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Abstract

A methodology is described that allows a separation of inter-decadal
variability into components associated with intra-decadal noise and
potentially predictable slow decadal processes. The method is applied
to a 1200 year simulation of internal variability of sea surface tem-
perature in a coupled atmosphere-ocean model using parameters and
radiative forcing associated with the year 2000. The analysis shows
large predictability in the extratropical regions. The two leading modes
associated with intra-decadal variability are shown to be related to inter-
annual variability in the El Nino–Southern Oscillation and the Atlantic
Multi-decadal Oscillation. The leading four slow modes are shown to
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be related to slow decadal variability in the Pacific Decadal Oscillation,
the Atlantic Multi-decadal Oscillation and the Arctic Oscillation.
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1 Introduction

Recently, Frederiksen et al. [1] reviewed the literature and current state of
knowledge regarding decadal to centennial climate variability, and proposed a
new methodology for extracting potentially predictable decadal modes. Their
methodology was applied to a 1000 year climate simulation of sea surface
temperature (sst) over the period 850–1850. Lou et al. [2] used the method
to investigate decadal variability in the Northern Hemisphere atmospheric
circulation in the same simulation. Both studies were complicated by the
presence of changing external radiative forcing. In this paper, we describe
the methodology in detail, and apply it to investigate the natural internal
decadal variability in a 1200 year simulation using parameters and radiative
forcing associated with the year 2000. For an historical perspective on our
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understanding of the dynamics of interdecadal variability the interested reader
is referred to the work of Liu [3].

2 Model dataset

The sst data used in this study are from a 1200 year simulation of the
Community Earth System Model version 1 (cesm1) (see www.cesm.ucar.
edu/models/cesm1.0 for a description of the model). For the length of the
simulation, the model was continually cycled using parameters and radiative
forcing for the year 2000 with, in particular, observed concentrations of
important atmospheric gases CO2, N2O and CH4 of 368.9 ppmv, 316.0 ppbv
and 1760 ppbv. The analysis is global in longitude but restricted between
latitudes 60◦S to 70◦N. The resolution of the data is 2.5◦ longitude by
approximately 2◦ latitude. The data was de-trended to remove the model
drift.

3 Methodology

Let xd,y and x ′d,y represent annual mean anomalies in a climate variable,
such as sst, in decade d (d = 1, . . . ,D) and year y (y = 1, . . . , 10) of the
decade, at two different geographical locations. Anomalies are calculated by
subtracting the mean of the original data in year y over all decades. Here, it
is the inter-decadal variability of the decadal mean anomaly that is the main
interest. The decadal mean anomaly in decade d is

xd,o =
1

10

10∑
y=1

xd,y. (1)

A conceptual model for the annual anomalies, for example Frederiksen et
al. [1], is

xd,y = µd + εd,y, (2)

www.cesm.ucar.edu/models/cesm1.0
www.cesm.ucar.edu/models/cesm1.0
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where µd is the slow-decadal (sd) or potentially predictable component,
associated with slow decadally varying internal dynamics or external forcing
on the climate system, and assumed to be constant over the decade. The
residual εd,y between xd,y and µd represents year to year departures from
the slow component, or intra-decadal (id) variability within the decadal and
will be referred to as the intra-decadal component. Over all decades this
intra-decadal component is assumed to have zero mean. The decadal mean
of xd,y is then xd,o = µd + εd,o . Since the annual mean is likely to be
unpredictable beyond a year or two, εd,o is unpredictable at decadal time
scales and represents the decadal noise.

The inter-decadal co-variance V(xd,o, x ′d,o) between xd,o and x ′d,o is just the
second moment

V(xd,o, x
′
d,o) =

1

D− 1

D∑
d=1

(xd,o − xo,o)(x
′
d,o − x ′o,o), (3)

where xo,o =
1

D

∑D
d=1 xd,o . The aim is then to estimate the decomposition

V(xd,o, x
′
d,o) = V(µd,µ

′
d) + V(εd,o, ε

′
d,o), (4)

for the co-variances V(µd,µ
′
d) , of the potentially predictable component, and

V(εd,o, ε
′
d,o) , of the unpredictable component.

The co-variance V(εd,o, ε ′d,o) of the intra-decadal noise components is equiv-
alent to the expectation E(εd,oε ′d,o) because εo,o = 0 at all locations. The
noise components are assumed to be Auto-regressive One (ar1) [1] so that

εd,y = αεd,y−1 + ηd,y, (5)

where ηd,y is the innovation, and is assumed stationary with mean zero and
statistically independent of each other and εd,y ; α is the estimated auto-
correlation of xd,y over all years and decades after removing variability greater
than 10 years. An estimate of E(εd,oε ′d,o) can be derived as follows. Consider

a ≡ 1

9D

D∑
d=1

9∑
y=1

(xd,y+1 − xd,y)(x
′
d,y+1 − x

′
y,d). (6)
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Using (2) and (5), a can be rewritten as

a ≈ E((εd,y+1 − εd,y)(ε
′
d,y+1 − ε

′
d,y))

= E(εd,y+1ε
′
d,y+1) − E(εd,y+1ε

′
d,y) − E(εd,yε

′
d,y+1) + E(εd,yε

′
d,y)

= E(εd,y+1ε
′
d,y+1) − E((αεd,y + ηd,y+1)ε

′
d,y) − E(εd,y(α

′ε ′d,y + η ′d,y+1))

+ E(εd,yε
′
d,y)

= (2− α− α ′)E(εd,yε
′
d,y), (7)

using the ar1 assumption. For convenience, let γ = E(εd,yε
′
d,y) , such that,

γ =
a

(2− α− α ′)
, (8)

with a , α and α ′ estimated from the original data xd,y . It then follows, by
definition, that

E(εd,oε
′
d,o) = E

(
1

10

10∑
y=1

εd,y
1

10

10∑
y ′=1

ε ′d,y ′

)

=
1

100

9∑
y=1

10∑
y ′=y+1

E(εd,yε
′
d,y ′) +

1

100

9∑
y ′=1

10∑
y=y ′+1

E(εd,yε
′
d,y ′)

+
1

100

10∑
y=1

E(εd,yε
′
d,y), (9)

and using the ar1 assumption (5) this can be expressed as

E(εd,oε
′
d,o) =

γ

100

[
9∑

y=1

10∑
y ′=y+1

α(y ′−y) +

9∑
y ′=1

10∑
y=y ′+1

(α ′)
(y−y ′)

+

10∑
y=1

1

]

=
γ

100

[
9∑

y=1

(10− y)(αy + (α ′)
y
) + 10

]
≡ V(εd,o, ε

′
d,o). (10)
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Hence, using equation(4),

V(µd,µ
′
d) ≈ V(xd,o, x ′d,o) − V(εd,o, ε ′d,o). (11)

We define a measure of potential inter-decadal predictability p at each ge-
ographical location as the fraction of the total decadal variance that is
attributable to the slow decadal component. That is

p =
V(µd,µd)

V(xd,o, x ′d,o)
. (12)

Equations (3), (10) and (11) can be used to construct the co-variance matrices
of each component. The eigenmodes and eigenvalues, as defined by von Storch
and Zwiers [4], of each covariance matrix, give, respectively, the patterns
and decadal variance explained by each mode. The associated time-series of
each mode is just the projection of the original sst data onto each pattern.
The eigenmodes for the intra-decadal and slow-decadal components will be
designated as id-modes and sd-modes, respectively.

4 Modes of inter-decadal variability

Figure 1(a) shows the square root of the estimated inter-decadal variance in
sst and shows large inter-decadal variability in the extratropical Northern
Hemisphere, the tropical Pacific Ocean, and to a lesser extent in the Southern
Hemisphere. The fraction of the total variance (i.e., potential predictability)
that is attributable to the slow decadal component is shown in Figure 1(d),
and indicates most of the total variance in the tropical Pacific and Atlantic
is related to the intra-decadal component, and is therefore inherently un-
predictable. However, in the extratropics of both hemispheres a substantial
fraction of the total variance is associated with the slow component and is
therefore potentially predictable.

The two leading id-modes are shown in Figure 1(b) and (c), and explain
38.2% and 16.1% of the inter-decadal variance in the intra-decadal component.
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Figure 1: (a)Total decadal standard deviation in sst (K), (b) and (c) the 2
leading id-modes, (d) the estimated potential decadal predictability (fraction),
(e) the intra-decadal covariance between sst and nino3 index (K2), (f) intra-
decadal covariance between the sst and the amo index (K2).
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Consistent with Figure 1(d), id-mode 1 shows large loading in the tropical
Pacific and Atlantic Oceans, where there is virtually no potential decadal
predictability. The pattern of id-mode 1 is very similar to the dominant mode
of inter-annual variability associated with the El Nino–Southern Oscillation
(enso). This is confirmed in Figure 1(e) which shows the inter-decadal
covariance between the intra-decadal components (10) of sst and the nino3
index, used to describe enso and defined as the time-series of the sst anomaly
in the region 5◦S–5◦N, 150◦W–150◦W.

id-mode 2 appears to be associated with the inter-decadal variability of the
intra-decadal component of the Atlantic Multi-decadal Oscillation (amo) and
this is confirmed in Figure 1(f). This shows the inter-decadal covariance
between the intra-decadal components of sst and the amo index, defined as
the time-series of the sst anomaly in the region 0◦S–60◦N, 0◦W–80◦W.

Figure 2(a)-(d) shows the four leading sd-modes which explain 19.9%, 17.6%,
12.2% and 7.3%, respectively of the decadal variance in the slow component.
Also shown in Figure 2(e)-(g) is the inter-decadal covariance between the slow
decadal components (11) of sst and the time-series of the Pacific Decadal
Oscillation (pdo), the amo and the Artic Oscillation (ao) indices. The
pdo index is defined as the leading mode of sst variability in the region
20◦N–70◦N, 110◦E–199◦W; the ao index is the time-series of the mean sea
level pressure anomalies in the region 35◦N–65◦N. Pattern correlations (pc)
between the sd-modes and the slow covariance patterns suggests that sd-mode
1 is mainly associated with the pdo (pc=0.69); sd-modes 2 and 3 with the
amo (pc=0.63 and 0.46, respectively); sd-mode 4 with the ao (pc=0.58).

5 Conclusion

The methodology successfully separates the signal and the noise in decadal
variability of climate fields. Under year 2000 conditions, the decadal variability
associated with the intra-decadal noise component is shown to be related to
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Figure 2: (a)-(d) the leading four sd-modes, (e)-(g) the slow covariance
between sst and the pdo, amo and ao indices, respectively.
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interannual variability in enso and the amo. The sd-modes are shown to be
related to decadal variability in the slow components of the pdo, the amo
and the ao, consistent with earlier studies of the period 850–1850 [1, 2].
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