant towards 

the adoption of productivity differential proxies other than or in addition to simple 

atheoretic time trends. Of course in the case of JPY the particular proxy given by prod 

fails to reject the null. There is no long run relationship, even in a "weak sense". 

In total, we cannot conclude that these results are in favor of long run PPP. This 

is in contrast with the results in Kapetanios et al. (2003a). Nevertheless, note that the 

latter use (a) quarterly data and (b) the period they examine is 1957Q1 to 1998Q4. 

Our sample covers the post-1973 period that is definitely more volatile than the pre-

1973 period in the sense of amplification in real rate movements. It is known that in 

linear unit root tests, power depends more on the span of the data rather than on the 

number of observations with consistency increasing when the time span increases with 
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the number of observations. Long data spans are necessary to identify mean reversion 

in slowly decaying processes (see Maddala and Kim, 1998, p. 129 and references cited 

therein). Thus, it could be the case that the tests have low power against the specific 

time window used in our study. 

Subsequently, we exploit the results of Venetis et al. (2004), and we compute t-

statistics for cases (1), (2) and (3a), (3b), (3c) under different values of d (the delay lag 

in the transition variable). Such delays could be attributed to either recognition lags, 

limits to arbitrage15 or, as Rogoff (1996) mentions, to short-term rigidities in domestic 

nominal prices. Furthermore, such generalizations are of particular interest given the 

previous discussion on power and the so called "glacial rates" of mean reversion in 

real exchange rates.16 

Figure 3, presents the t-statistic rN'L (de-meaned data) across a range of d = 

1.....48 for FRF as a visual aim to the results that appear in table 3. Apparently, 

although the test fails to reject the null when d = I (see table 2), this is not the case 

for some alternative d values providing evidence in favor of long run PPR 

Table 3 summarizes the results when the transition variable is allowed to exhibit 

delay d > 1. We report the first d and its respective t-statistic when the later crosses 

the corresponding 5% critical value. If such crossing does not occur we search for the 

delay where the t-statistic crosses the 10% critical value. If again such a crossing never 

occurs we report the largest - in absolute terms - statistic and the respective delay lag. 

Not surprisingly, the number of rejections of the null hypothesis increases noticeably. 

l5Barberis and Thaler (2003, ch. 18) present a high quality overview of the notion in the context of 

financial economics. 
16Allowing for longer feedbacks could be a modelling answer to the slow rate of reversion and the 

shorter span of the dataset. We expect the generalized impulse response functions in models with d > 1 

to be more persistent than with d = 1 but definitely lower from the infinite persistence of shocks in the 

null unit root model. In model (1) when d > 1 then it takes at least d periods in order for the smooth 

transition mechanism to initiate. The differentiation of responses regarding large vs small deviations 

implied by (1) is "delayed". Similar testing for suitable transition variables or the same variable tested 

at different delays, like in our case, is not uncommon in the non-unit root nonlinear models literature. 
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In total, under different assumptions regarding the modelling of the long run path, the 

unit root hypothesis is rejected for all real rates suggesting strong support in favor of 

long run PPP. 

The tyL statistic is able to reject the null of unit root in 9 out of 10 cases at the 

10% significance level, at least. The rN'L statistic rejects in 5 cases, the rN

a^ in 7 out of 

10 cases and the vNl,ΓΝ°1 in 6 out of 10 cases at the 10% significance, at least. This is 

a considerable improvement compared to all d = 1 tests. 

The results suggest that the exponential smooth transition model can provide the 

answer to the empirical PPP puzzle as long as the right variables are introduced into the 

χι variable set and the possibility of delays in the workings of the transition mechanism 

is taken into account. 

Our final specification choice for model (1) is related to the modelling of long run 

equilibrium. We will choose to estimate model (1) under the case that admitted the 

smallest d for the transition variable. Long delays would imply inadequacy of the 

underlying long run equilibrium specification as the model will resemble a unit root 

process and real rate swings perceived to be "transitory" would be simply ignored. But 

delays of two or four years appear economically implausible in justifying the underly

ing long run specification. 

Hence, in the next section, we describe the estimation and results of the following 

models: FRF (3a), BEF (3a), DEM (3a), ITL (3c), JPY (2), NLG (3a), GBP (3a), 

GBP/DEM (3c), GBP/JPY (3c), DEM/JPY (3c). 

2.4 Estimation of exponential smooth transition models 

Table 4 displays the estimation results of the smooth transition model 

Vi = riVÎ-i exp{-7y?-d} + "t (9) 

where y* denotes de-meaned, de-trended or in-deviation data. To avoid poor identifi

cation and given that t-tests conditioned on the unit root, we set ^ = 1. For cases (3a) 
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or (3b) or (3c), we also report estimates of c2 from the least squares regression of yt on 

xt.]1 

Since the t-ratio of the estimated coefficients in (9) does not provide a valid signif

icance test in the usual way, we conducted a Monte Carlo experiment to find critical 

values for the estimated parameters.18 Table 4 reports the critical values. 

It is interesting to note that in all our "preferred" models for each exchange rate 

we found a significant t-ratio for the speed of adjustment parameter, 7. The 7 esti

mates lie in the range [0.314 to 2.634]. This is indicative of how important "correct" 

specification of the equilibrium relationship is, regarding the transition speed parame

ter. For instance, recall (figure 1) that DEM/JPY exhibits an 'obvious' positive trend. 

Accounting for the trend is vital. Of course we do not suggest that a linear time trend 

constitutes the correct DGP but at least in this case the productivity differential only 

cannot account for the observed real rate path. Overall, observing the transition speed 

estimates and their significance across all 3 cases, we find strong evidence of long run 

PPP. 

The next section attempts to measure the influence of nonlinearity (and the magni

tude of 7) on the persistence of the series. Note that although asymptotically stationary, 

17In some cases, low first order autocorrelation autocorrelation coefficient of residuals no greater than 

0.170, was present in the residuals of (9) (Eirtheim and Terasvirta ( 1996) developed several specification 

tests for nonlinear models). However, in order to perfom the nonlinear ADF test when ρ > 1, modifica

tions to the auxiliary regression (8) are required. Given local nonstati onarity, the fit of the models is very 

high and does not leave much room for structures in the residuals. Thus, we prefer not to proceed with 

more elaborate autoregressive structures. Different initial values led to the same parameter estimates 

indicating global minimum of the nonlinear least squares function. 

18Under the null, we generate a random walk yt with yo = 0 and sample size equal to the observed 

samples. The underlying noise process is NID(0, s). The value of s was chosen as the average of 

observed standard deviations. In case (i) s = 0.030. in case (ii) .s = 0.030 and in case (iii) s — 0.032. 

We regress yt on a constant, a time trend and on an independently constructed random walk xL and 

we keep the residuals. Then, we estimate model (9) (with d = 1) under cases (i), (ii), (iii) using the 

residuals and store the t-ratios for the involved parameter. This is repeated 5,000 times and the critical 

values are obtained from the 10%, 5%,1% upper empirical quantiles. 
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each series faces a continuum of persistent states. When near its mean ('equilibrium'), 

the root is unity by construction, and the series is locally nonstationary. But, when it 

is away from its mean, the series exhibits mean reversion. The further it deviates, the 

more strong the reversion effects that are applied. 

3 Persistence of shocks to real exchange rates 

3.1 Generalized impulse response functions 

The impulse response function is a well established measure of persistence when lin

ear models are at hand. The function has attractive policy implications. After all, how 

long does it take for a shock to vanish? The question becomes particularly relevant in 

the PPP context and the "glacial" reversion speed rate. The main empirical objection 

with PPP being random walk is the counter-intuitive conclusion that shocks persist 

forever. In addition, even if a stationary linear model could be specified with near unit 

root behavior, the percentage absorption of shocks in time, will be the same regardless 

the shock magnitude. In this section, we attempt an analysis regarding the persistence 

properties of exponential smooth transition models. Note that, a number of appealing 

properties of the impulse response functions of linear models do not carry over to non

linear models. In particular, impulse responses produced by nonlinear models could 

be (a) history dependent, so they depend on initial conditions (b) dependent on the 

size and sign of current shocks and (c) dependent on future shocks as well. That is, 

nonlinear impulse responses can critically depend on the "past", the "present" and the 

"future". 

The Generalized Impulse Response Function (GIRF) introduced by Koop, Pesaran 

and Potter (1996) successfully confronts the challenges that arise in defining impulse 

responses for nonlinear models. The impulse response is defined as the average dif

ference between two realizations of the stochastic process {yt+k} which start with 

identical histories up to time t — \ (initial conditions) but one realization is "hit" by a 
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shock at time t while the other (the benchmark profile) is not. 

The GIRF of Koop et al., (1996) is defined as, 

GIRFniKutA-i) = Efot+fclttt.ilt-i) - Efo+fcllît-i) (10) 

where h = 1,2,.., denotes horizon, ut is a random shock occurring at time t and 

Ω,_ι is a random variable defining possible history sets. Note that (10) is general 

enough to allow multiple interpretations. For example, we can condition upon the 

specific realization of Ω*-1 that reads "all past values" utt-i = {yi,2/2s-">2/t-i} a n d 

treat ut as randomly chosen. Or we can condition on "all positive past histories" setting 

ut-) = {Vi • 1 < i < t — 1 and y,· > 0}. Accordingly there are histories defined by 

a fixed band set — b < yt < b etc. Of course the error shock hitting the model at time 

t could also belong to some positive, negative or fixed band set, just to mention a few 

possible cases. 

In our study, we deal with this pluralism of impulse response interpretations by 

constructing function (10) in order to : 

( 1 ) facilitate comparison with linear models. Although in a linear stationary AR(p) 

model, history does not matter and the same is true with random walk impulse 

responses that, in addition, persist infinitely, we conditioned on all histories so 

that specific sets are not given particular weight. Our investigation originated by 

the fact that estimating a linear AR(p) model or testing with the standard Dickey 

Fuller test does not distinguish PPP from random walk. Further asymmetries can 

be investigated in future work although the symmetric nature of the exponen

tial function does not favor asymmetric impulse responses to either specifically 

signed histories or shocks. Van Dijk et al (2000) provide an in-depth analysis 

of how to construct statistical measures quantifying asymmetric responses and 

persistence with generalized impulse responses. 

(2) adapt to the particular nonlinear form, namely the exponential smooth transition 
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model. We are interesting in the implication that larger shocks imply faster 

responses and whether this can solve part of the puzzling persistence properties 

of real exchange rates. 

Thus, we choose to condition upon "all past histories" and limit ourselves to the 

case where the model is hit at time t by a shock equal to some δ. Different δ values 

will then provide a feeling of the possible differences in persistence arising from the 

employment of the exponential smooth transition model and grant a meaning to the 

transition speed parameter 7. 

Since analytic expressions for the conditional expectations involved in (10) are not 

available for h > 1. we used stochastic simulation (see Gallant et al., 1993; and Koop 

et al., 1996; for a detailed description) to approximate the following function: 

GIFFh(h._6.ut-i) = E(yt+h\ut = 6,ut-i) - E(yt+h\ut = Ο,α;,-!) (11) 

h = l....,48 

In (11), ut-i is denned by all sets {y{+i, ••,Ud+i}J=o~i where y\ refers to the appropri

ately de-meaned or de-trended or fitted data (cases (3a), (3b), (3c)). Hence, all possible 

vectors with the necessary (delay lag defined) dimension are used once as histories. Τ 

denotes sample length and d the delay lag. In order to facilitate comparison with pre

vious studies (see Taylor, Peel and Sarno, 2001, and Paya et al, 2003), the following 

procedure was adopted in setting δ. The size of shock used to trace out an impulse 

response function is of particular interest since it does not serve only as a scale factor. 

Given a particular value of the log real exchange rate at time t, whether this be the 

historical value or the estimated equilibrium level, a shock oik percent to the level of 

the real exchange rate involves augmenting yt additively by ln(l 4- fc/100). Hence,we 

chose δ = ln(l + fc/100) with k = 1,5,15,30. The particular choice of <5's would 

allow us to compare and contrast the persistence of large and small shocks. Notice that 

the average residual standard error across all 18 models is 0.0318 which corresponds 

roughly to an additive 3% shock on the log real exchange rate yt. For each history, we 
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construct 5000 replications of the sample paths $J, ...,yj based on ut = δ and w.( — 0 

by randomly drawn residuals (with replacement) as noise for h > 1. The difference 

of these paths is averaged across the 5000 replications and it is stored. At the end, we 

average across histories. 

The persistence of the shocks could be evaluated as suggested by Koop et al. 

(1996), using the dispersion of the distribution of (11) as horizon h increases. For 

example, if (11) based on two initial shocks, δα < 6b produces GIRF2(2,6a,ujt-i) 

more dispersed than (7/i?F2(2, bb,ujt-\) then smaller shocks are more persistent than 

larger shocks at horizon 2. In our context, such evaluation, although useful, is not 

of immediate interest. Indeed, it was the case that increasing the shock magnitude 

reduced the dispersion of estimated impulse response functions at all horizons (see 

figure 4 for an example regarding the DEM/JPY model). But as horizon h increases, 

the dispersion of the (11) distribution is getting larger. This is due to the random walk 

behavior of the model for small deviations from equilibrium. As the horizon increases, 

the effect shocks shrinks and it becomes increasingly persistent (see figure 5 for an ex

ample regarding 1% shocks to the DEM/JPY model). 

The life of shocks in terms of a time measure cannot be evaluated. Our immediate 

interest is on how many periods h are necessary for the impulse response function to 

be "significantly" reduced in economic terms. The commonly employed measure of 

the half-life of shocks is a more enlightening approach regarding persistence in our 

context. However, as a referee pointed out monotonicity need not hold with nonlinear 

models. Hence, we calculate the χ — life of shocks19 for (1 — x) = 0.25, 0.50 and 

0.80 where 1 — χ corresponds to the fraction of the initial shock ut that has been 

absorbed. Appendix 1 presents a heuristic analysis of the impulse response function 

of our model in a hypothesized deterministic environment which proves to be quite 

instructive. Notice that all simulated impulse responses plotted against the horizon h 

produced similar graphs as the ones of the deterministic case which extrapolates the 

19See Van Dijk, Franses and Boswijk (2000, p.7) 
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model's skeleton. 

Table 5 reports the χ — life of shocks in months while figures 6 and 7 plot (11) 

for the FRF real rate (a model with chosen d = 4) and for the DEM/JPY rate (cho

sen d = 1). The figures illustrate clearly the nonlinear nature of the adjustment, with 

the impulse response functions for larger shocks decaying much faster than those for 

smaller shocks. Furthermore, in accordance with the analysis in the appendix the 

impulse responses do not intresect and approach zero very slowly as the horizon in

creases. The delay lag effects are also apparent in figure 6. For horizons less than 

the delay lag, real rate responses correspond to those of a persistent (near unit root) 

autoregressive process. When the transition mechanism initiates, the decay is visibly 

faster. Of course, the speed always depends on the magnitude of the initial shock. The 

smaller it is, the more persistent it appears to be. 

The slope of the impulse response curve is decreasing in absolute terms. For larger 

shocks, after a certain point where an "adequate" amount of the shock has been ab

sorbed, the slope increrasingly matches that of much smaller shocks. 

Table 5 results further confirm the nonlinear nature of the estimated models, with 

larger shocks mean-reverting faster than smaller shocks. Another result that calls for 

further commenting is the similarity, in many of the models, of the effects of "small" 

shocks (compare the 1% and 5% shock effects). This is an outcome of the random 

walk behavior when deviations from equilibrium are small. Apparently an additive 

5% shock is less than 2 times the average standard error of the series. It seems that 

it is small enough as to render the transition mechanism practically inactive. A much 

longer horizon is necessary to distinguish the 1% and 5% shocks. Although we are 

tempted to calculate a "band" of deviations where no or slow reaction occurs, this is 

not an inherent feature of the smooth transition model we employ. 

The half-life of shocks, (1 - .τ) = 50%, is in all cases less than 3 years even for 

shocks as small as 1%. Apparently, with the exception of 1% shocks in FRF, DEM 

and NLG the half-life of shocks is shorter than 2 years. As the magnitude of the shock 

increases, half-lives become shorter. However, as expected, the horizon necessary to 
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absorb 80% of the initial shock increases dramatically. In theory, we expect that a full 

absorption will never occur since the model approaches random walk behavior. This 

is a remarkable characteristic of the unit root ESTAR model. It is intuitively clear 

that for stationary and ergodic series the effect of all shocks eventually becomes zero 

with the GIRF distribution collapsing to zero as horizon increases. On the contrary, 

non-stationary series would produce GIRF distributions that exhibit positive disper

sion in all horizons. In our modelling experiment, we "fall" in-between (the series is 

characterized as asymptotically stationary). 

4 Concluding remarks 

In this paper we have endeavoured to allow for both nonlinear adjustment and a non 

constant equilibrium real rate driven by real effects. We assumed an ESTAR adjust

ment mechanism and employed two proxies affecting the equilibrium rate path. We 

believe the empirical results obtained are interesting. Modelling non-constant equi

librium rates produced greater flexibility and provided an alternative to the random 

walk hypothesis that poses a puzzle. The implied speeds of adjustment were substan

tially quicker than those obtained from standard (linear) models previously reported 

in the literature for all the exchange rates we examined. Our empirical results appear 

to provide an explanation to the Rogoff puzzle. The pluralism of empirical findings 

based on nonlinear specifications is obvious and a valuable tool in PPP modelling is 

the exponential smooth transition model. Nevertheless, nonlinear modelling is not a 

panacea per se. The authors feel that the choice of an appropriate cointegrating vari

able for PPP along with underlying theory suggesting its use would render the issue 

of empirical PPP persistence invalid. This challenge remains on the agenda for future 

research. 
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Appendix 1. 
The "half-life" of a shock δ is the time necessary for the impulse response function 

to satisfy GIRFh < 0.5(5. For example, the stationary AR(1) model has, GIRF*R{1) = 

δφΗ, where φ is the autoregressive parameter. Then, the amount of time it takes for 

half of an initial shock δ to dissipate is the solution οΐδφά = 0.5(5 with respect to h. 

That is, h = •§»?'v. Obviously, half-life is independent of the size and sign of the 

shock or the relevant history up to the time the shock occurs. This is certainly not the 

case with the exponential smooth transition model. 

Let us provide some heuristics regarding the impulse response function of model 

(1). We will consider only the model skeleton in order to expose its complicated na

ture with respect to perturbations. Such heuristics coincide with the impulse response 

function in linear models. For example, the AR(1) model. Nevertheless, in nonlinear 

models, the heuristic approach would not take the error feedback mechanism (through 

the nonlinear function) into account. 

Let the skeleton of the model be 

2/t = yt-iexp{-72/t

2_d} (12) 

where yt is thought as deviations from the mean. Assume the typical solution yt = Ab1 

to the difference equation (12). Then, 

b(t) = exp{~W(2yA2t)} (13) 

and 

1 
yl+d = yoexp <~W(2-yy2

0{t + d))j (14) 

where W(x) is the Lambert's function20 satisfying W(x)ew^ = x. Assume two 

shocks at time 0, namely yo Φ 0 and y0 = 0. The impulse response function at horizon 

2 0A quick overview can be found online in http://mathworld.wolfram.com/LambertW-Function.html. 

W(x) is real for χ > —l/e with some special values W(—1/e) = - 1 and W(0) = 0. 

The function is positive for χ > 0. Further material can be found in R.M Corless website 

http://www.apma ths.uwo.ca/~corless/frames/PAPERS/LambertW 
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h given by the difference of the paths initiated with y0 and 0 is simply 

GIRFh = y0exp {-\w(2iyl(h + d))\ (15) 

When the horizon equals or exceeds the delay lag d, we have the following formula 

expressing the χ — life of shock τ/0 where (1 — x) 6 [0.1] expresses the fraction of 

shock (t/o) absorbed. Equate 

xyo = 7/oexp (--W {2yy*h)j (16) 

Solving (16) gives 

In.τ 
h=—5—T> h>d (17) 

xnvo 
For example the "half-life" of shocks that corresponds to χ = 0.5 is 

h « ' , for /i><2 (18) 
72/o 

while h = 0 only for χ = 1 (100% of the initial shock still remains). The following 

remarks can be made: 

• (17) is positive, since 7 > 0. and it depends on 7. As expected larger transition 

speeds imply faster convergence. 

• (17) depends on the initial shock t/o- Larger shocks imply faster convergence. 

However the dependence is nonlinear itself proving the complexities involved 

with nonlinear models. In addition, when the initial shock is small enough, 

changes in h although very large could still be undetected since they fall outside 

the "feasible" range of empirical studies (where say h = 48, 60 or 120). 

• ( 17) is symmetric, as suspected, with respect to the sign of the initial shock since 

it depends on y^. 

• Function GIBF(h) = yoexp {—\W{2-)ijlh)} is regularly varying at infinity 

with GQ^pÎ) ~~*" a _ 1 / 2 a s k "~* + 0 0 anc* α > 0· Thus, as horizon increases, 

two impulse responses whose initial shocks differ by a > 0 never intersect. The 

larger the difference a the closer they will appear as horizon increases. 
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