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Global scale decadal climate variability
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Abstract. Analysis of observations and results from
a. global coupled climate model show that coherent
decadal climate variability extends over the entire Pa-
cific basin, is associated with processes in the Atlantic
and Indian Ocean regions to contribute to global pat-
terns of decadal climate variability, and encompasses
regional decadal mechanisms noted in previous studies.
Ocean heat content anomalies embedded in the gyre
circulations of the Pacific, Atlantic and Indian Oceans
are associated with global decadal timescale “El Nifio-
like” signals in atmosphere and ocean with consequent
global energy balance variations. Large-scale tropical-
midlatitude interactions act to replenish the ocean heat
content anomalies. Maxima in decadal timescale glob-
ally averaged surface temperature occur in conjunction
with periodic arrangements of SST anomalies, in as-
sociation with the heat content anomalies embedded
in the various ocean gyre circulations, in a global “El
Nifio-like” pattern that is highly correlated with such
maxima. The decadal timescale in the model is ap-
proximately set by the circuit times of the ocean gyre
circulations.

1. Introduction

To explain observed decadal timescale variability, pre-
vious studies have proposed regional mechanisms in-
volving ocean heat content anomalies, ocean gyre circu-
lations, and coupled feedbacks with the atmospheric cir-
culation for the North Pacific, North Atlantic, and trop-
‘ical Atlantic (see review by Latif, 1998 and references
therein). So-called “El Nifio-like” signals in the tropical
Pacific on the decadal timescale have been noted in ob-
servations [Kang, 1996; Zhang et al., 1997] and coupled
models [Knutson and Manabe, 1998].

At least part of the pattern of low frequency variabil-
ity of the climate system, particularly the “El Nifio-like”
response associated with increasing CO2 in the models,
may be linked to low frequency variability in external
forcing [e.g. Meehl and Washington, 1996; Haywood et
al., 1997]. Consequently, it is important to understand
the mechanisms that are producing the internally gen-
erated decadal variability to help sort out the climate
change detection/attribution problem.
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Here we analyze 95 years from an integration of a
global coupled ocean-atmosphere-sea ice climate model
(R15 9L atmosphere, 1 degree by 1 degree 20L ocean,
dynamic/thermodynamic sea ice; [Meehl and Washing-
ton, 1995; Washington and Meehl, 1996] along with
near-global surface temperatures from 1900 to 1994
[Jones, 1988]. The purpose is to identify the mecha-
nism that is generating global scale internally generated
decadal variability (defined as periods of roughly 9-20
years) in the model, and to determine if we can infer
from the model and the limited observations the mech-
anism in the real climate system.

2. Results

To separate the interannual from the decadal sig-
nals, we use an 8 year 73 point low pass Lanczos fil-
ter applied to the detrended monthly anomalies of SST
from 95 years of surface air temperatures from the cou-
pled model control case with constant CO; (Fig. la-d).
Spectra of globally averaged surface temperature time
series from the observations (not shown) and the model
(Fig. 2a) show statistically significant spectral peaks in
the El Nifio period of around 4 years, and in the decadal
period of around 13-14 years.

The high pass filtered time series are then formed by
subtracting the low pass filtered data from the original
time series. For an area in the Pacific from 15N to 158,
157.5E to 82.5W, EOF's are calculated from the filtered
data using the correlation matrix technique and the cor-
responding principle component time series (Fig. 1b,d)
are then correlated with the filtered time series to form
the patterns shown in Fig. 1la and ¢. Though the trop-
ical Pacific is used as a base area here, as noted below
there is a high correlation with low pass filtered glob-
ally averaged temperatures, and similar patterns are ob-
tained using global surface temperatures [Meehl et al.,
1997].

The model shows large positive correlations close to
the equator for the high pass filtered data (Fig. 1c),
while the low pass positive correlation values in the
tropical Pacific (Fig. 1la) are spread in a wider off-
equatorial range. Both high pass and low pass filtered
data have opposite sign correlations in the northwest
and southwest Pacific similar to the observations (not
shown here, but refer to comparable plots in Zhang et
al., 1997, Fig. 3; Knutson and Manabe, 1998, Fig. 4).
This coupled model has some of the same systematic
errors of others of its class [e.g. Meehl and Arblaster,
1998] in that the El Nifio variability is about half of the
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Figure 1. a) EOF1 from low pass filtered surface tem-
peratures b) PC time series for iow pass filtered EOF1;
c) same as (a) except for high pass filtered data; d) same
as (b) except for high pass filtered data.

observed, and the maximum model interannual Pacific
equatorial variability is near the Dateline and somewhat
south of the equator, with less high amplitude variabil-
ity in the equatorial eastern Pacific.

The first EOF principal component (PC) time series

of low pass filtered surface temperature, indicative of
the time evolution of the dominant pattern of variabil-
ity, is highly correlated with globally averaged surface
temperature on the decadal timescale [+0.61 for the ob-
servations (not shown), and +0.89 for the model; note
that this correlation pattern is associated with high
amplitude temperature signals over the northern con-
tinents shown by regression analysis, Stouffer et al.,
1994]. When global temperatures are warm on the
decadal timescale, SSTs in the tropical Pacific are also
warm in both observations and the model. Actual peak-
to-peak amplitudes of SST anomalies on the decadal
timescale reach about 1C — 1.5C locally in the model.

Vertically averaged temperature (VAT) over the up-
per 300 m of the ocean, a measure of heat content, is
lag correlated with the low pass filtered EOF1 PC time
series of surface temperature (Fig. 1b). Successive posi-
tion of positive lag correlation values greater then 40.4
are shown at lag -8 and lag -4 years (Fig. 2b). An elab-
oration of this movement of heat content anomalies is
illustrated for a full cycle for lag -10 years, lag 0 and lag
+10 (Fig. 2c,d,e). As noted above, the EOF1 PC time
series of low pass filtered surface temperature is highly
correlated with globally averaged surface temperature,
and we use the former to show the relationship between
the global pattern of surface temperature and the upper
ocean heat content.

The essence of the mechanism- that is generating a
considerable part of the internal decadal variability in
the model can be seen as a global system of propagating
heat content anomalies in all ocean basins (Fig. 2c-e)
corresponding to the ocean gyre circulations (Fig. 2f).
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The largest amplitude lag correlations are in the range
of + 0.4-0.6 which are significant at the 5% level and
explain up to 40% of the variance locally.

The advective timescale in the model subtropical
gyres (taking a typical current speed at a depth of 87.5
m to be 0.04 m s~!, and one full circuit around the
gyre to be 2 x 107 m) is 15.9 years. Thus, the decadal
timescale of global climate variability in the model is ap-
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Figure 2. (a) Spectra of globally averaged surface tem-
perature for the 95 years of model simulation. Peaks ex-
ceeding top line are significant at the 95% level. EOF1
PC time series of low pass filtered surface temperature
from the model (Fig. 1b) lag correlated with verti-
cally averaged ocean temperature (upper 300 m) (b)
showing successive position of significant areas of pos-
itive lag correlation greater than +0.4 at lags -8 and
-4, and total plots for (c) lag -10 years (d) lag 0, (e)
lag+10; (f) approximate positions of maxima of posi-
tive lag correlations in panels c-e, with the numbers 1
through 3 representing lags -10 years, lag 0, and lag
+10 years, respectively, superimposed on ocean mass
transport streamfunction.



proximately set by the advective timescale of the ocean
gyre circulations.

Coupled atmosphere-ocean-sea ice interactions in the
model are illustrated by various indices lag correlated
with globally averaged surface air temperature (Fig.
3; all time series have been low-pass filtered). For
the Pacific (Fig. 3a), El Niflo-like relationships on
the decadal timescale are evident whereby a maximum
of central equatorial Pacific precipitation is associated
with a maximum in global temperature (as well as a
maximum of SST in the tLUPJ.\JG:}. Pauﬁ\,, iy 15
a minimum of South Asian monsoon precipitation. El
Nifio-like teleconnections to the midlatitudes, associ-
ated with the anomalous convective heating from the
eastward shift of precipitation due to the warming of
central and eastern tropical Pacific SSTs, intensify the
troughs in the north and south Pacific (Fig. 3a). This
has been noted to occur on the decadal timescale in the
observations for the Aleutian Low [e.g. Tremberth and
Hurrell, 1994] and the South Pacific trough [e.g. Karoly

et al., 1996].
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provides a feedback mechanism for replenishment of the
ocean heat content anomalies through the surface en-
ergy balance. That is, equatorward advection of cold
air on the west side of the troughs in the north and
south Pacific contributes to negative net heat flux (neg-
ative lag correlations for north Pacific net heat flux in
Fig. 3a), which contributes to decreased SST and lower
VAT (note negative SST (Fig. la) and negative heat
content lag correlations (Fig. 2d) in those regions).
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Figure 3. Low pass filtered annual mean indices from
the coupled model lag correlated with annual mean
globally averaged surface air temperature a) central Pa-
cific precipitation (5N to 5S, 150E to 170W), Asian
monsoon precipitation (land points only averaged in the
area 5N to 40N, 60E to 100E), SLP in the North Pacific
(30N to 50N, 160E to 180), net surface heat flux in the
North Pacific (30N to 50N, 160E.to 180), and SLP in
the south Pacific (30S to 50S, 180 to 160W); b) same as
(a) except for quantities affecting global energy balance.
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Figure 4. Area-averaged 11 year running mean SST in-

dices N. Pacific (?ﬁN-A’iN 150E- '|7:>F‘\ S. Pacific (?ﬂq-
408, 180E—150W) N1n03 4 (5N-58, 17OW 120VV) N.
Atlantic (30N-45N, 50W-75W), Trop Atlantic (Eq.-
12N, 25W-50W), Indian (15S-30S, 60E-90E); a) coupled
model, and b) observations.

As these El Nifio-like responses on the decadal timescal
affect global temperature, other feedbacks involving
clouds and sea ice come into play and contribute to am-
plifying the oscillation associated with the VAT anoma-
lies in Fig. 2. Greater convection in the central equato-
rial Pacific is associated with increased high cloud albe-
dos [Meehl and Washington, 1995], but the suppressed
convection over the Asian-Australian monsoon regions
(Fig. 3a) produces less clouds and consequent decreased
albedo there. This effect, coupled with decreases of sea
ice as the temperatures warm, contributes to decreased
planetary albedo and increased absorbed solar radiation
in conjunction with a maximum of globally averaged
temperature in the model (Fig. 3b).

Though the propagation of heat content anomalies in
all ocean basins appear to be synchronized to produce
these patterns in a lag correlation sense, a better assess-
ment of the relationships between the basins is gained
by forming time series area-averaged SST indices in-
dicative of activity in the ocean gyre circulations. These
index regions were chosen because of their high correla-
tion between VAT and SST (all greater than +0.6 ex-
cept for the tropical Atlantic) indicating areas of strong
linkage between the upper ocean and atmosphere. Fig.
4 shows the normalized time series of these indices as
11 year running means (to further emphasize the low



Table 1: Correlations between low pass SST indices and global temperature; a positive value of "lag" means the
maximum lag occurs after the maximum of global temperature. North and South Pacific indices multiplied by -1.

. Model Observed
Index simultaneous maximum lag simultaneous maximum lag
Nth. Atlantic +0.69 - +0.77 +3 +0.58 +0.80 . +8
Nth. Pacific +0.12 +0.28 -6 +0.40 +0.45 -3
Sth. Pacific -0.12 +0.34 +9 +0.82 +0.82 0
Trop. Atlantic +0.93 +0.93 0 +0.66 +0.74 +3
Trop. Indian +0.69 +0.69 0 +0.25 +0.25 0
Trop. Pacific +0.91 +0.92 +1 +0.39 +0.39 0

frequencies), along with similarly filtered globally av-
eraged surface temperature for the model and observa-
tions (north and south Pacific indices multiplied by -1
to be consistent in sign; see Fig. 1a). All indices except
north and south Pacific from the model and tropical
Indian in the observations are significantly correlated
at the 5% level with globally averaged temperature at
zero lag Table 1. Some indices have higher correlations
at non-zero lags indicating various other timescales are
operating in the basins. The correlation of the aver-
age of the indices with global temperature is +0.75 for
the observations and +0.85 for the model, but as seen
from the lag correlations, not all indices follow each
other or the globally averaged temperature at all times.
For example, in the coupled model there is a peak in
globally averaged temperature around year 92, but the
north and south Pacific indices are dropping at that
time (Fig. 4). However, the north and south Pacific
indices join the others in contributing to the minimum
of global temperature around year 105. Similarly in the
observations, a drop of globally averaged temperature
around 1950 is receiving influences from the tropical Pa-
cific, north Pacific and tropical Indian indices, while the
north Atlantic and tropical Atlantic indices are rising,
even though those latter two indices have statistically
significant lag O correlations overall with global tem-
perature (Table 1). Thus, though there is a range of
correlations between the indices and global tempera-
ture, large-scale coupled interactions (e.g. Fig. 3) con-
tribute to the organization of these patterns such that
the decadal timescale alignments are not purely coinci-
dental. Contributions from different regions, even those
with low overall correlation, occur periodically (Fig. 4).
In combination with these coupled processes shown in
Figs. 2-4, the decadal timescale of around 13-14 years
in the model for global climate variability, then, is ap-
proximately set by the average circuit time of the ocean
gyre circulations.
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