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Abstract To characterize observed global and hemispheric temperatures, previous
studies have proposed two types of data-generating processes, namely, random walk
and trend-stationary, offering contrasting views regarding how the climate system
works. Here we present an analysis of the time series properties of global and hemi-
spheric temperatures using modern econometric techniques. Results show that: The
temperature series can be better described as trend-stationary processes with a one-
time permanent shock which cannot be interpreted as part of the natural variability;
climate change has affected the mean of the processes but not their variability; it has
manifested in two stages in global and Northern Hemisphere temperatures during
the last century, while a second stage is yet possible in the Southern Hemisphere; in
terms of Article 2 of the Framework Convention on Climate Change it can be argued
that significant (dangerous) anthropogenic interference with the climate system has
already occurred.
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1 Introduction

Although there is a growing consensus in the scientific community that the increase
in GHG concentrations will lead to changes in temperature and precipitation at
regional and global scales, there is still a discussion concerning the detection,
attribution and magnitude of climate change in observed global and hemispheric
temperatures (IPCC 2001; Folland et al. 1992; Hansen and Lebedeff 1987; Jones and
Moberg 2003; Mann et al. 1998, 1999; Jones and Mann 2004; Mann and Jones 2003;
Stern and Kaufmann 1997, 1999). This discussion has shown to be of prime interest
not only in the scientific field, but also for risk management and policy making (IPCC
2001; Joachim et al. 2006; Bruckner and Schellnhuber 1999; Schneider 2002).

The literature on the stochastic behavior of temperature series has gone through
different stages. Initially, it translated into finding statistical evidence in favor of a de-
terministic trend, against a stochastic trend generated by a unit root process. The first
case implies that the recent warming could be interpreted as a long term trend and
that global and hemispheric temperatures can be modeled as stationary processes
around a deterministic trend that is assumed to be produced by the increase in GHG
atmospheric concentrations (Galbraith and Green 1992; Bloomfield 1992; Zheng
and Basher 1999). In the latter, the upward trend of global temperature in the last
decades should not be predicted to continue and was interpreted as evidence against
anthropogenic climate change (Woodward and Gray 1993, 1995; Kärner 1996).

The lack of consensus regarding the adequate representation of non-stationarities
present in global and hemispheric temperature series also obscured the possibility
of finding a statistically significant relation between global temperature and at-
mospheric concentrations of GHG gases (Folland et al. 1992). Stern and Kaufmann
(1997) provided a breakthrough on this issue by applying cointegration techniques
to global and hemispheric temperature series and radiative forcing variables. Coin-
tegration provided a statistically rigorous and direct attribution of climate change
to anthropogenic activity, changing the idea of how a stochastic trend in tempera-
ture was interpreted (Stern and Kaufmann 1997, 1999; Kaufmann and Stern 1997;
Kaufmann et al. 2006a, b). However, here we show that the assumption of a unit root
in observed temperature series has strong implications that may not be consistent
with the physical processes that govern global temperature. On the other hand, a
trend-stationary representation is statistically and physically adequate and provides
important inferences regarding how climate change has manifested in global and
hemispheric temperatures.

2 Interpretation of unit root and trend stationary processes in temperature series

Following Nelson and Plosser (1982), we will define a trend-stationary (TS) process
as a stochastic process that consists of a deterministic trend (any function of
time) plus a stationary stochastic process which is assumed to have a representa-
tion as a stationary and invertible ARMA process. A trend stationary model can be
expressed as:

yt = α + βt + ct, (1)

φ (L) ct = θ (L) ut (2)
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where ut ∼ i.i.d
(
0, σ 2

u

)
,1 α and β are fixed parameters, L is the lag operator, and

φ(L) and θ(L) are polynomials in L that satisfy the conditions for stationarity and
invertibility. The long term or secular growth of this process is dominated by its
deterministic part (α + βt), while fluctuations are transitory and dissipate over time.
Neither present nor past fluctuations will alter the long-run path of the series and the
process tends to revert to its conditional mean. This process implies that uncertainty
is bounded because it has constant variance and its long-term forecast error has
a finite variance (Maddala and Kim 1998; Enders 2003; Hatanaka 1996). In the
context of climate modeling, the secular movement or long-term variations (climate
changes) are determined by changes in the external forcing factors such as orbital
geometry, solar irradiance, greenhouse gas concentrations and changes in other
radiative forcing variables. The stochastic stationary component is interpreted as the
(shorter term) natural variability and has limited memory. Therefore, the long term
forecast is dominated by external forcing factors—as occurs in most physical based
climate models, while the process’ autocorrelation (persistence) provides important
information regarding shorter term forecasting.

The second class of non-stationary processes considered here is referred to as
difference-stationary (DS). This is an integrated stochastic process that is non-
stationary in levels but for which its first or higher order differences is a stationary
and invertible ARMA process. Consider the following first order difference-
stationary, unit root plus drift model:

yt = β + yt−1 + dt (3)

δ (L) dt = λ (L) ut (4)

where ut ∼ i.i.d
(
0, σ 2

u

)
, and δ(L) and λ(L) are polynomials that satisfy the station-

arity and invertibility conditions. The basic difference between TS and DS is that
the latter also exhibits a secular movement but it is stochastic, not deterministic
(Maddala and Kim 1998; Enders 2003; Hatanaka 1996). The stochastic nature of
this class of process is clearly illustrated assuming an initial condition and solving
iteratively the difference equation:

yt = y0 + βt +
t−1∑

i=0

dt−i (5)

where y0 is the initial condition, βt is a deterministic trend and
t−1∑

i=0
dt−i = vt has a

stochastic trend—a hardly predictable but systematic variation (Maddala and Kim
1998)—consisting in the sum of the stationary error term. In this case, the variance
of the process2 Var (yt) = tσ 2

d increases with time and diverges as t → ∞ (Hatanaka
1996). Two of the most important features of this type of process are that it has
no tendency to return to a long-run mean and that it has infinite memory; shocks
do not fade (Maddala and Kim 1998; Hatanaka 1996). The sum of these random
shocks determines the secular movement of the series. That is, each and every shock

1i.i.d. means independent and identically distributed.
2If errors are white noise.
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produced by natural variability or changes in external forcing factors have permanent
effects on the long-run path of temperature. Assuming a unit root implies that global
and hemispheric temperatures are highly unstable processes and, therefore, single
events such as isolated solar flares, the 1974 La Niña (as well as other internal
variations) or the 1883 Krakatau eruption would have changed the long-run path
of global temperatures and their effect would be present even today. Moreover,
past and present events are in equal footing for determining current conditions: any
shock that occurred even in the distant past is as important as present variations.
The long-term forecast is always influenced by historical events, the forecast error
is not bounded, and it increases as the period to be forecasted is extended. Temper-
ature predictability would be very limited, even if forcing factors are held constant
(Gay et al. 2007).

3 Unit root testing and structural change

Econometric literature is vast on the issue of discriminating between trend-stationary
and difference-stationary processes given the important implications each of them
has for macroeconomic theory. Therefore, over the last 20 to 30 years there has been
much progress in testing for a unit root (Stock 1994).

Five of the most commonly used unit root tests (Dickey and Fuller 1979; Said
and Dickey 1984; Kwiatkowski et al. 1992; Elliott et al. 1996; Ng and Perron 2001)
were applied to the global and hemispheric temperature series spanning over the
1870–2004 period (Jones and Moberg 2003; Jones et al. 2001; Folland et al. 2001a, b).
Results show that all of them support the hypothesis of a unit root (see Standard unit
root tests section in Appendix).

However, unit root tests are known to have little power to distinguish between
trend-stationary and drifting unit root processes. Moreover, these tests are very
sensitive to the specification of the deterministic component and to the number of
lags added to account for serial correlation (Maddala and Kim 1998; Enders 2003;
Hatanaka 1996).

Figure 1 shows the ττ statistic and the corresponding critical value (at 5%
significance level) for a recursive Augmented Dickey Fuller (ADF) test (Dickey and
Fuller 1979; Said and Dickey 1984) applied to the global temperature series starting
with 30 observations and increasing sample size adding one observation at a time. ττ

statistic values smaller than the critical values (MacKinnon 1996) imply the rejection
of the null hypothesis of a unit root, while values greater than these values lead
to the acceptance of the null. This is not intended to be a formal unit root testing
procedure but just an illustrative and informative example. For most of the sample,
the ADF test would have led to a rather strong rejection of the unit root hypothesis.3

The dates corresponding to the sample size where the ADF test favors the unit

3Banerjee et al. (1992) proposed this type of recursive ADF tests for testing the null of a unit root
against the alternative of a stationary process with a trend-break. The purpose of Fig. 1 is only
to show that if we had estimated the ADF test each year since 1900, most of the time we would
have rejected the null of a unit root. Nevertheless, if we use the critical values in Banerjee et al.
(tmin

DF = −4.33; tmax
DF = −1.99, 5%), the null of a unit root is strongly rejected in favor of trend

stationarity with a break.
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Fig. 1 Recursive ADF test
for an increasing sample size
of the observed global
temperature series
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root hypothesis are: 1904, 1915, 1944, 1958, 1973, 1977 and 1987. All these years
correspond to El Niño episodes, which are normally associated with large positive
variations in temperature (note that the largest value of the ττ statistic corresponds
to 1998, one of the strongest El Niños). On the other hand, this figure also shows that
after 1987 the ADF permanently indicates the presence of a unit root.4 This behavior
suggests that this test might not be able to reject the hypothesis of a unit root in the
global temperature series because of the presence of possible structural changes and
large realizations of the process.

Perron (1989) showed that in the presence of a shift in the trend function, the first
order autorregresive coefficient is highly biased towards unity. In this case, the unit
root null is hardly rejected even if the series is composed of a trend (with a break)
and i.i.d. disturbances. Furthermore, when the break occurs in the slope of the trend
function, unit root tests are not consistent and the null hypothesis cannot be rejected
even asymptotically.

Consequently, several tests have been developed for testing the null of difference-
stationary against the alternative of trend-stationary with permanent shocks in the
trend function (Perron 1989, 1997; Zivot and Andrews 1992; Lumsdaine and Papell
1997; Harvey and Mills 2002; Banerjee et al. 1992; Kim and Perron 2007). The tests of
Perron (1997), Zivot and Andrews (1992) and Kim and Perron (2007) were applied
to the global and hemispheric temperature series (see Methods section in Appendix).
The Zivot and Andrews relies on the assumption of endogeneity of the shock which
consists in that the break in the trend function is interpreted as a realization from the
tail of the distribution of the underlying data-generating process. Recent literature
has shown that, as a consequence of this assumption, a rejection of the null of a
unit root could be due to the presence of a break even if the unit root is present.
Moreover, if the noise component has a unit root and a break in the trend function

4Note that the recursive ADF test in Fig. 1 does not (and is not meant to) provide an estimate of the
break date in the trend function.
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occurs, then the Zivot-Andrews tests often diverge or are not invariant to break
parameters (Vogelsang and Perron 1998; Kim and Perron 2007). For these reasons,
the results of this test are omitted but are available upon request.

These problems are not present in the Perron (1997) test when the break date
is selected by minimizing the sum of the squared residuals. Furthermore, Kim and
Perron (2007) provide a testing procedure that allows a break in the trend function
under both the null and the alternative hypotheses and that has the same limit
distribution as if the break date was known. These tests have greater power, maintain
the correct size and simulation experiments have shown that they offer an improve-
ment over other commonly used methods in small samples.

Perron (1989, 1997) and Kim and Perron (2007) assume an exogenous break in
both the null and the alternative hypotheses. In this case the null hypothesis consists
of a random walk in temperature series with a structural change produced by an
external forcing factor against the alternative of a trend-stationary process with a
structural change also produced by an external forcing factor which has changed the
long-run path of temperature.

Table 1 presents the results of applying the Perron and the Kim and Perron tests.
As can be seen in this table, once a break in the trend function is allowed, the
hypothesis of a unit root in global and hemispheric temperatures is strongly rejected
by both tests. The estimations of the first order autoregressive coefficient are quite
far from the unity: 0.50 for the global temperature series, 0.48 for the Northern
Hemisphere and 0.42 for the Southern Hemisphere. Assuming a unit root would
have attributed to much persistence to temperature variability (as a matter of fact,
an infinite persistence). The response to a one-time shock of one standard deviation
for global and hemispheric temperatures was estimated using an impulse–response
function. A shock of such magnitude in average will produce an accumulated long-
run response of 0.19◦C in the global temperature (G), 0.23◦C in the Northern
Hemisphere temperature (NH) and 0.16◦C in the Southern Hemisphere (SH). As
opposed to the unit root hypothesis, most of these shocks (92% for SH, 89% for NH
and 88% for G) would dissipate in an average of 3 years.

Figure 2 shows global, Northern and Southern hemisphere temperature series, and
their corresponding linear (with break) and nonlinear trends (Hodrick and Prescott
1997). The linear trend specification allows large natural variations to be modeled
as part of the noise function and therefore not assuming a deterministic function for
large natural variations as opposed to Harvey and Mills (2000, 2002).

Perron (1997) test shows that the estimated break dates are: 1977 for G, 1985 for
NH and 1911 for SH. Given that this test adopts a two step procedure5 that provides
a consistent estimate of the break date (or more precisely of the break fraction), it
is possible to construct a confidence interval for it using the methodology in Perron
and Zhu (2005). The 95% confidence intervals for the break date are: 1972–1982 for
G, 1981–1989 for NH and 1904–1918.

The estimated trend coefficients before the structural change for G and NH are
positive (0.0035◦C and 0.0036◦C per year respectively) and highly significant. The
post-break slopes of G and NH are notably higher: 0.018◦C/year and 0.030◦C/year
respectively. Note that the magnitude of the post-break slope in G is 5 times the

5See the Methods section in Appendix.
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Fig. 2 Panels a, b and c show the observed global, Northern and Southern Hemisphere temperature
series and their linear and non-linear trends. The estimated dates of the one-time break in the linear
trends are 1977, 1985 and 1911 respectively

value of its pre-break slope, and that in the case of NH, the magnitude of the post-
break slope is more than 8 times the value of its pre-break slope. These observed
temperature series provide evidence of a “two stages” climate change: a moderate
warming for most of the twentieth century, followed by a rapid and of a much higher
magnitude in the last two to three decades.

On the other hand, the SH shows a slight cooling trend until 1910 and a moderate
warming after this date. Since a large part of the Southern Hemisphere corresponds
to ocean, the delay in the beginning of the warming trend in comparison to the
G and NH temperature series could be interpreted as the slow reaction of the oceans
to changes in forcing factors given their known high heat capacity. In this case, the
moderate warming trend might correspond to the first warming stage shown by the
other two series and therefore a future change in the slope of a possible higher
magnitude could be expected in the future.

The tests applied in this paper provide strong evidence against the hypothesis of
the twentieth century warming being a realization of an externally unforced global
and hemispheric temperature data-generating process, in favor of a trend-stationary
process with a structural break in its rate of growth caused by an external forcing
factor. The rejection of the null on these tests gives strong evidence against the unit
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root being an adequate representation of the data-generating process of global
and hemispheric temperature series and in favor of a trend-stationary process with
an exogenous shock with permanent effects. Perron and Kim and Perron6 tests
indicate that the only “permanent shock” in global and hemispheric temperatures
corresponds to a change in the rate of growth caused by an external forcing.

Misspecification tests7 provide evidence of normal-linear-homoskedastic station-
ary errors (Andreou and Spanos 2003; Spanos and Mcguirk 2002). In particular
it is important to notice that there is no evidence of changes in the variance of
the process (the errors are homoskedastic). Observed climate change in global and
hemispheric annual temperatures seems to have manifested itself as a change-in-
mean, constant variance, phenomenon. This has obvious and important implications
for risk assessment and temperature forecasting.

Interpreted narrowly, the specification of a deterministic trend function with one-
time break is certainly restrictive and unattractive (Banerjee et al. 1992), particularly
for forecast purposes, but if interpreted broadly, it shows that there are few large
variations in the key forcing factors that can change the long run path of global and
hemispheric temperature series at least in the time lapse of the sample.

Moreover, as explained below, our interpretation of the trend function is based
on Perron (1989) where the trend function and its changes are not assumed to be
deterministic. Consider the following parameterization:

yt = ηt + Zt (6)

ηt = μt + βtt (7)

where A(L)Zt = B(L)et; et ∼ i.i.d.(0, σ 2); μt =μt−1+V (L) vt; βt =βt−1+W (L) wt

The process is composed as a trend function ηt and a noise function Zt. The inter-
cept and slope of the trend function are considered integrated stochastic processes
with W(L) and V(L) satisfying the stationarity and invertibility conditions. However,
the occurrence of the shocks wt and vt are rare in comparison with the sequence of
innovations {et}. That is, the coefficients of the trend function (i.e. the long-run path
of global and hemispheric temperatures or climate) are determined by realizations of
wt and vt that are (large) changes in key external forcing factors such as Earth orbit
changes, solar irradiance, and greenhouse gases concentrations that hardly occur in
decadal and century time scales. Non-zero realizations of the process wt occurred in
1977, 1985 and 1911 in G, NH and SH respectively. The sequence of innovations {et}
represents the short-term variations.

As shown above, the trend function and its changes are not considered to be
deterministic. As stated in Perron (1989) “the exogeneity assumption about the
changes in the trend function is a device that allows taking these shocks out of the
noise function into the trend function without specific modeling of the stochastic
behavior of μt and βt”. The purpose of unit root with a structural change tests is to
“test whether Zt is an integrated process or not, i.e. to test whether the shocks {et}
have persistent effects that do not vanish over a long horizon” (Perron 1989).”

6The Zivot-Andrews test also lead to the rejection of the unit root null.
7Test results are available upon request.
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A review of recent literature on climate change provides arguments for entertain-
ing the hypothesis of a possible anthropogenic origin of the structural breaks found
in the trend functions of global and hemispheric temperatures. For example, the
Summary for Policy Makers of the Working Group I of the IPCC’s Forth Assessment
Report (IPCC 2007) states that “most of the increase in global average temperatures
since the mid-twentieth century is very likely (90% confidence) due to the observed
increase in anthropogenic greenhouse gas concentrations”. Furthermore, recent
paleoclimate studies (Mann et al. 1998, 1999; Jones and Mann 2004; Mann and Jones
2003; Crowley 2000) conclude the most plausible source of the late twentieth century
warming is anthropogenic forcing. For example, Jones and Mann (2004) analyzed
climate changes over the past 2 millennia concluding that natural factors appear to
explain most of the changes in surface temperature up to the nineteenth century, but
that only anthropogenic forcing can explain the unprecedented warming of the late
twentieth century. Their analysis of forcing factors shows that:

• Solar irradiance variability was relatively small compared with volcanic and
greenhouse forcing

• The dearth of volcanic eruptions from 1915 to 1965 has been pointed as a poten-
tial explanation of the unusual warming of the twentieth century. Nevertheless,
in the context of longer-term climate changes, the period from 1000 to 1500
experienced relatively fewer eruptions in comparison to the 1500–2000 period.

• There is a fairly robust positive trend in greenhouse gas concentrations.
For example, CO2 concentrations have increased from 275 ppm in the pre-
industrialization period to 320 ppm in the mid twentieth century.

• Land use change forcing is estimated to have produced a 0.4◦C net cooling effect
during the past few centuries.

In the same paper, Jones and Mann also reported that the empirical evidence
provided by climate change proxies over the past two millennia in combination with
climate models simulations indicates that, while solar and volcanic forcing played
dominant roles among the potential causes of climate variability, these forcing factors
are unable to explain the dramatic warming of the late twentieth century. Moreover,
according to these authors, only anthropogenic influences are able to explain such
warming given that natural forcing factors would favor a slight cooling over this
period.

4 Conclusions

Results show strong statistical evidence against a stochastic trend in global and
hemispheric temperatures. The data-generating process of the temperature series
analyzed can be assumed as trend stationary with only one permanent shock occur-
ring at different dates and of different magnitudes. Cointegration, statistical tests and
inferences that are constructed assuming that temperatures are unit root processes
are not reliable.

For the global and Northern Hemisphere temperatures results show a “two
stages” warming trend, the first a moderate one and the other a rapid and of much
higher magnitude. The warming in the Southern Hemisphere began later than in
the Northern Hemisphere and in global temperatures, possibly because the oceans’
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storing heat capacity. The behavior shown by G and NH series could indicate that
the SH has not yet fully responded to the changes in external forcing factors and
therefore a “second stage” warming could be expected.

The time series properties of global and hemispheric temperatures reveal that
climate change has manifested itself as a “change-in-the-mean phenomenon”, vari-
ability has not increased (or decreased) with climate change. This is of outmost
importance for modeling and forecasting future temperature and for risk assessment.

Although the objective of this study is to analyze the time series properties of
global and hemispheric temperatures and not to establish direct climate change attri-
bution, important inferences can be obtained regarding this issue. The statistical tests
performed on the series provide evidence about the exogenous nature of the shock
and reinforce the findings of recent paleoclimate studies (Mann et al. 1998, 1999;
Jones and Mann 2004; Mann and Jones 2003; Crowley 2000) in that the twentieth
century warming cannot be interpreted as a realization of natural temperature
variability. According to those studies, the most plausible source of the twentieth
century warming is anthropogenic forcing.

In terms of the Article 2 of the Framework Convention on Climate Change
it can be argued that significant (dangerous) anthropogenic interference with the
climate system has already occurred. Moreover, the post-break global temperature
trend is very close to the “the tolerable window” (Bruckner and Schellnhuber 1999)
of 0.2◦C/decade originally proposed by the German Advisory Council on Global
Change (WBGU) and the late trend shown by the Northern Hemisphere has already
surpassed it. Quoting Tony Blair (Joachim et al. 2006): “what level of greenhouse
gases in the atmosphere is self-evidently too much?”, it looks like we might have
already exceeded it.
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Appendix

Standard unit root tests

Table 2 Augmented Dickey–Fuller test

Series Model A Model B Model C

Globe −2.257 (3) 0.414 (5) −0.781 (3)
�Globe −8.071 (4) −11.024 (2) −10.900 (2)
Nhem −2.026 (3) −0.020 (3) −0.577 (3)
�Nhem −11.775 (2) −11.666 (2) −11.572 (2)
Shem −3.402 (2) −0.502 (3) −1.167 (3)
�Shem −10.456 (2) −10.435 (2) −10.347 (2)

Model A includes a constant and a linear trend; Model B includes a constant; Model C includes no
deterministic variables. Figures in bold indicate that the statistic is significant at the 5% level. Lag
length is given in parentheses. The critical values are: Model A −4.029 (1%), −3.444 (5%), −3.147
(10%); Model B −3.481 (1%), −2.883 (5%), −2.578 (10%); Model C −2.582 (1%), −1.943 (5%),
−1.615 (10%). Lag length selection: Akaike Information Criterion
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Table 3 Elliot, Rothenberg, and Stock Point Optimal (ERS) test

Series Model A Model B

Globe 43.112 (9) 22.454 (3)
�Globe 1.501 (0) 0.478 (0)
Nhem 59.895 (9) 16.945 (3)
�Nhem 1.688 (0) 0.689 (0)
Shem 16.855 (9) 21.496 (3)
�Shem 1.462 (0) 0.401 (2)

Model A includes a constant and a linear trend; Model B includes a constant. Lag length is given in
parentheses. Figures in bold indicate that the statistic is significant at the 5% level. The critical values
are: Model A 4.186 (1%), 5.647 (5%), 6.814 (10%); Model B 1.936 (1%), 3.131 (5%), 4.226 (10%).
Lag length selection: Modified Akaike Information Criterion (Ng and Perron 2001)

Table 4 Elliott–Rothenberg–Stock DF-GLS test

Series Model A Model B

Globe −1.297 (5) 0.507 (3)
�Globe −2.333 (11) −0.561 (11)
Nhem −1.603 (3) 0.224 (3)
�Nhem −2.109 (10) −0.041 (11)
Shem −1.455 (9) 0.215 (3)
�Shem −14.693 (0) −14.764 (0)

Model A includes a constant and a linear trend; Model B includes a constant. Lag length is given
in parentheses. Figures in bold indicate that the statistic is significant at the 5% level. The critical
values are: Model A −3.542 (1%), −2.999 (5%), −2.709 (10%); Model B −2.583 (1%), −1.943 (5%),
−1.615 (10%). Lag length selection: Modified Akaike Information Criterion (Ng and Perron 2001)

Table 5 KPSS test

Series Model A Model B

Globe 0.194 1.224
�Globe 0.063 0.186
Nhem 0.154 1.133
�Nhem 0.084 0.261
Shem 0.233 1.270
�Shem 0.032 0.076

Model A includes a constant and a linear trend; Model B includes a constant. Lag length is given in
parentheses. Figures in bold indicate that the statistic is significant at the 5% level. The critical values
are: Model A 0.216 (1%), 0.146 (5%), 0.119 (10%); Model B 0.739 (1%), 0.463 (5%), 0.347 (10%).
Bandwidth selection: Newey–West with Bartlett kernel
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Table 6 Ng–Perron Modified unit root tests

Series MZa MZt MSB MPT

Globe
Model A −4.208 (5) −1.267 (5) 0.301 (5) 19.940 (5)
Model B 1.117 (3) 0.510 (3) 0.457 (3) 20.415 (3)

�Globe
Model A −61.405 (0) −5.538 (0) 0.090 (0) 1.500 (0)
Model B −54.002 (0) −5.196 (0) 0.096 (0) 0.456 (0)

Nhem
Model A −6.061 (3) −1.531 (3) 0.253 (3) 14.889 (3)
Model B 0.788 (3) 0.303 (3) 0.384 (3) 15.799 (3)

�Nhem
Model A −55.581 (0) −5.270 (0) 0.095 (0) 1.649 (0)
Model B −42.046 (0) −4.576 (0) 0.109 (0) 0.608 (0)

Shem
Model A −5.246 (9) −1.558 (9) 0.297 (9) 17.149 (9)
Model B 0.232 (3) 0.112 (3) 0.481 (3) 19.040 (3)

�Shem
Model A −65.749 (0) −5.730 (0) 0.087 (0) 1.403 (0)
Model B −69.643 (0) −5.896 (0) 0.085 (0) 0.364 (0)

Model A includes a constant and a linear trend; Model B includes a constant. Lag length is given in
parentheses. Figures in bold indicate that the statistic is significant at the 5% level. The critical values
are: Model A: MZa −23.800 (1%), −17.300 (5%), −14.200 (10%); MZt −3.420 (1%), −2.910 (5%),
−2.620 (10%); MSB 0.143 (1%), 0.168 (5%), 0.185 (10%); MPT 4.030 (1%), 5.480 (5%), −6.670
(10%); Model B: MZa −13.800 (1%), −8.100 (5%), −5.700 (10%); MZt −2.580 (1%), −1.980 (5%),
−1.620 (10%); MSB 0.174 (1%), 0.233 (5%), 0.275 (10%); MPT 1.780 (1%), 3.170 (5%), −4.450
(10%). Lag length selection: Modified Akaike Information Criterion (Ng and Perron 2001). The
modification shown in Perron and Qu (2007) was applied to �Globe and �Nhem.

Methods

Perron (1989, 1997) considers three different models under the null hypothesis:
a “crash” model that allows for an exogenous change in the level of the series
(Model (A)); a “changing growth” model that permits an exogenous change in the
rate of growth (Model (B)); and one model that allows for both of these changes
to occur at the same time (Model (C)). The null hypotheses are parameterized as
follows:

Model (A) yt = μ + dD (T B)t + yt−1 + et, (8)

Model (B) yt = μ1 + yt−1 + (μ2 − μ1) DUt + et, (9)

Model (C) yt = μ1 + yt−1 + dD (T B)t + (μ2 − μ1) DUt + et, (10)

where

D(TB)t = 1 if t = Tb + 1, 0 otherwise;
DUt = 1 if t > Tb , 0 otherwise;
and A(L)et = B(L)vt,
vt ∼ i.i.d. (0, σ 2), with A(L) and B(L) being the pth and qth order polynomials in the
lag operator.
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The models considered under the alternative hypothesis are:

Model (A) yt = μ1 + βt + (μ2 − μ1) DUt + et, (11)

Model (B) , yt = μ + β1t + (β2 − β1) DT∗
t + et (12)

Model (C) yt = μ1 +t β1t + (μ2 − μ1) DUt + (β2 − β1) DT + et, (13)

where

DT∗
t = t − Tb , DTt = t if t > Tb , 0 otherwise. Tb refers to the time of the break.

For our study we proposed Model (B) for global and Northern and Southern
hemispheric temperature series. To carry out the testing procedure, the following
regressions were estimated using ordinary least squares (OLS):

yt = μ̃ + β̃t + γ̃ DT∗
t + ỹt (14)

ỹt = α̃ ỹt−1 +
k∑

i=1

c̃i�ỹt−i + ẽt (15)

That is, the raw data is first detrended and then an ADF (Dickey and Fuller 1979;
Said and Dickey 1984) type regression is estimated. This is an additive outlier
approach and implies that the change in the slope of the trend function occurs rapidly
(abrupt change). The break date was selected by minimizing the sum of squared
residuals of regression (14). The lagged differences of yt are included to correct
for autocorrelation (parametrically). Determining the number of extra regressors
of �ỹt−i (that is, k) is an important issue because if too many extra regressors will
decrease the power of the test, while including too few may have important size
effects. Several data dependent methods are discussed in econometric literature
(Perron 1997; Ng and Perron 2001, 2005) for selecting the value of k. For our
study we followed the approach of Spanos and Mcguirk (2002) and Andreou and
Spanos (2003) and construct statistically adequate models that ensure “the empirical
validity of the probabilistic assumptions underlying a statistical model”. According
to Andreou and Spanos (2003), statistical adequacy provides sufficient condition for
statistical inference because it presupposes the validity of the model specification
assumptions. Our results are quite robust to alternative methods for choosing the
lag length such as the Akaike Information Criterion (AIC), Schwarz Information
Criterion (BIC) and the Hannan-Quinn criterion (HQ). A k-max of 3 lags was
chosen; results are available upon request.

The Kim and Perron (2007) test procedure consists in the following steps:

a) Given an estimate of the break date T̂ = λ̂T, set a window around it and define
Tl and Th;

b) Create a new data set {yn} by removing the data from Tl +1 to Th, and shifting
down the data after the window by S (T) = yTh − yTl ;
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c) Perform the unit root test corresponding to Model (B) using the break date Tl

and compute the tα
(
λ̂AO

tr

)
statistic from the following regression (16):

ỹn
t = α̃ ỹn

t−1 +
k∑

i=1

c̃i�ỹn
t−i + ẽt (16)

where λ̂tr = Tl
/

Tr and ŷn
t is the detrended value of yn.

Estimations of the break date and unit root tests were obtained using the Pierre
Perron and Serena Ng RATS procedure, and an Eviews program developed by the
authors.
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