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-{tempereture end atmoepherm carbon dloxide are.

., significantly correlated over the past thlrty yeers.‘ ¥
Changes, in carbon dioxide content lag those In -
temperature by.five months. . . . | i

o

. DURING the past century (see, for example, refs 1, 2), scientists

.have studied the possibility that the climate ix influéncéd by

changes in the atmospheric concentration of (O, cauzed by
industrial aod agricultural activities’*, Recently, bocause of the.
poteatially serious consequences of the greenbouse cfect™, the
problem has been studied more intensively™ with awcwwwards
observing climatic sffects attributable ta the incrcase of atmos-
pheric greenhouse gases. For examplé, the output of numerical
madels of the global climate has been compared with measure-
ments'™':, and the significance of the temperature increase has
been tested wsing various straight-line segment 2nd parametric
models (ref. 12 and J. Scater, manuscript in preparation). But
present numericzl models of the atmosphere zre crude, and
comparisons between the time scrics representing the real data
and predictions of the atmospheric models are difficuit to inter-
pret. Bacanse the available data are short time saries, conven-
tional statistical methods are unrefiable, and detection of the
greenhouse offect romains controversial™-'®,

© The longest modern series of precise Dy concentration
measurements begins in March 1953 and consists of monthly
values collected by Keeling at the summit of Macoa Loa in

" Hawaii'”, Although these data are from a single station, they

are typical of measurements made siopce 1974 at several sites™,
Because we are interssted o the time-series: aspects of the
problem, we yse the longer Keeiing series, The data have an
wpward teend that is readily visible (the upper corve in Fig. 1),

an_obvious annual component and Imegular Auctustions. Five,
missing vaiues were intarpolated veing a stochastic least-squares
procedure”on the residuals from a quadratic polynomial. pius .

the first five andual harmonics. These: mterpolamd nlues'l,'llw: .

an estimated error of 0.35 p.p.m..asd kre qnted}n Fig. 1 v

“Earbon “dioxide |5 Telated 16 oheervabTé ‘chénges - o
‘N thé_climate s .tested Jusing. modern . -methods
* of ‘time-series :analysis. The results eenﬁrmﬁ;thet"
" average’t glnbel temperature i mcreeemg, ‘endthat -

. of climate data can’
. aversimplified modelg{for review, see, for example, refs 22, 23).
_ Statistical techniques that are vulnerable to difficulties include

-l

: Hmhci‘mure, the memh]y CQ, euu-

_ 6 eydle T} 'the prob il:tytha: thie level of coherence observed
ffom 0to 2 cycls yrl
_do both series have §

docurred by chanec is ~2% 10™%, Not only
5ing trends that ar= highly significant,

but thm are hnear P la.tmns hetwcm many of their escllla:ory

ions in the literature about the analysiz .
e traced to the wse of inappropriate or

thase * based _on eaietric models (such as low-arder
amorcgrcssm moving-average representations) and methods
plagued by more insidious problems caused by implicit assump-
tions of time-seriex mtationarity. The cavalier use of para.
metric madels can lsad to mizspecification difficulties™ berauvse

340 L) ! L l L
1360 1965 1570 - 1975 1980 4285 19S50

- GOy Concentration {pp.m.]

. Hansew:and Lebedeff?! created .4’ time. séries, of .monthly-- Ciads

global-avmge snrfacamr-tcmmmtun .changes  from - -Jafuary .

1830 t:&_Demmber 1988. This series is 8 weighted average over,

station; Tormed by subtracting the average JAGUATY temperature -

during the reference period 1951-20 from alf the Sanyary data, I

andﬂéhﬂuglthh for the other months, dimmmg seasomal

veriations:: :Displayed a5 the lower curve in -Fig..1, the tem-. -

perature:zeries also increases with tme b its ﬂumnuuns are,
miauvely larger than those in ‘the €O, record. 7t
- Here'we apply muitiple-window time-series methods (wl:uch ;
are’ eﬁdunt for short seres) to estimate the trends and powcr
spéetrd of 'thé Hinsen-Lebedesf ‘average: " global surfes tem:

pmtum eriex. ‘and Keeling CO,y mneent.mﬂon mmutemenm- ;

2x well as the coberence between the two. Thia analysis shows

that from 1880 to 1988, the average global temperature increased .

by 0.00350.00096 ' yr~!, and the probability that this slope’
NATURE -++YOL'343 + 22 FEBRUARY 1990
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cycle disctissed below) #ither are undetected, “are “gitributed
incorrectly or are simply lumped in as part of *residual vari-
ance’. A3 shown below, the CO; congentration . and global
temperature series have complicated speciral density functions,
50 these series are not likely to be modefled by any simple form
in either the time or frequeney domains, The fundamental faw
of parametric models, including numerical atmozpheric models
and time-series models, is that they nrake oo provision for the
mexpected.
We represent cach time sexies by the less restrictive decompo-
sitign into a parametric trend and 4 non-parametric residual.
" Because one cannot dircctly discriminate betwesn the many
possible functional forms for the trends fram such short reeords,
we represent the trend in ¢ach time series by the simplest
‘non-constant function of time, 4 straight line of non-zero siope
which can be thought of as the fit two terms in the Taylor
series expansion of the true trénd. It may be zrgued that this
semi-parametric representation is subject to the misspecification

prablems mentioned above, but, because we subjocithe regidualz

to greater scruliny than we do the trends; features not included

in the trends will still be present and studied in the residuals,

Morcover, we find that including quadratic terms does not

change the results of the following analysis significanty.
Thercfore, we express sach time series

{x(0), (1), x(2),.... x(N=1)}

as.the sum of a constant, a linear trend and 4 stationary time
scries specified only by its spectral representation

=gt a(i-t)+e(: =0,1,...,N=1 (1}

‘where f, is 2 reference time, a, and a4, arc constants and the
residual time series ef 1) has the spectral representation

12
e(:)-[ e 4 X(f)
112

for all . AX{f) is the differential of a generalized Fouricr
transform and is known 23 an ‘onhogonal increment process’.
{This is an extension of the representation used in ref. 25, where
the CO, series was decomposed into 2 trend, an annsal com-
ponent and 2 residual.) The apnual camporent is given by the
first moment of dX(f), and the power spectrum, or power

(2)

spectral density, S(f), of the residuals is, by definicion, the

second mement of dX'(/):
50N df =Efdx N (3)

where £ is the statistical expected-value operator. In a stationary
series, values of d X{ ) 2t distinet frequencies are uncorreiated®®,

Estimation

Although the tme- and frequency-domain representations of

time series are (ormaily equivalent”’, we usually find it more
informative to analyse time series in the frequency domain where
the effects of differ=nt physical processes can be casier to diatin-
guish, With short time series, such as the CO; and global
temperature records, it s difficult to resolve diffcrent frequencies
and simuitancously obtain statistically significant resulte. Our
gpproach is ta use a variant of the multiple-window method of
spectrum analysis™ that, although it does not eliminate all
the problems associated with short series, makes statisticaily
cfficient use of the available data.

Most frequency-domain methods are strictly valid only for
the snalysis of stationary data, not serigs with embedded
trends such as the CO, and global tempermiure tecords.
Using the multiple window procedure described below, we
estimzte the trends in each series, subtract off these terms, and
estimate the spectrum of the residuals. Finally, we test the
residusls for stationarity to see il our assumptions were violzied.

Estimating the average a, aod trend ay by ordinary least
squared can produce misleading resuits if the residuals { {11} 75

T30

‘Have 4 -uui:-'iﬁhitc -

o4 efiecis (sucly as the modulation: of the anmual - Have ‘
: © correlated ™ The

4y, the spectrum of

in a small frequen

window regression,
& residuais and their errors.

ally concentrate the spectral energy-
frequency band of width 2B centred on 2 frequency J, tha
between the freque
the lowest-order [2
of ref. 32, where T

*Slepian sequences’
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es f— B and [+ B These sequences

(mon-far) spestrum’ and . are theref
idual spectrum need only be-raughfy:
interval around the origin for muldp
owever, to produce valid esﬁmatﬂ'g'f,’
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method uses the orthogonal sequences

the duration of the observed series, TH
form a basis on which the data in®
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ﬁ-equency =band ‘tin: be uxpanded. The i coeﬂicicuu of' this
expansion depend on frequency and are obtained byitaking the
discrete Fourier transiorm of the product of the data with éach
Siepian sequence. The lowesi-order coefficient Is similar 10 a
direct spectrum estimate using 2 conventional data windaw or
taper. A multiple-window estimate of the specirum is, however,
#n adaptively weighted averaga of the ZBT fi requency-dependem
coeflicients.

fecause of their energy-concentration propemes, the Slepian
sequences are the data windows thac sre most resistant io spectral
leakage®™. For example, the estimate of the temperature-serics
spectrum in Fig. 2b is pmduced using 11 Slepian sequences
with 28 = 0,11 cycle yr™'; sidelobes of the sffective spectral win-
dow shawn in the insert are unobservable on the scale of Fig. 25

Chousing the parameter B for a multipie-window estimate of
g spectrumm tnvolves a tradeoff between resolution and variance.
The varianée of this spectrum estimate is propartionai to
{/(2BT). Thus, increasing B improves statistical r¢habﬂlty but
decrrases the resolution of the ¢stimate

Trend estimates -

To estimate the coefficients ag and a, in eqyation {1) by con-
ventional time-domain regression, one minimizes the sym af the
squarcs of the residuals L5 ¢(r) with respest o the
coefficients. By Parseval's formuls,

Y 72
T &) =j' (&) af )
t=0 -1z

where & j ) is the dissrete Fourier transform of the residuals
{e(t)}._q . 50 minimization in ¢ither the time or {requancy
domain is equivalent To avoid the encrgy associated with the
harmonics of the snnual cycle and other high-frequency pro-
pesses, however, we minimize only the integral over the low
frequencies

J [ afs W=BT/N<i (5

and ignore the higher-frequency components of the residuals,
resulting in estimates expressible in terms of the Slepian
saquences.

The multiple-window approach has several advantages when
the residuals are autocorrelated. First, the ‘obscrvations’ in the
multiple-windaw regression are claser to independent gaussmn
random varizbles than the original time-domain data {x(1)}/55',
and therefore the multiple-window cocfficient estimates are
closer to maximum-likelihood estimates than are the estimates
{rom ardipary least-squares analysis. Similarly, the number of
degrees of freedom and errar estimartes are easily calculated

nsing the Slepian sequences, and the multiple-window method’
is often more statistically efficient than ordinary least-squares

analysis {C. Lindberg, manuscript in preparation). In canven-
tional regreszsion, the endpoints of the time series (for example,
the abnormally high temperaturcs of the last decade) ¢an hth
an mordmatcly large influence on the coefficient estimates™
This effect is largely climinated in this approach. Finally, it is
relatively easy ta check the assumptions that have been made
in representing the data by a particular modﬂ.

Trends

For the monthly Keeling CO, serics (March 1958 to December
1988, T=29.2 yr), estimates of the average and trend were
obtained using f,,=1975.0, and a bandwidth of IB=
039 cycle yr~'. This value of B confines the spectral energy
associated with the trend components to mquencies Jf with
|fi=0.195 cycle yr™!, avoiding energy associated with the
armual-cyels and its harmonics. This valee of B also results in
a spectrum that i3 locally white in the resolution band (at
Trequenciss above 0.2 eycle yr™', the CO, residual spectrum
drops rapidly, as shown below), The time-bandwidth product

MATURE - VOL 343 + 22 FEBRUARY 1990

pn_"

" from Januoary 1880

" width of 28 =0.128 gycle yr~

shown below. Using

‘ subtracting the pe

ZBT- 11 6 gwes el en-leakage-rcmmn: mnduws The multi-

ple-window rprocediing - results: in “the numms a.,=-3319:e
0.44 p.pm. and -a, =1.191 £0.053 p.pam.yr~'. . T

For the monthly Hansen-Lebedeff global wmperaturc series
December 1988, we obtained estimates of
the average and trend using £ = 1934.5 and a resolution band-

' . This value of 28 was chosen to
avoid the frequency band above 0.07 cycleyr™ 'where the
residuzi global temperstune spectrum decreases rapidly, as
12 Siepian sequences, we obtain a,=
~0.106£0.030°C ankd a, = 0.00554 +0,00096 °C yr .

For comparison, estimates from ordinary least-squares analy-
sis agree with the maltipl=-window ¢stimates to three significant
figures but, because of the lower values of the spectrum at higher
frequencies, underedtimate their standard deviations by a factor
of five.

To assess the significance of this estimated global temperature
slope, we note that Milankovitch theory predicts that at present
the Earth should bé cooling by ~0.0004*C yr™' (refs 34, 35).
Thus, solar varability aside, the null hypothesis is that the
temperature trend Should be slightly negative, To test this
hypothesis we usel 2  statistic =[0.00554—{=4x10"")/
0.000951 = 6,18 whith, 2 12 windows were nsed and two para-
merers were estimaped, is characterized by approximately 10
degrees af freedom. Thercfore, given that the low-frequency
spectrum is approximately white {(see Fig. 2b), the slope is
greater than the Milankovitch prediction with probability
99.995% (ref. 36). Using a narrower bandwidth leads 1o [ower
Slepian sequences with resistance to spectral leakage, fewer
degrees of fresdon] and an underestimate of the slope sig-
nificance. A wider Randwidth results in an invalid ¢ statistic, as
the residual spectrum decreases rapidly at l'requenci:s
>0.07 oyete yr™! and so violates the ‘locally white” assumption.
Meither a jackkmife fariance estimate’ (a non-parametrie statis-
tic semsitive to bdth non-gawssianity and non-stationanty,
determined from thk set of spectrum estimates computed with
rach of the windows deleted in turn), nor the stationarity test
of ref. 34 show the|residual series to be non-stationary. High-
resolution quadrarie inverse spectrum estimates provide some
evidence for a dpple on the spectrum  at frequencies
<0.07 cycle yr™', copsistentt with a ‘recurrenee time’ in the tem-
persiure data of —38 yr, but the amplitude of this ripple is not
enouph to change the significance of the slope.

Finally, it has been argued that the negative trend in the
temperature record between 1940 and 1970 invalidates the con-
clugion that the terhperature is increasing over the long term.
Ta teat this, we repéated the trend calculations for overlapping
30-year subsections of the Hansen-Lebedeff series. The ¢ati-
msted trends for egch interval are shown as the short straight
lines through the tgmperaiur: record in Fig. 1, and the 95%-
confidence ragion of each is bounded by the hypcrbohc ares™,
The line associated With the linear trend of the entire temperature
record remains in the corrider collectively outlined by the sub-
section emmor boundz,

Spectrum estim
We estimate the spectrum of the residual series {2(1)}iL5' by
adic componenis (detected by a statistical
F-test™) from the detrended data, and by making an adaptively
weighted. multipleqwindow emmatc of the power spectral
density Stf)ofthe iduals™®, Mo frequency components abave
2.5 cycleyr™ arc shown ta avoid anefacts from the uncqual
lengths of the months.

Figurc 2a is the w-l‘rcqucncy part of the spectrum estimate
of the COy residual} using 28 = 0.39 cycle yr™' and 11 windows.
The spectrum is ngt white, so estimates using ordinary least-
squares analysis af the CO; trend error bounds are invalid. The
variance of the e !.tlmalc has besn caiculaied by jackknifing
aver windows 74}, and the resulting 5% and 95% confidence
limits are shown. Thesc crror bounds are consistent with the
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" yPodistributed estimate. {with-22 degress of freadom) expecied
from stationary gaussian dats, Becanss of the shortness of this
series, it is unlikely that details in the low-frequency end of the
spectrum have: been resolved; the plotted apeetrum is 3 com-
promise  between  (requency resolution and  statistical
significance. oo . ‘

Figure 2b shows an estimated specirum of the Hansen-
Lebedei global aversge temperature rezidual geries. To allow
resolution. of more details in the specirum, 2 bandwidth of
2B=0.11 cycie yr~' was used, resniting in 11 Slepian sequences
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Fi3. 3 a Magmiuge.squared coherence (MSCL between the Kesling COg
seriet ard the global temperature series during 1958-1988, The verteal
axis on the for left is the value of the MSC, and the axis an the left of the
graph is 1he valye of the conerence magnitude transformed by tanh Eon
\his scale (he coherence estimates should ba roughly gaussin with unit
siandand deviation’?. The vertical axig on the nght gives the cumulative
distribution funclion for incoharent series. The upper (solidhoorve represents
the transformed coberance values {tanh M|CLA ). and the lower (dashed)
curve is offset by one standard deviation as detarmined by jadkknsfing qver
windgws. b Phase of coherence between the Kesiing GO, serws and the
global temperature series guring 1968-1988 corresponding to the MSC
in & The twn dazhed lines show the 1 %.d. limits cbtained Dy jackknifing.
The low.Trequancy Wwend in the phase comesponds (o 8 delay of ~ 5 months.
whereas the hole' new Lcycleyr b reflects the predominance of other
effecis rear thiz frequency, The poorer limits on the phase at higher
Irequencies is A condtquence of the lawer coherencirs, there. Thesd [ackhnude
estimales agres with Qacssian theory.

= T

* section of the phase]’, ~120°/(360°x 0.8 eycie yr™")) in agre ﬁ '

(2BT=108x0.11=11.
exhibits substantiai

the annpal cycle. Beca
nat a simple perdodic si
Lebedeff referencing \
gnnual cycle} we cxamyne it further belaw.

Refations between o
That both the CO; and globai temperaturs daia have pao ut
slopes docs not prove|that the 1wo series are related. As the]
discussion on spurious correlation in ref. 42 makes clear, the
presence of the trendy in each series will cause simiple |
domain sorrelations b n'the twe series to be high: 10t
founnd, however, that t fltctuations of the two detrended sefieg
are coherent over a baind of frequencies, then it is more ikeby
that the twn series arejrelated. rr:

The frequency-domjain anzlogue of correlation, col
ence”™*, has been applied to metcorological data for m
years*. Conventional | estimates of cohercrice botween singly
sections af twa recordy are the smoothed (by a moving average}y
camplex product of the discrete Founer transforms of the (Wo)
series, and 30 ¢an be bpdly biased il the phase changes OVer,
averaging band. Sectipn-averaging methods are inapprap
for short series: not only does dividing these series into yub
tions resuit in poor (fequency resolution, but the cor
igns produces unreliable coherence
ndow approach described in refs 28
41 provides a less biajed estimate of coherence C(f) whi
suitable for short series, ailowing the extraction of marc info
tian from the same dqta. iy

Figure 3a shows the multiple-window magnitude-sq
cohetence between the Kecling €O, and global tempena
residuals from 1958 to 1988 (produced wsing the same bandwi
and number of windqws as the spectrum estimate af the C
residuals). It is remar i

g). As nated in ref. 21, this spectyy
er at periods near integer multipléy
the F-est shows that this pow

bie that the two series have a coherence §
above the 90% confidence level at frequencies 0.8 cycle yr, d
with cohierence exoseding 98% over much of this low-frequency
band. Because muitiple-windaw coherence estimates spaced 2843
apart are essentiaily independent, the probability of observing §
such levels across a ide band by chance from independe
series is very tow, +2x% 107, Thus, rot only arc the :trend
compouents (at frequencies ~0cycle yr~'} of both time geries
increasing, but the regiduals of the two series are algo coberent
with high confidencsin the low-frequency band.
Figure 36 is a plgt of the phase of the multiple-windo
coherence between the two residual {trend-subtracted) ser
The phase of the cohirence a1 0 cycle yr™ is zero and, becsuse:
both trends are posigve, is independenc of whether trends
included or not. Betwien 0 and 0.8 cycle yr™' the phase is roughl
linear, corresponding to the CO; series lagging the tempermin
series by ~5 months (ealculated by taking the slope of this in

ment with arguments that naturai positive feedback mechanlna
in the carbon cycle chuses carbon dioxide 10 lag temperatur
some frequency bands'® (R. Marston, persanal commuaicat
Current knowledge df these complicated interactions inval!
solar forcing, the Squihern Osciilation and exchauge of
with the oceans on virious timescales, is summarized in sectiong
6.6 of tef. 19. Also, im agreement with Keeling's hypothesis thaty
gcean processes arg dominant, we find that the coheréfic)
between the CO, and the Southern Hemisphere average 1CTiy
perature reconds is glightly higher than that for the Mo
Hemisphere and thal the observed delay of ~5 months bty
the globai temperatyre and CO; is also seen in the South
Hemisphere phase. As the Northern Hemisphere averages 8y
perature leads CO, by ~3 months, part of the -~ $-month deify
st be due (o the trinsport time from the Southern Hemisp
to Maunta Loa. oo
The hole in the phase curve near 1 cycle yr™' oocurs bec
the temperature spécirum there is dominated by 4 dif
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Fiz, 4 The saiid curve shaws the amplituda of the complex demadulate of
the Northern Hemigphere temgeraturs record batwean 0.9 snd 1.4, cycie yr =2,
A plot of the sunspot numbers 13 shown below. Detailed axamination of the
cofutrénce balwewn the demodulate and the goiar cycie shows that thasa
two have about 3 1/(30yr) differance in frequency (Correspanding to the
stronges fower sidehand mentioned in Fig. 24),

physical mechanism, and because of their differ=nt phase charzc-
leristics, we analyse the Morthern and Southern Hemisphere
temperature records separately in this frequeney band. Te do
this, a multiple-window bandpass-filtared temperature senss is
formed by ezpanding the residual temperature serics on a sat
af Slepian scquences that have most of their spectral energy
confined betwesn 0.9 and 1.1 cycle yr™'. The resulting *compiex
demoduiate’ for the Hansen-Lebedeff Morthern Hemisphere
temperatures s shown by the solid fine in Fig. 4. The sunspat
vecrrd (s0lid dots in Fig. 4) is clearly similar to the demodulated
temperature data, suggesting that the annual signal is modulated
by fiuctuations in solar output. Detailed analysis shows that
coherence betwesn the sunspot and filtered temperature series
is significant, and similar to the non-stationary structure found

sphere are similar.

- causing the chang

{n ref, 47. The phasg of the sunspot-filtered temperziure coher.
ence hes a linear doft, conesponding 1o 2 frequency difference
between these two assillations of 174, where'A = 27-30 yr, poss-
ibly related 1o the| low-frequency tfipple in the temperature
spectrum mentioned above. The results for the Souihern Hemi-

Discussion ‘
The coherence results presented here provide significan:

¢vidence that the dverage giobzl temperature and CO; con-

¢eniration from 1958 to 1988 are lipeariy related at many

frequencies. But cagtion must be exereised in interpreting this

result as suggesting rthat the vanations in atmaspheric CO, are

. in giobal temperature, even though thers

are plausible physjcal mechanisms linking the two series.

Apparent corrciations that are used to postulate caugality can

sometimes be misldading, as in the case involving timing of
earthquakez**. In addition, one shouid be particularly ¢autious

in interpreting the foherence when the senes analysed are as

short as these; climgtic and solar variations often are of longer

duration than these [records,

From atmospherie chemisiry, global temperature depends
nanlincady on CO,|concentration (T Gracdel, personal com-
munication). The plocedure used here implicitly uses a linear
dependence. Bispaciral estimates provide evidence of quadratic
terms, although the tharness of these series makes this difficult
to quantify. Also, e¥cept for the solar moduiation of the tem-’
perature sarigs nead [ cycle yr~!, we have ignored the cyclo-
stationary properticd of these two series (that is, the stanstics
of these serics vary periodically).

A more completd apalysis would include estimates of the
coherences between the various global average temperature time
serigs, records of atnosphenie €0, concentration, human CO,
production, sunspoty, voicanic activity and the Southern Osciila-
tion fndex, which age all high in various frequeney bands and
have complicated pHase interrelations. For example, the coher-
ence between the detfended Keeling CO, series and the Southemn
Oscillation Index id high near 0.4 and 24cycleyr™, If we
calculate the coherenjce between the CO. and global (emperature
series from which tefms describing their linear dependencas on
the Southern Oscillation Index and sunspaot racord have beer
subtracted (called a partial coherence), the low-frequency mag-
nitude-squarcd cohdrence increases o almost 0.7 whereas it
decreases near 0.3 cyfcle yr™'. Several of'these series also exhitrit
an oscillation at an apparent period of —15 years, Further analy-
zig of their multivarijte relations will be described ¢lsewhere in
more detail. ‘ c
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