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SPATIAL CORRELATIONS OF INTERDECADAL VARIATION 
IN GLOBAL SURFACE TEMPERATURES 

Michael E. Mann and Jeffrey Park 
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Abstract. We have analyzed spatial correlation pat- 
terns of interdecadal global surface temperature variability 
from an empirical perspective. Using multi-taper coher- 
ence estimates from 140-yr records, we find that correla- 
tions between hemispheres are significant at >•95% confi- 
dence for non-randomness for most of the frequency band 
0.06 < f < 0.24: cyc/yr. Coherence estimates of pairs of 
100-yr grid-point temperature data series near 5-yr period 
reveal teleconnection patterns consistent with known pat- 
terns of ENSO variability. Significant correlated variability 
is observed near 15 year period, with the dominant tele- 
connection pattern largely confined to the Northern Hemi- 
sphere. Peak-to-peak AT m 0.5 ø, with simultaneous warm- 
ing and cooling of discrete patches on the earth's surface. 
A global average of this pattern would largely cancel. 

Introduction 

Understanding the nature of interdecadal climate vari- 
ability has become increasingly important as we seek to 
separate possible anthropogenic effects from the natural 
variability of the climate. While it is well established that 
the climate system exhibits significant internal variability 
on interannual time scales due to the effects of the quasi- 
biennial oscillation and ENSO [eg. Peixoto and Oort, 1992; 
Philander, 1990], there is mounting evidence that the cou- 
pled ocean-atmosphere system exhibits significant inter- 
nal variability on decadal and interdecadal time scales as 
well [Bjerknes, 1964, Folland et al., 1984, Levitus, 1989, 
Houghton and Tourre, 1992, Trenberth, 1990]. Recently, 
Ghil and Vautard [1991], Elsner and Tsonis [1991] and 
Allen et al. [1992] have analyzed the • 140 year instrumen- 
tal record of global average temperature anomalies of the 
East Anglia group [Jones et al., 1986abc] for global signals 
in the decadal and interdecadal ranges. Correlations have 
been sought with interdecadal oscillations in external as- 
tronomical forcing [Loutre et al, 1992]. Using multi-taper 
spectral analysis [Thomson, 1982; Park et al 1987] on this 
record, we find no spectral peaks at decadal or longer pe- 
riods which pass the F-test for phase coherence at 95% 
confidence levels in both hemispheres. This suggests that, 
if global climate signals exist at decadal and interdecadal 
periods, they represent quasiperiodic or aperiodic modes 
of variability of the climate. 

Previous analyses of the global temperature record at 
interdecadM time scales have focussed on globally or hemi- 
spherically averaged temperature series, with little discus- 
sion of the spatial correlation patterns or "teleconnections" 
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that should characterize "global" signals. We here exam- 
ine the correlation patterns, in both amplitude and phase, 
for spectral variance within narrow frequency band passes. 
Our approach is empirical, testing the data against the null 
hypothesis of random spatially uncorrelated temperature 
signals. An alternative focus would be a statistical test of 
data prediction from a coupled ocean-atmosphere model. 
However, such models are not yet reliable enough to pre- 
clude our empirical approach. Rather, the data should sug- 
gest the phenomena that numerical climate models might 
be expected to reproduce. 

Hemispheric correlations 

If global interdecadal temperature oscillations exist in a 
narrow frequency interval centered on f, we expect the 
squared coherency [c(f)l 2 to be large between tempera- 
ture time series corresponding to nonoverlapping areas of 
the Earth's surface. Under the assumption that the values 
of the discrete Fourier transform are normally distributed 
in the complex plane with zero mean, statistical tests for 
nonrandomness, similar to the F variance-ratio test, are 
described in many texts [Brillinger, 1981; Priestley, 1981]. 
We use the complex multitaper spectral coherence [Vernon 
et al 1991], valid for locally white spectral processes 

y•. y•(1), ( f ) y? ) ( f ) 
k 

C(f) - (Y•'. y?),(f)y?)(f) • y?),(f)y?)(f))l/2 (1) 
to analyze the coherence between eigenspectral estimates 
y•(1)(f) of series {x(• 1) •v y?) The }•=1 and (f) of {x(•2)} •v n--1 ' 

sums extend over the number of tapers used. A single 
eigenspectral estimate is defined by 

N 

Yk(f) : y•. l•n(k)xn½i2*rfnAt (2) 
n'--1 

where At is the sampling interval. The Slepian data taper 
{ v(•) •v }•=1 is the kth member of an orthogonal set of tapers, 
determined by a variational condition to minimize spec- 
tral leakage outside a chosen central bandwidth. In our 
analysis, six 47r-prolate tapers were chosen as a compro- 
mise between spectral resolution and variance. A parallel 
analysis using five 3•r-prolate tapers yielded no significant 
differences. 

Figure 1 shows the correlation between the annually- 
averaged • 140-year combined land and sea surface tem- 
perature anomaly records for the southern and northern 
hemispheres [Jones et al., 1986c] and their respective power 
spectra at periods greater than 4 yr (at shorter periods, 
the aliasing bias of the annually-averaged data is signifi- 
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Fig. 1. Upper: multitaper spectrum estimates for com- 
bined land-sea annual average temperature anomalies for 
the northern (solid) and southern (dashed) hemispheres. 
The spectra are locally white except at very low frequency. 
Lower: multitaper squared coherence estimate Ic'(/)l 2 be- 
tween the two records. The associated 1- rr jackknife 
uncertainties are indicated by dashed lines. Note that 

confidence)occurs in a relatively nar- 
row band near 15 year period, as well as near 10 and 5 
year periods. 

cant). Fluctuations in Ic(f)l 2 with scale length near the 
Rayleigh frequency fa (roughly 0.007 cycle/year for a 140- 
year data series) should be ignored. The 4•r-prolate tapers 
average over a central half-bandwidth of 4fa, or approx- 
imately 0.03 cycle/year. Correlations are extremely high 
(99% confidence for non-randomness) near zero frequency 
(40 yr period and greater) representing the recent secu- 
lar warming trend. While not globally uniform, this trend 
shows clear global-scale correlations [Hansen and Lebedeff, 
1987] and is the dominant signal in the observational record 
of global temperature [Kuo et al 1990, Ghil and Vautard, 
1991]. For 0.06 < f < 0.24 cyc/yr (between 4 and 16 yr 
period), 0.4%lC(f)l < 0.6, the bounds corresponding to 
92% and 99% confidence for nonrandomness, respectively. 
For comparison, the median (50% confidence) of the sta- 
tistical distribution occurs at IC(f)l m 0.3. The peak at 
f = 0.04 cyc/yr (25 years) occurs in the frequency range 
where the spectral amplitudes vary abruptly, and the lo- 
cally white assumption of the eigenspectral estimates Y•(f) 
is suspect. The large jackknife error bounds on IC(f)l = here 
indicate the doubt regarding the significance of this peak. 

The bias in U(f) caused by the incomplete coverage of 
the historical record is unknown, and cannot be discounted. 
Nevertheless, the correlation between the hemispherically 
averaged series at interdecadal periods appears significant, 
though far less compelling than for the secular trend. Fur- 
ther insight requires a more detailed examination of the 
associated spatial correlation patterns. 

Spatial correlation patterns 

We examined the coherence of 100 year monthly tem- 
perature records of individual 5 ø by 5 ø land and sea sur- 
face temperature grid-points [P. Jones, from NCAR, un- 

published] in band passes centered at 5 and 15 yr period. 
Five year period corresponds roughly to the center of the 
ENSO frequency band. As shown in Figure 1, 15 year 
period is the longest period, above the secular trend, for 
which IC(f)l 2 breaches the 95% confidence level for non- 
randomness. IC(f)l 2 at f = 1/15 yr -1 averages inter- 
decadal spectral information between roughly 10 and 33 
year periods. We choose 1890 as a lower cutoff date for 
the grid-point data series. Allowing only small gaps in 
the monthly data, we obtain 449 grid points with nearly 
continuous 100 year long coverage. The number of statis- 
tically independent data series is limited by strong corre- 
lations between neighboring grid points. Such short range 
correlations have a frequency-independent signature. For 
example, while a group of neighboring grid points in cen- 
tral Asia is correlated at all bandpasses, spatial correlation 
patterns corresponding to 3-7 year ENSO variability [see 
eg., Peixoto and Oort, 1992] are observed only in the ap- 
propriate bandpass. We estimated the short-range correla- 
tion length to be roughly 1500 km from pairwise gridpoint 
correlations. This reduces the effective spatial degrees of 
freedom from 449 to about 40. Background noise may give 
rise to spurious correlations. For example, a collection of 
uncorrelated data series would give rise to 5 spurious cor- 
relations at 9/5% confidence for every 100 cases. However, 
random values of U(f) should have random complex phase, 
and scatter about a circle in the complex plane. 

The teleconnection patterns of ENSO are fairly well es- 
tablished (e.g. Philander, 1990). For 100 year time se- 
ries, 4•r-prolate tapers will average spectral variance over 
a bandpass with halfwidth Af = 0.04 cyc/year. A coher- 
ence estimate at 5-yr period (0.2 cyc/yr) averages signals 
in the 4-6 year range, capturing much of the characteristic 
ENSO variability. Figure 2 shows all grid points, correlated 
with a reference grid point near Darwin, Australia, super- 
imposed on an idealized map of precipitation anomalies 
associated with typical ENSO episodes (after Ropelewski 
and Halpert [1987]). The observed temperature pattern 
agrees well with the ENSO precipitation anomaly pattern 
where grid point data is available. Figure 3 shows the cor- 
responding correlation phase relationships, where points 
are numbered according to the phase progression of the pre- 
cipitation anomalies. Aside from the two outlying points in 

rm 

Fig. 2. Temperature teleconnections near 5 year period 
corresponding to ENSO related variability. Grid points 
shown as filled diamonds correlate at > 95% confidence 

levels with the reference point near Darwin, Australia. Un- 
filled diamonds correlate at > 90% confidence levels, and 
all other points correlate below 90% confidence (usually 
much lower). The pattern is consistent with known ENSO 
precipitation teleconnections, indicated by shaded regions. 
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Fig. 3. Phase relationships of teleconnection pattern shown 
in Fig. 1. Complex spectral coherence is plotted, restricted 
to values above 95% confidence. Points are numbered in 

the order in which precipitation anomalies are first ob- 
served in those areas. "1" = western US, "2" = southern 
coastal Australia, "3" = northern India, "4" = central Aus- 
tralia, "5" - the far western Pacific, "6" = the Caribbean 
and northern South America, "7" = southern India, "8" = 
northern Australia, "9" = the southeastern US. and a "+" 
- other grid points. The phase of the temperature correla- 
tions is roughly consistent with precipitation in both order 
and timing. For instance, the temperature signal first ap- 
pears in north India, later in the southeastern US. The 
correlation phase extends over roughly 100 ø (•1.5 year) 
between those two regions. 

southern Australia and western US, the phase relations are 
in good agreement, with •7 month lag between northern 
India and the southeastern US. This correlated variability 
contributes to the significant correlations we observe be- 
tween the two hemispheres near 5 year period, and to the 
significant spectral power attributed to ENSO in the global 
average temperature record [Jones, 1989; Angell, 1990]. 

We observe statistically significant teleconnection pat- 
terns in the 15 year bandpass. Figure 4 shows the domi- 
nant pattern, with correlated variability confined largely to 
the Northern Hemisphere, including portions of the east- 
ern and western United States, the Caribbean, Northern 

Fig. 4. Northern hemisphere teleconnection pattern in the 
15 year bandpass. Large scale teleconnections are clearly 
evident, reaching from the western US to southern India 
and parts of central Asia. A reference point in northwest- 
ern US is chosen, but the teleconnection pattern is robust 
with respect to reference point in the correlation pattern. 

Europe, Levant, India and central Europe. A reference 
grid point in the Pacific Northwest is chosen, but the ob- 
served pattern is largely robust with respect to choice of 
reference. Figure 5 shows the correlation phase relation- 
ship associated with this teleconnection pattern. The ref- 
erence point is correlated near zero phase (positive corre- 
lation) with gridpoints in the western US, the Caribbean, 
India, Levant, and central Europe. The phases scatter 
roughly 30 ø, corresponding to temporal lags of roughly 
a year. Points in the eastern US and northern Europe 
are nearly 180 ø degrees out of phase (ie, negatively corre- 
lated) with the rest of the observed pattern. Such tele- 
connections may have their origins in the interaction be- 
tween sea-surface temperature variability, surface pressure 
anomalies, and associated changes in the planetary wave 
structure. Negative correlation between grid-points in the 
the western US and Hawaii, and the southeastern US is 
consistent with Trenberth [1990], which examined changes 
in the Pacific-North American (PNA) teleconnection on 
interdecadal time scales, albeit with a much shorter time 
series. Our analysis suggests a more widely correlated pat- 
tern of variability. The correlation phases indicate simul- 
taneous warming and cooling of different surface regions in 
the Northern Hemisphere with a time scale near 15 years. 
Unlike the ENSO temperature variations, which are largely 
positively correlated, a global average of this pattern would 
largely cancel. The majority of grid points in the above 
teleconnection pattern exhibit peak to peak fluctuations 
•>0.5 ø in amplitude. Using globally averaged data, Ghil 
and Vautard [1991] argued for bidecadal temperature os- 
cillations with peak to peak amplitude of only 0.2 ø . 

Teleconnections of temperature anomalies in the 15 year 
bandpass are also observed in the Southern Hemisphere, 
chiefly involving coastal areas bordering on the Antarctic 
Circumpolar Current, as well as parts of India and south- 
ern Asia. This correlation pattern is less robust with re- 
spect to the choice of reference point, and the correlation 
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Fig. 5. Correlation phases associated with the teleconnec- 
tion pattern shown in Fig. 4. "1"= western US., "2" 
- eastern US., "3"= Caribbean, "4"= northern Europe, 
"5"= the Levant, "6"= central Europe, and "7" = south- 
ern India. Note that the eastern US and northern Europe 
are roughly 180 ø out of phase with the rest of the pattern. 
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phases do not show a clear geographical relationship. The 
correlations between the two hemisphere averaged records 
probably arise from an overlap between these correlations 
and the ones shown above. 

Conclusions 

Spatial correlations in historical temperature measure- 
ments confirm the global nature of the secular warming 
trend and low frequency ENSO variability. Statistically 
significant teleconnections of temperature anomalies at in- 
terdecadal periods are also observed. The associated corre- 
lation patterns appear less widespread than those of ENSO 
or of the secular trend, and an examination of other climate 
indexes would be required to confirm them as constituting 
a true "global" climatic signal. 

Our analysis argues for a careful examination of the spa- 
tial dependence of any putafire long-period global climatic 
signal. Internal climate oscillations are expected to redis- 
tribute heat over the earth's surface, as well as between 
the atmosphere and ocean. Predictions of climate change 
based on the analysis of globally averaged data may be 
valid only in certain regions of the globe, or, worse, may 
be a deceptive average of two or more independent regional 
climate processes. Temperature records for all 449 land 
grid points in our analysis exhibit variability in the 15-year 
bandpass, but spatial correlations are significant for only a 
subset of the gridpoints and may be due to combinations 
of at least two independent processes. ENSO variation in 
surface temperature is largely positively correlated over the 
globe, but interdecadal variability is not. 
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