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Abstract. In this study, low-frequency variations in tem- prove our understanding of climate variability by providing
perature anomaly are investigated by mapping temperaturaew insights about the spatiotemporal variability of temper-
anomaly records onto random walks. We show evidence thaature anomalies.
global overturns in trends of temperature anomalies occur on Here, low-frequency variations in temperature fluctuations
decadal time-scales as part of the natural variability of the cli-on distinct time-scales are investigated by mapping tempera-
mate system. Paleoclimatic summer records in Europe an¢lure anomaly records onto random walks. Based on this ap-
New-Zealand provide further support for these findings asproach, statistics of temperature fluctuations have been suc-
they indicate that anti-persistence of temperature anomaliegessfully applied to demonstrate the importance of EdNi
on decadal time-scale have occurred in the last 226 yrs. Atin moderating changes in global temperature (Tsonis et al.,
mospheric processes in the subtropics and mid-latitudes 0f998; Tsonis et al., 2003). Motivated by this previous studly,
the SH and interactions with the Southern Oceans seem tmapping onto a random walk is used here to describe low-
play an important role to moderate global variations of tem-frequency variations in the sequence of anomalous events
perature on decadal time-scales. over time in a given region and ultimately understand tempo-
ral variations and spatial organization of global temperature
fluctuations.

This paper is organized as follows: Sect. 2 discusses the
data and the rationale for the application of mapping onto a

The Earth’s average surface temperature has increased gndom walk to interpret low-frequency variations of global
0.6+£0.2°C since the late 19th century with significant global temperature fluctuations. Section 3 investigates the scaling

impacts (IPCC, 2007). The dramatic heat waves in the NorthProperties of these random walks to investigate the role of
ern Hemisphere (Berniston, 2004; Karl et al., 1995; Karl low-frequency variations in the atmosphere in moderating

and Knight, 1997; Meehl and Tebaldi, 2004), extensive col-9lobal tempergture fluctuatigns. Section 4 discusses persis-
lapses of ice shelves over the Artic (Serreze et al., 2003) an{fc€ and anti-persistence in trends of temperature fluctua-
Antarctic (Shepherd et al., 2003), recent hurricane activitylons on decadal time-scales. Section 5 presents an analysis
(Emanuel, 2005) and other major weather events are viewer paleoclllmatlc data,lwhlch confirms this ant|—pgr3|stence on
as a direct result of this warming, which is attributed partly décadal time-scales in the last 250 years. Section 6 summa-
to natural variability of the climate system and partly to hu- 11ZeS the main results and conclusions of this study.

man activity. However, uncertainties about the details of the

natural variability as well as the response of the climate sys-

tem to the rapid increase of greenhouse gases still remaig Data and methods

(IPCC, 2007). Understanding natural variability of the cli- . ) ) .

mate system is crucial to predict non-linear climate forcingsGlobal daily temperature anomalies are examined in the
and abrupt changes possibly due to anthropogenic activiPreésent climate (1948-2005) using NCEP/NCAR reanalysis

(Alley et al., 2003). The objective of this study is to im- with 2.5° latitude/longitude resolution (Kalnay et al., 1996)
and over the past 226 yrs (1750-1975) using reconstructed

Correspondenceto: L. M. V. Carvalho summer temperature over Europe (Briffa et al., 1988) and
(leila@model.iag.usp.br) New Zealand (Xiong and Palmer 2000). Long-term linear

1 Introduction
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320 T T TR trends are removed from daily temperatures at 2m (T2m) in
E ] the present climate. The annual and, in some regions also the
31g Latitude: 47.5N Longitude: 0 a) ] semi-annual cycle, dominate the spectral variance of daily

temperatures (e.g. Wilks, 1995). In this study, temperature
: anomaliesT”’ are obtained by removing both cycles, defined
‘ LI as the first and second harmonics of the average daily tem-
’ peratures for the period 1948-2005. All other oscillations

300

290 | . ) . -
- present in the period are maintained. For example, signif-

icant power exists in the 4—7 years band corresponding to
ENSO. Such features, however, are broadband features and
1 do not represent periodic signals; they are the result of non-
| g linear dynamics (e.g., Eccles and Tziperman, 2004). As such
. ] they should not be removed from the records. Figure 1 shows

2605 Loy P e e e e o e an example of the raw temperature signal at a grid point
1950 1960 1970 1980 1990 2000

Temperature (K)

280}

270

Years (Fig. 1a) and resulting” signal after the long term trend and
15"|mi L LR B B LB S B LI LU LI 0 LR
Latitude: 47.5N Longitude: O b)

the annual and semi-annual cycles are removed (Fig. 1b). As
Fig. 2 shows, the resulting distributions Bf are Gaussian,
which is expected for temperature anomalies.

The global spatiotemporal variations Bf are interpreted
within the framework of random-walks. According to this
approach (Tsonis, 1992; Tsonis et al., 2003), the correspond-
ing 7’ signal at a given location is mapped onto a walk by
calculating a net displacementi) defined by the running
sum:

Temperature Anomaly (K)

yi)y=>_T'(j) i=1 21170 1)
j=1

ALt bbb T This running sum describes the sequence of anomalous
1950 1960 1970 Yea:S%O 1990 2000 events over time in a given region and is influenced by the
G R T magnitude and perS|stenc_e of t.he qu.ctuatlons.; these in turn
F A Latitude: 47.5N Longitude: 0 depend on complex relationships with the climate system
1500 - “\‘I ¢) (Tsonis, 1992, Mann et al., 1998). Figure 1c illustrates the
F o ] running sum (Eg. 1) computed for temperature anomalies
1000 - -w"'}“'-v | Lﬁ\ y shown in Fig. 1b. Mapping onto a random walk is an efficient
[ ",\ ! u'mi% : approach to represent important low-frequency variations in
‘ the regime of temperature fluctuations (Tsonis et al., 2003).
r ‘ : If climate forcings in a period\¢ are such that positive (neg-
0? \ " f’f ative) temperature anomalies are more frequent than negative
£ W fﬁ".'i‘.ﬂ b A (positive) anomalies, the corresponding running sum exhibits
-500 "‘ .’ # *M - a positive (negative) slope in that time interval. Therefore,
AR "‘:,vrﬁ I time variations in the slope of the running sum are important
indications of regime changes in temperature fluctuations.
cepn s Do An appropriate statistical quantity used to characterize the
1990 2000 walk is the root mean square fluctuation about the average
displacement (Montroll and Shlesinger, 1984; Peng et al.,
1992; Buldyrev et al., 1995; Tsonis et al., 2003):

y(t)
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; M$ﬂ
I i

5000, |
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Ly |
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Fig. 1. (a)Example of temperature time series observed at°4¥.5

and C; (b) temperature anomalie®&’ obtained after removing the 272

linear trend and the first and second harmonics of the average daily” () = [([Ay(t)]z) - <[Ay(f)]> ] (2

temperatures for the period 1948—20@&) running sumy(z) ob-

tained from temperature anomalies in (b) (see Eq. 1) for the same whereAy(r)=y(i+t)—y(i), and the symbols< >) indi-

period. cate average over all position®f the walk. Operationally,
this is equivalent to the following steps: (1) consider a caliper
of distance (time scale}=1, (2) start from the beginning po-
sition (=1) and calculateAy(1) for i=1, (3) move to the

Nonlin. Processes Geophys., 14, 723-733, 2007 www.nonlin-processes-geophys.net/14/723/2007/
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second positioniE2) and calculateAy(1) for i=2 and so by Mandelbrot (1983) where it is stated that as long as the
on, (4) average over all positions the quantities in Eq. (2) torunning sum is Gaussian with zero mean and a variance that
obtain F () for r=1, (5) repeat for other time scales. Note scales as?/ (which implies thatF (r)~'), then the Haus-
that in Eq. (2)F2(r) is nothing else than the variance of the dorff exponent can account for the Hurst exponent. Thus,
incrementsAy(z). provided that the Hausdorff exponeht is estimated from

For a time series (i), whose values are Gaussian with zero [N variance of the running susti), the following condi-
mean and unit variance (white noise), the spectral densit]!o"S aPPly tothe original signal(i) (Feder, 1988; Malamud
scales according t8, (f)~ f~# with =0 (flat spectrum). A~ and Turcotte, 1999).

i

motion defined by the running sumii)= 3" x(j) is called — If H<0.5, thenx (i) exhibits anti-persistence

j=1
Brownian motion and its spectral densit§/ scales accordingto — If H=0.5, thenx(i) is a sequence of uncorrelated
Sy(f)~f~F with B=2. Thus the spectral exponent for the values (3)
summed time series is +2 larger than the non-summed time o )
series (Malamud and Turcotte, 1999). Note that a Brown- — If 0.5<H <1, thenx(:) exhibits persistence
ian motion has Gaussian incrementg(z). It is well known
from theory that the fluctuationk(z) of a Brownian motion
scale according t@ (r)~t" with H=0.5. This implies that
2H+1=8. We can generalize this for any process exhibit-
ing a spectrum that scales accordingstg)~ f ~#, 1<p<3
(such processes are called self-affine processes; in this ca:
it follows that O<H <1). In other words, ifc(i) has a char-
acteristic exponerg then the running sum (integral) fi),
v(i), is characterized by a power—spectral expoert, and

The above discussion and relations indicate that both spec-
tral analysis onx (i) [T/ (i) in our case] and fluctuation anal-
ysis ony(i) provide the same information. The advantage
of using the running sum approach is that it provides a more
efficient way to estimatéd than spectral analysis does for

. Direct estimation of8 is difficult because noise inherent
to the spectral density af’ (i) masks the presence of scaling
regimes. On the other hari{z) is a much smoother function

if the incrementsay () are Gaussian with zero mean and a of ¢, andH is obtained more precisely. The reason is that the
Y mean root mean square fluctuation is related to the autocor-

variance that scales according fqr)~t (0<H<1), then . . . . :

H is related to8 via the relatior?sh?p)BI+1£/3_(Pe_itg)en and relation functionC (1)=<x(i)x(i-+1)>—<x(i)>* according
— t t

Saupe, 1988; Malamud and Turcotte, 1999). The exponento the relationF2()= >3 C(j—i) (Stanley, 1971). Be-

H (which is also called the Hausdorff exponent and often de- . i=1;=1 .

noted asH,) characterizes the self-affinity g1i). Note that causer is related toC through a double sum, fluctuations

motions withH #0.5 are called fractional Brownian motions in F are substantially reduced compared to fluctuatiod'in
(fBm) (which relates to spectral density).

) These above concepts reflect the existence of scale invari-

It can be shown thak is related to the Hurst exponent, ance a property inherent to many nonlinear processes in na-
Hy, (Hurst, 1951; Hurst et al., 1965). The Hurst exponent ofyre (Tsonis, 1992). Therefore, persistence is used here to
atime series varies from zero to one. Ifitis equal to 0.5 itin- jhgicate the tendency for existing temperature fluctuations

dicates that the time series is a series of uncorrelated valuegegime to persist. These relationships are used here to ex-

If it is greater than 0.5 the time series exhibits persistencegmine low-frequency variations in global temperature.
meaning that chances are that a present tendency in the data

will continue in the future. If it is less than 0.5 the time se-

ries exhibits anti-persistence, meaning that chances are tha Time-correlation scaling properties

a present tendency in the data will be reversed in the future.

A Gaussian white noise is a sequence of uncorrelated valuegsonis et al. (1998) applied the mapping onto a walk ap-
and therefore it has &,=0.5 andg=0. This would imply  proach to the monthly global temperature record (1865—
that 2H,—1=B. The running sum of this white noise has 1998). They showed that the global temperature data exhibit
B=2 and as we discussed above is related to the Hausdorffvo distinct scaling regimes; one consistent with a power law
exponent according tor2+-1=8. It follows that the Haus- with H=0.65 fort<20 months and the other with a power
dorff exponent of the running sum af(i) (estimated from law with H=0.4 forz>20 months. The interpretation is that
the rm.s. analysis om(i)) is the Hurst exponent of (i). processes of time scales less than 20 months sustain a ten-
For example, given an signali), then if we use its running  dency toward an initial trend (whether positive or negative)
sumy(i) and Eq. (2) and find that?=0.7, this will indicate = and processes of time-scales greater than 20 months tend to
that the corresponding for y(i) is equal to 2.4. Then the reverse the past trend. They also conclude that this change
correspondingg for x (i) is equal to 2.4-2=0.4, which gives in behavior defines an important characteristic time scale in
H,=0.7, which in turn indicates persistence in our original global climate. Here we extend this type of analysis to inves-
signalx(i). This relation is expressed a#, (8—2)=H (8) tigate the spatial variation of scaling properties of tempera-
(Malamud and Turcotte, 1999). This has been noted earlieture fluctuations.

www.nonlin-processes-geophys.net/14/723/2007/ Nonlin. Processes Geophys., 14, 723-733, 2007
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— — P log(t)(Days)
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Temperature Anomaly (K
P v () Fig. 3. Example of a logF (¢)) vs. logt) plot (dark symbols) for a

Fig. 2. Frequency distribution of daily temperature anomdly)(  grid point located at latitude 0 and longitude 20U (1948-2005)

for selected grid points (1948-2005). Latitude and longitude ofand time-scale ranging from 2 days—8 years. The scaling coefficient

each grid point are indicated inside the figure. H observed over distinct time-scales is also indicated (long dashed
gray lines).

In order to examine this issue, we look at variations in the
power-law ({H coefficient) in pre-defined scales. This inter-
val of scales yields robust statistics for the determination of On intraseasonal time-scales (20-90 days) (Fig. 4b), the
H, considering the length of data. The scales we investigatéiniversal tendency for persistence continues albeit with
correspond to the following time-intervals: 2—15 days, 20-9olower values (0.5& H <0.65) over continental areas. The
days, 100-200 days, 2.0-4.0 years, 4.5-6.0 years, and 6.84adden-Julian oscillation (Madden and Julian, 1994) is one
7.0 years. The choice of these ranges is based on the fact th@f the most powerful tropical phenomenon on intraseasonal
they are known to explain a large fraction of spectral vari- time-scales that modulates cloudiness, precipitation and cir-
ance of temperature and circulation over the globe betweefulation over the tropics, with impacts on the subtropics and
2 days—7 years (Peixoto and Oort, 1992; Madden and JuliargXtratropics of both hemispheres (e.g, Lau and Waliser, 2005,
1994) The Separation in scales does not necessar”y |mp|9nd references therein). In addition, important variations on
that we expect a break in scaling properties on these pa,{ntraseasonal time-scales have been observed in temperature
ticular scales. Figure 3 exemplifies the {#4r)) vs. logr)  (Przybylak, 2002) and sea ice (Baba et al., 2006) records
plot and respective changes in scaling properties on differin high latitudes. However, the physical reasons for distinct
ent time-scales. For this particular grid-point, located at thescaling characteristics and, therefof£ over the continents

equator and longitude 100V, H <0.50 is observed for time- @nd oceans are not obvious but suggest different responses of
scales longer than two years. temperature fluctuations on intraseasonal time-scales. Dif-

ference in the spectrum of maritime and continental stations

The spatial variability ofH for the different time-scales k : 1 i e
is shown in Fig. 4. On synoptic time-scales (2-15 days)f"‘t high frequenciesf(>month ) have been also identified

(Fig. 4a), H coefficient is above 0.5 over all regions of the N Pelletier (1997).

planet which indicates a universal persistence of tempera- The 100-200 days time-scale (Fig. 4c) shows spatial char-
ture fluctuations on that time-scaléf is higher over trop-  acteristics that are similar to intraseasonal (20-90 days) time-
ical Pacific and Atlantic #>0.90). The subtropics and ex- scales, in particular low/ values over the continents. Nev-
tratropics, particularly over the storm track of the Southernerthelessf/ decreases in most regions and now approaches
Hemisphere and eastern coast of the United States, Southeffi 0.50, which indicates that for this time-scale future and
Australia and southern South America, are associated witfpast trends are likely uncorrelated. In some few areas over
relatively lower values ofd, between 0.6 and 0.7. Cold the extratropics of the Northern Hemisphéfeis <0.50. In
fronts, cyclones and anti-cyclones are some of the knowrfddition, changes it/ also occur over the southern oceans
phenomena affecting temperature on the synoptic time-scale@n this scale.

and they occur in nature essentially to equilibrate differences Finally, we focus our attention on scaling properties
in temperature between tropics and extratropics (e.g. Holtonon interannual to intra-decadal time scales (2.0—-7.0 years)
2004). Nevertheless, although changes in temperature an@g-ig. 4d—f). The general observation now is that as the time
certainly observed before and after a passage of a frontadcale increases, the tendency féris to become less than
system, these changes do not reverse the long-term trends5 almost everywhere on the globe. Arguably, these time
in temperature anomalies. scales correspond to the time scale of ENSO, one of the most

Nonlin. Processes Geophys., 14, 723-733, 2007 www.nonlin-processes-geophys.net/14/723/2007/
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0.9

H coefficient 2 - 15 days: DOF= 12

S —

Fig. 4. The scaling coefficientl obtained in distinct time-scale¢a) 2—15 days(b) 20-90 days(c) 100-200 days(d) 2.0—4.0 years(e)
4.5-6 years anff) 6.5—7 years. Degrees of freedom are indicated at the top of each panel. Dashed (Solid) linesAdedt§yH >0.5).

important features of our climate system. This observationgrid points withSy >0.025 are shaded. Clearly, a very small
supports the hypothesis postulated by Tsonis et al. (2003jraction of grid points showsy >0.025, and no one is ob-
that El Nifio is a mechanism that reverses previous positiveserved with errors above 0.05. For the 6.0-7.5 time scale all
trends of temperature anomalies. In addition to the abovegrid points showSy <0.015 (not shown). However, there is
variance analysis we present the distributions of the increno argument that the fitting is over small ranges (e.g. Maraun
ments Ay(¢) for various time scales. The distributions et al., 2004). This raises the question of how significant is
are indeed Gaussian with vanishing (zero) mean (Fig. 5)the reported scaling and thus the proposed anti-persistence.
This, together with the power law scaling, satisfies the othetWhile tests for scaling in cases of a single scaling regime
condition entering the interpretation of persistence and antihave been proposed (Tsonis and Elsner, 1995), similar tests
persistence discussed at the end of Sect. 2. for multiple scaling regimes do not exist. The reason we trust
our results is that if the reported scaling was not significant,
We need to stress here some of the strengths and limitathen given the small ranges one would expédb be a rather
tions of our analysis and results. First we emphasize thatandom variable independent of the time scales considered.
correlation coefficients of the regression of (6dr)) vs. This is not what we observe in Fig. 4. What we observe is
log(r) in the various ranges are very high (above 0.99) anda coherent structure of persistence for short time scales be-
the standard error of the regression coeffici€gtare very  coming systematically anti-persistence for longer time scales
small for all scales. Figure 6 shows the spatial variability with features such as the well documented effect of EldNi
of Sy for time scales 2.0-4.0 years (Fig. 6a) and 4.5-6.0on temperature tendencies.
years (Fig. 6b). To emphasize regions with large errors, all

www.nonlin-processes-geophys.net/14/723/2007/ Nonlin. Processes Geophys., 14, 723-733, 2007
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Fig. 5. Example of frequency distributions of the increments Fig. 7. Examples of alogF (1)) vs. log#) plot for surrogate Markov
Ay(t)=y(i+t)—y(i) for time scales varying from 10 to 250 days.  processes having the same length (1948-2005) and lag-1 autocorre-

Period of the analysis: 1948-2005. lation as the corresponding temperature anomaly retard
Dl R i R P L P ng%ﬁgi‘f“"‘*" tocorrelation as its temperature anomaly recbfdWe then
ﬁ/‘; =1 C\@C:'a? LI BN f;f%’\ if’{r’ . repeated the analysis and calculafed) for each synthetic
A K3 e 0 f;ﬁl c time series. Figure 7 shows a few examples of the scaling in
e : )t ; z this case. Now, we do not observe multiple scaling regimes
and as expected (Stanley, 1971) the asymptotic behavior be-

yond the local (in time) correlations &(1)~t%°. We then
considered a number of ranges used in Fig. 4 and estimated
the correspondind{ in those intervals. Figure 8 shows the
distribution of H from the surrogate data (solid line) and
the actual data (broken line) for four different ranges in time
scale. The distributions from the actual data project the gen-
eral picture in Fig. 4 discussed above: for very short time
scales we have complete persistence, which as the time scale
becomes longer gives way to anti-persistence. The distribu-
tions from the surrogate data, however, tell a different story.
Independent of the time scale the distributions are centered
at about 0.5. While the variance increases (possibly due to
poorer statistics at longer time scales), there is no tendency

5\ IR . v P e
{d )‘;59 i (AL AV R \%- o—é/ whatsoever away from the expected (on the average) value of
:)_ = Lf{\_ ' j_? i ) 0.5. These significant differences between the distributions
= S ﬂa” ) ﬁ & o (i of the actual data and surrogates indicate that our results are
e TSI R R not likely to arise because of spatial correlations in the data
==’ e —® or length of scaling regimes.

Pelletier (1997) has used spectral analysis on tempera-
Fig. 6. Regression coefficient standard errs; for time-  tureé records (i.e. on(:)) directly and estimated the ex-
scales 2.0-4.0 years (top) and 4.5-6.0 years (bottom). Values dponent . The overall behavior of the spectra over the
Sy >0.025 are shaded. First contour 0.025, contour interval 0.025.range of time scales analyzed in our work appears to be red
(i.e. Sy (f)~f~# with >0). This implies persistence. As
we mentioned above the spectral density function is very
To offer further support to this tendency (and to accountnoisy. As such, while overall behaviors may be identi-
for possible effects due to spatial correlations in the temperfied, anti-persistence over smaller ranges of scales (such as
ature field) we randomly selected 1000 grid points (from athose used in our work) may be masked. For example, in
total of over 10 368) and generated for each grid point a surhis Fig. 3 one may identify in the range ef2—10 years
rogate Markov process having the same length and lag-1 awanti-persistence. However, the presence of noise makes this

Nonlin. Processes Geophys., 14, 723—-733, 2007 www.nonlin-processes-geophys.net/14/723/2007/
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Fig. 8. Frequency distribution off from 1000 surrogate Markov data (solid line) and 1000 randomly selected actual data (broken line) for
four different ranges in time-scaléa) 100—200 days(b) 2.0—4.0 years(c) 4.5-6.0 years an() 6.5-7.0 years. The dotted vertical line
identifies H=0.50. The distributions from the actual data indicate that for very short time scales persistence dominates; on the other hand
as the time scale becomes longer anti-persistence becomes more dominating. However, the distributions from the surrogate are centered
about 0.5 for all time scales, as expected from theory.

assessment difficult. Our approach results in much smoothe4 Anti-persistence on long time-scales
functions and such regimes can be identified more ade-
quately. Examination of the produced running sums reveals that sig-
In the literature, the sort of analysis performed here is of-nificant reversals in the slope of the running sum have oc-
ten done by the alternative method Detrended Fluctuatiorcurred on decadal time-scale in large areas over the globe
Analysis (DFA) (Koscienly-Bunde et al., 1998). We find no during 1948-2005. Some examples are shown over selected
significant differences between DFA and the method we usedegions in the extratropics of the Northern (Fig. 9a) and
here. Therefore, while for very short time scales processeSouthern (Fig. 9b) Hemispheres. Decadal variations in the
in the climate system tend to promote an existing trend, forrunning sum are clearly observed. In addition, interannual
longer time scales processes are activated to reverse an exi$t- intra-decadal variations are also evident, particularly for
ing trend, consistent with the results obtained for the globalthe Northern Hemisphere (Fig. 9a). The spatial coherence
temperature record (Tsonis et al., 1998). Thus, the concluef the running sums is also obvious from the similar tempo-
sions reached by using the global temperature record areal variations among neighbor grid points (Fig. 9a, b). No
not just the result of some averaging procedure but reflecsuch tendencies were observed in the surrogate data. This
the properties of the small scale fluctuations in the temperaalmost symmetrical decadal variability of the random walks
ture field. Due to insufficient statistics in estimatifgt) at over regions in the Northern (Fig. 9a) and Southern (Fig. 9b)
longer time scales, we cannot extend this analysis any furtheHHemispheres suggests that the anti-persistence of tempera-
in time, but a different approach (see next section) indicatedure fluctuations indicated in the analysis above, may extend
that this anti-persistence may hold on longer time scales asn decadal time-scales.
well. In order to investigate this issue we proceed as follows.
Over finite time scales, a running sum may exhibit local
trends. Therefore, the total running sum length (RSL),
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Fig. 9. Running sum (Eqg. 1) computed for daily temperature

anomalies (1948-2005) for locations (@) Northern Europe (48—

53N, 0° E-15 E) and(b) South Pacific around New Zealand (40—

55°S, 170-178E). Each displacement is obtained for a distinct

grid point inside the indicated spatial domain. the regime of temperature anomalies in region 1 was such

that the frequency and/or intensity of positive temperature
anomalies during 1948-1975 preserved the positive trend in

defined as)_ y(i) over a given period of years is a use- the running sum, whereas in region 2 the trends in the run-

ful quantity which may yield further evidence of the anti- ning sum were mostly dominated by negative temperature

persistence in temperature anomalies on long time-scaleginomalies.

Consequently, random walks were arbitrarily computed in

two non-overlapping periods: 1948-1975 (Fig. 10a) and This is an interesting observation but what is remarkable

1976-2005 (Fig. 10b). is the reversal observed in Fig. 10b. Now the RSL is nega-
Interestingly, areas with high RSL magnitude (positive andtive in region 1 and positive in region 2. The reversal appears

negative) switch sign from 1948-1975 to 1976—2005 in a co-to be universal; it is occurring at almost all grid points and

herent and consistent way with maxima in Fig. 10a becom-s consistent with the general tendency for anti-persistence

ing minima in Fig. 10b and vice-versa. We observe a generabbserved in Fig. 4 as the time scale increases. This rever-

tendency in the first period (Fig. 10a) for positive RSL val- sal suggests that anti-persistence in temperature fluctuations

ues in the northern hemisphere and Antarctica (region 1) an@xtends to time scales longer than those of ENSO. This will

a general tendency for negative RSL values in oceans of thendicate that decadal time-scales processes are also important

southern hemisphere (region 2). This is an indication thatin regulating temperature variations.
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Fig. 11. Running sum (Eq. 1) generated from summer recon- ments in Fig. 11. United Kingdom (solid line), New Zealand (dotted

structed temperature anomalies in New Zealand (dashed line) anltline)'
United Kingdom (dotted line) during 1750-1975. The corre-

lation between these two curves is equad.58 and is statisti- decadal ti | dth i lation betw N
cally significant at 5% significance level. The number of de- on aecadal ime-scale an € anti-correfalion between New

grees of freedomNgf) is equal to 15 based on the relationship Z€@land and UK datasets have been present in the last 2.5
Naof=N (1—pinze1uK)/(1+pinze1uk) » WhereNis the number  centuries. The reconstructed datasets are summer averages
of seasons angdinz (p1uK) is the lag-1 auto-correlation function in both hemispheres and, consequently, the anti-correlation
for New Zealand (United Kingdom) records. Solid lines are 5 yearsis not an artifact of computing random walks over distinct
moving average (200 passes) to highlight low-frequency variability seasons. The slopes in the running sum indicate changes
of temperature regimes in New Zealand and United Kingdom. in regimes of seasonal temperature fluctuations. The anti-
correlation provides additional support to the results shown
in Figs. 9 and 10, which suggest that atmospheric processes
5 Anti-persistence in paleoclimatic records in the subtropics and mid-latitudes of the SH and interactions
with the Southern Oceans play an important role to moderate
The suggested anti-persistence on decadal time scales {fiobal variations of temperature on decadal time-scales.
next examined using paleoclimate data. Fortunately, tem- \ve note additionally that the scaling properties (Fig. 12)
perature records exist for Europe (European Gridded angptained from New Zealand and United Kingdom are very
Regional summer reconstruction) (Briffa et al., 1988) andconsistent with those in Fig. 4. The scaling coefficighes-
New Zealand (Xiong and Palmer, 2000). These two regiongimated from Fig. 11 for United Kingdom is equal to 0.42
are particularly important for this study because as RSL inand for New Zealand is equal to 0.34 within the 1.0-9.0
Northern Europe is positive, around New Zealand is negativeyears time scale range. Similak coefficients are observed

and vice-versa (Figs. 9 and 10). Temperature variations ovefround New Zealand and Northern Europe (typically at 6.0—
Europe (EU) were reconstructed for a 6-month summer seaz 5 years time-scale) in Fig. 4.

son (April-September) for the period 1750-1975 using a net-

work of maximum latewood (Briffa et al., 1988). The New

Zealand (NZ) data consist of average summer (February Conclusions

March) temperature derived from eleven NZ cedar ring width

chronologies (Xiong and Palmer, 2000). The anti-persistence of the temperature field on inter-decadal
Temperature anomalies in both datasets were obtainetime scales is part of the decadal variability of the climate

with respect to the 1951-1970 period. Trends were removedystem and this property has not been identified before. Pro-

and the running sums of summer temperature fluctuationgesses at time scales longer than that of ENSO are also

were computed according to Eq. (1). Figure 11 shows theesponsible for maintaining stationarity in the temperature

two running sums (dotted lines). The correlation coefficientanomaly field. In addition, our results indicate the impor-

between these two running sums-i8.58 and is statistically tance of the Southern Oceans in regulating temperature fluc-

significant at the 5% significance level. The solid lines are 5-tuation regimes on long time-scales. The origin of inter-

year moving average and show correlation equals@or8. decadal fluctuations in the climate system is currently one

These results indicate that the remarkable anti-persistencef the most challenging problems in climate dynamics with
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known global impacts on climate and oceanic ecosystemgccles, F. and Tziperman, E.: Nonlinear effects on ENSP’s period,
(Francis et al., 1998; Mantua et al., 1997). For example, the J. Atmos. Sci., 61, 474-482, 2004.
interdecadal fluctuations of the large-scale circulation overEmanuel, K.:  Increasing destructiveness of tropical cy-
the North Pacific (Deser et al., 2004; Trenberth and Hurrell, clones over the past 30 years, Nature, 436, 686-688,
1994) has been hypothesized to occur from a variety of possi- _40i-10-1038/nature03906, 2005,
bilities ranging from: 1) coupled ocean-atmosphere interac+ c9e": J-: Fractals, Plenum, New York, 283 pp., 1988. _
tions (Latif and Barnett, 2005), 2) air-sea interactions in theFranC'S’ R. C., Hare, S. R., Hollowed, A. B., and Wooster, W. S.:

. A ' . . Effects of interdecadal climate variability on the oceanic ecosys-
subtrop|c§I.PaC|f|c with atmospheric teleconnections tq the 1oms of the NE Pacific, Fish. Oceanogr., 7, 1-21, 1998.
North Pacific (Knutson and Manabe, 1998), 3) extratropical-grankignoul, C., Kestenare, E., Sennechael, N., de Coetlogon, G.,
trOpical interactions via an equatorward subsurface oceanic and D'Andrea, F.: On decadal-scale ocean-atmosphere interac-
pathway and a return atmospheric bridge (Gu and Philander, tions in the extended ECHAM1/LSG climate simulation, Clim.
1997) and 4) climate noise arising from integrating stochastic Dyn., 16, 333-354, 2000.
atmospheric variability over the North Pacific Ocean mixed Gu, D. F. and Philander, S. G. H.: Interdecadal climate fluctuations
layer and the thermocline (Pierce et al., 2001; Frankignoul et that depend on exchanges between the tropics and extratropics,
al., 2000). Interestingly, the variations and time-scale of anti- Science, 275, 805-807, 1997.
persistence are consistent with the variability of the strengtro!ton. J.- An introduction to dynamic meteorology, 4th ed., Else-
of the wintertime atmospheric circulation over North Pacific | Vi€ AAcademic Press, 535 pp., 2004. .
(20-30yrs). As such, the anti-persistence reported here conHurSt’ H. E. ITong-term storage capacity of reservoirs, Trans.

’ ' Amer. Soc. Civ. Eng., 116, 770-808, 1951.

stitutes a new and additional piece in the puzzle of inter-iy st H. E.. Black, R. P., and Simaika, Y. M. Long-term storage:

decadal oscillations in the climate system. An experimental study, Constable, London, 145 pp., 1965.
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