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The annual and the monthly mean values of the land-surface air temperature anomalies during 1880–2011, over both hemispheres, are used to investigate the existence of
long-range correlations in their temporal march. The analytical tool employed is the detrended fluctuation analysis which eliminates the noise of the non-stationarities that
characterize the land-surface air temperature anomalies in both hemispheres. The
main result obtained is that deviations of one sign of the land-surface air temperature anomalies in both hemispheres are generally followed by deviations with the same
sign at different time intervals. In other words the land-surface air temperature anomalies exhibit persistent behaviour i.e., deviations tend to keep the same sign. Specifically, the scaling exponents of the annual (monthly) mean land-surface air temperature
anomalies, α = 0.65 (0.73–0.75), are roughly equal in both hemispheres approaching
to that of the global annual (monthly) mean land-surface air temperature anomalies,
α = 0.68 (0.80). Taking into account our earlier study according to which the land and
sea surface temperature anomalies obey scaling exponents α = 0.78 and α = 0.89 in
the Northern and Southern Hemisphere, respectively, we conclude that the difference
between the scaling exponents in both sea and land contributions to the surface air
temperature stems mainly from the sea surface temperature, which exhibits stronger
memory in the Southern than in the Northern Hemisphere. This conclusion may be attributed to the fact that oceans have the greatest capacity to store heat, being thus able
to regulate the temperature on land with less pronounced persistence. Moreover, the
variability of the scaling-exponents of the annual mean values of the land-surface air
temperature anomalies versus latitude shows an increasing trend from the low to polar
regions starting from the classical random walk (white noise) over tropics. The gradual
increase of the scaling exponent from the low to high latitudes (which is stronger over
the Southern Hemisphere) could be associated with the poleward increase in climate
sensitivity predicted by the global climate models. In this context, the persistence in the
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The land-surface air temperature (LSAT) is a crucial thermodynamic parameter of the
earth’s climate driving among others the atmospheric greenhouse effect. According to
the current scientific understanding the spatial and temporal fluctuations of LSAT are
generated by natural and anthropogenically-induced mechanisms. The prediction of
these mechanisms is of great importance for the description of the temporal evolution of
the other sub-systems of the climatic system, given that they interact between them via
non-linear processes (Anthis and Cracknell, 2005; Alexandris et al., 1999; Katsambas
et al., 1997; Kondratyev and Varotsos, 1996; Melnikova, 2009; Xue et al., 2011). In
other words, the temporal fluctuations of LSAT are of composite nature, consisting
of periodic and non-periodic components (Chattopadhyay and Chattopadhyay, 2010;
Efstathiou and Varotsos, 2010).
It has been stated by Koscielny-Bunde et al. (1998), that the deviations of the daily
maximum temperatures from their average values follow a universal scaling law (or
persistence law) with roughly the same exponent 0.7. This behavior was said to be
found in the atmospheric variability by 14 meteorological stations around the globe, but
in a later study Weber and Talkner (2001) found differences between these exponent
values, depending on the altitude of the meteorological station.
In this regard, Eichner et al. (2003) studied the appearance of long-term persistence
in surface air temperature records, obtained at 95 stations all over the globe using
several variants of the detrended fluctuation analysis (DFA). They obtained correlation
exponent values in the range 0.55–0.9 centered strongly at around 0.65 over continents, but systematically higher values for islands.
The DFA tool was also used by Maraun et al. (2004) in order to study the existence
of long-range correlations, which mathematically denote that the correlation sum is
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land-surface air temperature enhances the feasibility of its reliable long-term forecast,
which is very important for various climate applications.
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divergent (Varotsos, 2005; Varotsos and Kirk-Davidoff, 2006). They argued that powerlaw scaling of the fluctuation function (and thus long-memory) may not be assumed
a priori but have to be established by the investigation of the local slopes. They suggested that comparing a long-memory with a short-memory model the inference of
long-range correlations from a finite amount of data by means of DFA is not specific.
They also remarked that scaling cannot be concluded from a straight line fit to the
fluctuation function in a log-log representation.
Recently, six reconstructed records of the Northern Hemisphere temperatures, analyzed by Rybski et al. (2006), revealed long-term persistence. Due to the long-term
persistent correlations, the mean temperature variations σ(m, L) between L yr, obtained
from moving averages over m yr, are considerably larger than for uncorrelated or shortterm correlated records. Rybski et al. (2006) also compared the values for σ(m, L)
with the most recent temperature changes ∆Ti (m, L) in the corresponding instrumental
record and determined the year ic where ∆Ti (m, L)/σ(m, L) exceeds a certain threshold
and the first year id when this could be detected.
In a previous study, Varotsos et al. (2009) studied the scaling behavior of the timeseries of the hemispheric mean monthly land and sea surface temperature (LSST)
anomalies during the period January 1850–August 2008. The datasets employed were
obtained from the Climatic Research Unit (School of Environmental Sciences of University of East Anglia; http://www.cru.uea.ac.uk/cru/data/temperature/). They showed that
there are persistent long-range power-law correlations in the time series of the LSST
anomalies, which stem from their time evolution and not from their values distribution.
This persistency was found stronger at the Southern Hemisphere.
In this paper, we substantially extend the above-mentioned analysis by considering
the LSAT anomalies for various latitudinal zones of each hemisphere separately and
globally by employing another dataset of observations. Our principal aim is to investigate the intrinsic scaling properties of the LSAT anomalies and to compare them with
those of LSST anomalies. In other words, we examine whether the fluctuations of the
LSAT anomalies in small time intervals are correlated to those in longer time intervals
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For the above mentioned purposes we employed annual and monthly mean values
◦
of LSAT anomalies (in 0.01 C) obtained from the National Aeronautics and Space
Administration Goddard Institute for Space Studies, covering the period 1880–2011
(http://data.giss.nasa.gov/gistemp/). As it is clearly stated in this web site the analysis
is limited to the period since 1880 because of poor spatial coverage of stations and
decreasing data quality prior to that time.
The main aim of this paper was to search efficiently for time scaling in the LSAT
anomalies time-series, by using a data analysis technique that would not be affected
by the nonstationarity of the data comparing with the classical methods like the autocorrelation function, Fourier analysis, Hurst analysis, etc. The technique that has been
proved to satisfy this criterion is the well-established DFA, which stems from random
walk theory and permits the detection of intrinsic self-similarity in non-stationary time
series (Peng et al., 1994; Weber and Talkner, 2001; Varotsos et al., 2002, 2003, 2005,
2006, 2007).
The sequential steps of DFA may be briefly described as follows: firstly, the y(i ) =
LSAT anomalies time-series is integrated and it is divided into a series of nonoverlapping boxes of equal length, τ. Then in each box a polynomial local trend is fitted,
in order to detrend the integrated profile by subtracting the locally fitted trend. Secondly,
the root-mean-square fluctuations Fd (τ) of this integrated and detrended profile is calculated over all scales (box sizes). More specifically, the detrended fluctuation function

|
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and to identify the type of this correlation. Finally, the comparison of the scaling lows
of LSST and LSAT anomalies will probably reveal the percentage contribution of the
lithosphere and hydrosphere to the scaling behaviour.
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(k+1)τ
1 X
[y(i ) − z(i )]2 ,
F (τ) =
τ
2

i =kτ+1

N
k = 0, 1, 2, . . . ,
τ−1


(1)

hF 2 (τ)i ∼ τ 2α

(2)
β
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and the power spectrum function scales with 1/f , with β = 2α − 1 (Ausloos and
Ivanova, 2001).
A derived DFA-exponent α 6= 1/2 in a certain range of τ values denotes the existence
of long-range correlations in that interval, while α = 1/2 reveals the classical random
walk (white noise). If 0 < α < 0.5, power-law anticorrelations are present (antipersistence). If 0.5 < α < 1.0, then persistent power-law correlations prevail. The case α = 1
corresponds to the so-called 1/f noise. In addition, when 1 < α < 1.5, then long-range
correlations are again present (Weber and Talkner, 2001). A more detailed description
of the DFA tool is presented in Varotsos et al. (2009).
The reason we have used both annual mean and monthly mean temperature anomalies is that there is a debate on the minimum allowable number of data to employ reliably
the DFA methodology (Bryce and Sprague, 2012). Some of the earlier studies claim
that DFA requires a large sample size-most packages available to download recommend 1000+ data points. Other papers suggest a definitive minimum sample size (e.g.
600 by Ludecke et al., 2011). Thus, someone could argue that annual temperature
anomalies should not be used for DFA for exactly this reason and suggest that monthly
temperature anomalies should be used instead.
14732

Discussion Paper

where z(i ) is the polynomial of order l least-square fit to the τ data points contained
into a box.
It is worth to be noted that averaging F (τ) over the N/τ intervals gives the fluctua2
tion hF (τ)i as a function of τ. For scaling dynamics, the averaged F (τ) over the N/τ
intervals with length τ is expected to obey a power law, notably:
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F is defined by (Kantelhardt et al., 2002):
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The data analyzed here refer to annual mean values of LSAT anomalies of 131 data
points and 1572 data points for the monthly values of LSAT anomalies. It should be
emphasized that Audit et al. (2002) demonstrated that the wavelet transform modulus
maxima estimator leads to larger mean squared errors (compared to those obtained
by DFA) when analyzing short time series of length 102 data points. That is why it was
preferred to use DFA and not, for example, wavelet based estimators of self-similarity.
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The annual means used in the present study were based on LSAT anomalies covering
the global earth and both hemispheres (Fig. 1). The principal feature shown in Fig. 1 is
the existence of non-stationarities into the LSAT anomalies spectral distribution and the
strong upward trend which both can mask correlations and in particular long-term correlations. For instance, uncorrelated data with long-term trend may look like correlated.
Also long-term correlated data may look like uncorrelated data due to a trend. Thus the
long-term trend was filtered out by calculating the departures of the LSAT anomalies
values from the polynomial best fit to the whole LSAT anomalies time-series, over the
global earth and both hemispheres, separately (Fig. 2).
In the following, the results obtained from the application of DFA to the LSAT anomalies time-series are presented and interpreted. The DFA-value for the detrended LSAT
anomalies time-series over the global earth and both hemispheres ranges between
(0.65, 0.68) with standard deviation 0.03. Therefore, the fluctuations of the studied parameter exhibit long-range persistence. The long-range correlations found signify that
the fluctuations of the LSAT anomalies, from small time intervals (4 yr) to larger ones
(up to 32 yr) are positively correlated in a power-law fashion. In other words, persistence refers to the “long memory” or internal correlation within the LSAT anomalies
time-series (Fig. 3).
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In order to examine whether the afore-mentioned value of the α-exponent is attributed to the LSAT anomalies evolution versus time period and not to the values of
the LSAT anomalies, the investigated time-series was randomly shuffled. If the shuffled LSAT anomalies values followed the random (white) noise, then the persistence
found above would not come from the data, but from their time evolution (e.g., Varotsos
et al., 2006, 2007). Indeed the application of the DFA to the shuffled data, over the
global earth and both hemispheres, gave a-exponent between (0.51, 0.52) with standard deviation 0.03, pointing towards an uncorrelated shuffled LSAT anomalies data
(Fig. 4).
The long-range persistence found above in the structural profile of LSAT anomalies
signifies its impacts to climate system. We emphasize that the reliably modelled values
of LSAT anomalies versus time period (i.e. past and future simulations) must exhibit
the same scaling properties with that possibly existing in the real observations of the
LSAT anomalies during the covered period (1880–2012).
As mentioned in the section of Introduction Varotsos et al. (2009) suggested that the
LSST anomalies data of the Climatic Research Unit (School of Environmental Sciences of University of East Anglia; (http://www.cru.uea.ac.uk/cru/data/temperature/)
during the period January 1850–August 2008 obey persistent long-range power-law
correlations which are stronger at the Southern Hemisphere for all time lags between
4 months and 39 yr. In more detail Varotsos et al. (2009) have found that the LSST
anomalies scaling exponents are α = 0.78 and α = 0.89 in the Northern and Southern
Hemisphere, respectively. This is a composite outcome of the air temperature persistence over both land and sea, suggesting that the air temperature of the Southern
Hemisphere behaves more persistently. The reason, however, has not been explained
so far.
The analysis presented here stresses that the scaling exponents of LSAT anomalies for both hemispheres are equal (α = 0.65) approaching to that of the global LSAT
anomalies (α = 0.68). It clearly suggests that the land contributes equally to the scaling
of the surface air temperature of both hemispheres, independently of their peculiarities.
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Thus, the net result drawn is that the difference between the scaling exponents in both
sea and land contributions to the surface air temperature stems mainly from the sea
surface temperature, which exhibits stronger memory in the Southern than in the Northern Hemisphere. This finding is in line with that of Monetti et al. (2003) according to
which a stronger persistence is observed over the oceans (Atlantic and Pacifc Oceans)
than over the continents. From physical point of view the strong tendency of the air temperature over ocean at a particular period to remain the same the next period (strong
persistence) is expected, because the oceans have the greatest capacity to store heat
(covering almost three quarters of the earth’s surface), being thus able to regulate the
temperature on land. The latter may probably be the reason for the less pronounced
persistence of temperature over land.
It is worth to be noted that the scaling property may serve as a unique criterion of the
reliability of a proposed climate model. In this regard, Govindan et al. (2002) carried
out a test for the scaling performance of seven leading global climate models by analyzing the temperature records of six representative sites around the globe simulated
by the models. The test showed that the simulated records fail to reproduce the scaling
behavior of the observed records.
Therefore, the afore-mentioned scaling found for the temporal evolution of the surface air temperature over land of both hemispheres or globally must not be violated by
the global climate models.
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In order to confirm the above mentioned result we also used monthly mean values
of LSAT anomalies covering the global earth and both hemispheres, during the same
period 1880–2011. The long-term trend was filtered out, by calculating the departures
of the monthly mean values of LSAT anomalies from the polynomial best fit to the whole
LSAT anomalies time-series, over the global earth and both hemispheres, separately.
The obtained DFA-exponents for the detrended time-series of the monthly mean
LSAT anomalies over both hemispheres are almost equal (0.75 and 0.73 for the
14735
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The detrended fluctuation analysis curried out to the annual and the monthly mean
values of the LSAT anomalies over both hemispheres during 1880–2011 in order to
search for LSAT anomalies intrinsic dynamical properties such as distributions, scaling
and long-range correlations very often masked by non-stationarities. This analytical
tool has the advantage over standard variance analysis of being able to detect longterm dependence in non-stationary time series. The main conclusion drawn from this
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In the following, we studied the annual mean values of LSAT anomalies over selected
latitude zones, during the period 1880–2011. Table 1 depicts the DFA-value for the
polynomially detrended time-series of the annual mean LSAT anomalies versus latitude. The obtained a-exponent ranges between (0.51, 0.79) with standard deviation
◦
◦
◦
0.03 and indicates long-range persistence over the latitude zones 24 N–44 N, 24 S–
◦
◦
◦
◦
◦
◦
◦
◦
◦
44 S, 44 N–64 N, 44 S–64 S, 24 N–90 N, 24 S–90 S and the classical random
walk (white noise) over the zones Equator–24◦ N and Equator–24◦ S.
The poleward increase of the power-law exponents of the annual mean values of the
LSAT anomalies in both hemispheres could be associated with the poleward increase
in climate sensitivity predicted by the global climate models. In contrast, the plausible
reasons for the classical random walk over tropics need further elaboration.

|

3.3 DFA-exponent in the time-series of the annual mean LSAT anomalies versus
latitude

Discussion Paper

5

Northern and the Southern Hemisphere, respectively) approaching to that of the global
LSAT anomalies (α = 0.80) (Fig. 5). That result supports the equal contribution of the
land to the scaling of the surface air temperature of both hemispheres. Moreover, the
fluctuations of the monthly means reveal stronger persistent long-range correlations
than the annual means for the interval time ranging from 4 months to 32 yr.
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analysis is that there is a “long memory” within both annual and monthly mean LSAT
anomalies time-series, all over the globe and both hemispheres. More precisely, the
application of the DFA method to the detrended values of the LSAT anomalies versus
time period, revealed persistent long-range power-law correlations. The analysis of the
shuffled data showed that this scaling comes from the time evolution and not from the
values of the temperature anomalies.
Additionally, the scaling exponents of the annual (monthly) mean LSAT anomalies,
α = 0.65 (0.73–0.75), are roughly equal in both hemispheres approaching to that of
the global annual (monthly) mean LSAT anomalies, α = 0.68 (0.80). Keeping in mind
our earlier result (Varotsos et al., 2009) that the LSST anomalies obey stronger scaling exponent (α = 0.89) in the Southern Hemisphere than in the Northern Hemisphere
(α = 0.78) we reach to the conclusion that the difference between the scaling exponents
in both sea and land contributions to the surface air temperature stems mainly from the
sea surface temperature, which exhibits stronger memory in the Southern than in the
Northern Hemisphere. This conclusion is in accordance to the fact that oceans have
the greatest capacity to store heat, being thus able to regulate the temperature on land
with less pronounced persistence. Moreover, studying the annual mean values of LSAT
anomalies over selected latitude zones, it was derived that the scaling-exponents reveal
◦
◦
◦
◦
◦
◦
long-range persistence over the latitude zones 24 N–44 N, 24 S–44 S, 44 N–64 N,
44◦ S–64◦ S, 24◦ N–90◦ N, 24◦ S–90◦ S and the classical random walk (white noise) over
the zones Equator–24◦ N and Equator–24◦ S. The observed poleward greater persistence in LSAT could be in general a result of either stronger positive feedbacks or larger
inertia.
Finally, the scaling property detected in the in-field observations of the LSAT anomalies could serve as test for the state-of-the-art and the scaling performance of the global
climate models.
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Table 1. DFA-exponent for the annual mean LSAT anomalies versus latitude.
◦

24 N–44 N
0.55
◦
◦
24 S–44 S
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◦

◦
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Fig. 1. Annual LSAT anomalies in 0.01 ◦ C, during the period 1880–2011, (a) globally, (b) over
the NH and (c) over the SH.
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Fig. 2. Detrended annual mean LSAT anomalies in 0.01 ◦ C, during the period 1880–2011, (a)
globally, (b) over the NH and (c) over the SH.
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Fig. 3. Log-log plot of the root-mean-square fluctuation function (Fd (τ)) versus time interval τ
(in yr) for the detrended annual mean LSAT anomalies set (a) globally with the best fit equation
(y = 0.68x + 0.32 with R 2 = 0.97), (b) over the NH with the best fit equation (y = 0.65x + 0.43
with R 2 = 0.97), (c) over the SH with the best fit equation (y = 0.65x + 0.38 with R 2 = 0.97).
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Fig. 4. Log-log plot of the root-mean-square fluctuation function (Fd (τ)) versus time interval τ (in
yr) for the shuffled annual mean LSAT anomalies data set (a) globally with the best fit equation
(y = 0.51x + 0.86 with R 2 = 0.94), (b) over the NH with the best fit equation (y = 0.51x + 0.89
with R 2 = 0.92), (c) over the SH with the best fit equation (y = 0.52x + 0.81 with R 2 = 0.93).
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Fig. 5. Log-log plot of the root-mean-square fluctuation function (Fd (τ)) versus time interval
τ (in month) for the detrended monthly mean LSAT anomalies data set (a) globally with the
2
best fit equation (y = 0.80x + 0.41 with R = 0.99), (b) over the NH with the best fit equation
(y = 0.75x + 0.60 with R 2 = 0.99), (c) over the SH with thebest fit equation (y = 0.73x + 0.60
with R 2 = 0.99).
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