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Abstract Climate variations in four millennium inte-
grations obtained with coupled GCMs are studied from
a spectral point of view. It is shown that the bulk of
these variations can be described by two distinctly dif-
ferent types of spectra. The type-I spectra, characterized
by a high-frequency w2 slope (with w being frequency)
and a low-frequency plateau, indicate the dominance of
short-term fluctuations in generating climate variations.
They are obtained for many atmospheric variables and
variables representing predominantly the upper ocean
and the high-latitude part of the deep ocean. The time
scale, at which the spectra level off, varies from a few
days for grid-point time series of atmospheric variables,
to a few months for time series of large-scale atmo-
spheric patterns, several years for SST anomalies in the
tropical Pacific, and a few decades for variables de-
scribing oceanic baroclinic waves. The type-II spectra
are obtained in the ocean interior, which is shielded from
the fluctuating forcing at the surface. Since the ocean
model does not produce oceanic eddies, the disappear-
ance of type-I spectra in the deep ocean indicates that
the fluctuating surface forcing does not fully penetrate
into the deep ocean. While type-I spectra are supported
by observations, type-II spectra might describe a model
specific phenomenon and the realism of these spectra is
still a open question.
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1 Introduction

In recent years, several integrations over time periods of
more than one thousand years have been performed
using coupled atmosphere-ocean general circulation
models (GCMs) (Manabe and Stouffer 1996; Tett et al.
1997; Voss et al. 1998; von Storch et al. 1997). These
long integrations form a new basis for studying climate
variability. In particular, it is possible to obtain, within
the framework of coupled GCMs, a complete descrip-
tion of climate variability on a broad range of time
scales. Even though the variability in these millennium
integrations cannot be expected to be completely real-
istic, such a description is a necessary first step towards
the improvement of our understanding of the climate
system.

The most intuitive way to describe climate variability
is to consider time series of climate variables. A few
examples are given in Fig. 1, which shows time series of
the mean annual northward mass transport in the At-
lantic which characterizes the overturning in the Atlan-
tic. The time series are derived from four 1000-year
integrations with different coupled GCMs (von Storch
et al. 2000). They show some episodes marked by large
amplitudes which persist over a time period of a decade
or longer, indicating the existence of variability on long
time scales. However, the time series shown also vary on
other time scales. In general, they are irregular in time. A
given segment of a time series never exactly repeats itself
during the 1000-year time interval considered, even
when it is produced by the same model. The irregularity
becomes more severe when considering atmospheric
time series.

Because of the irregularities, the consideration of an
individual event, e.g. defined as large positive values
occurring persistently during a certain time interval at a
certain location, cannot provide conclusive statements
about the variability. A statistical description is required
instead. Such a description concerns “‘averaged” quan-
tities, such as variances and covariances, or their
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Fig. 1 Time series of maximal 40
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overturning in the Atlantic (in
Sverdrups), as obtained from
four integrations with coupled
GCMs (von Storch et al. 1999).
The maximal overturning is
defined as the maximum of the
positive stream function. It
characterizes the northward
mass transport in the Atlantic.
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frequency decompositions, i.e. spectra and cross spectra.
In this work, the modelled variations are studied in
terms of spectra.

Spectral features of variations in millennium inte-
grations have been considered separately for different
components of the modelled climate system. Stouffer
et al. (2000) studied the spectra of surface air tempera-
ture in three 1000-year coupled atmosphere-ocean
GCMs. The spectral features of the large-scale atmo-
spheric variations in the coupled ECHAM1/LSG model
were studied by von Storch (1994, 1999). Spectral fea-
tures related to baroclinic Rossby waves in the upper
ocean in the same integration were investigated by
Frankignoul et al. (1997). The spectral behaviour of the
deep-ocean mass-transport in four different millennium
integrations was analyzed in von Storch et al. (2000).
The purpose here is to summarize these results. It will be
shown that variations of various climate variables in the
millennium integrations can be summarized in terms of
two distinct types of spectra.

Section 2 gives a short introduction to coupled
GCMs used for millennium integrations. The introduc-
tion provides not only a brief overview of the models, it
also emphasizes potential problems of these models
when used in the millennium integrations. The time-
mean states produced by these models are described in
Sect. 3. The two types of climate variability found in the
millennium integrations are discussed in Sect. 4. A large
portion of the results is derived from the 1260-year in-
tegration with the coupled ECHAM1/LSG model of the
Max Planck Institut (Hamburg, Germany) (von Storch
et al. 1997). Some conclusions concerning the variability
of the deep ocean are drawn from the 1000-year inte-
grations (von Storch et al. 2000) performed at the
Geophysical Fluid Dynamics Laboratory (Princeton,
USA), the German Climate Computer Center (Ham-
burg, Germany) and the Hadley Centre (Bracknell,
UK). The run of the German Climate Computer Center
is carried out using the same ocean GCM, but a different
version of the atmospheric GCM and a different spin-up
procedure. The three additional integrations will be re-
ferred to as the GFDL, ECHAM3/LSG and HadCM2

runs, respectively. Discussions and conclusions are given
in the last two sections.

2 Model description

The coupled GCMs comprise two major components. One repre-
sents the atmosphere and the other the ocean. They are formulated
based on the conservation principles of momentum, heat and mass
(not only for the total air/water mass, but also for its components
such as moisture in the atmosphere and salt in the ocean). The two
models are coupled to each other through fluxes of momentum,
heat and fresh water at the interface between the atmosphere and
the ocean. The millennium integrations considered are obtained by
running the coupled models without external forcings, like those
related to solar activities or to changes in CO, concentration. Al-
though all coupled GCMs are based on the same first principles,
some features, such as resolution, parametrizations of subgrid
processes and the representations of processes not included in the
atmosphere and ocean models (e.g. sea ice), can differ from GCM
to GCM. In the following, some properties are considered which
are common to the coupled GCMs used for the millennium inte-
grations. Possible implications for the simulated variability are
discussed. The issues considered may give some hints about how
realistic the model variability is. However, the question of realism is
not systematically pursued here.

2.1 Resolutions and their implication for the variability

Due to limited computer capacity, the coupled GCMs used for the
millennium integrations have generally coarse resolutions. The at-
mospheric component of the GFDL model uses a spectral repre-
sentation with a R15 rhomboidal truncation. A predicted variable
is represented using 15 zonal waves and 15 associated Legendre
functions. The oceanic component has a meridional resolution of
4.5° and a zonal resolution of 3.7°. In the case of the two ECHAM/
LSG models, the atmospheric model (the ECHAM model) is based
on a spectral representation with a triangular truncation at a total
wave number of 21. The ocean model (the LSG model) has an
effective horizontal grid size of 4° by 4°. The HadCM2 coupled
model has the finest resolution. Different from the ECHAM and
the GFDL model, the atmospheric component of the HadCM2 is a
grid-point model. The oceanic component has a meridional reso-
lution of 2.5° and a zonal resolution of 3.75°, and its atmospheric
component has a congruent grid.

For all models considered, the resolutions are too coarse to
resolve oceanic eddies, but fine enough to resolve, at least partly,
atmospheric eddies, which contributes to the bulk of atmospheric
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variations. Consequently, the oceanic circulation produced by the
ocean-only models (driven by climatological fluxes) is, to a large
extent, laminar, whereas the atmospheric circulation produced by
atmosphere-only models (driven by climatological SST) is turbu-
lent. The picture of a steady and laminar flow obtained from
coarse-resolution ocean-only models contributes to the oversim-
plified picture of a “global conveyor belt”. The oceanic flow can,
however, become turbulent when it is obtained by coupling a
coarse-resolution ocean model to a turbulent atmosphere. The bulk
of oceanic variations are then generated by the fluctuating fluxes at
the surface. All millennium integrations considered are obtained by
coupling an eddy resolving atmospheric model to an non-eddy
resolving oceanic model. In such coupled integrations, the atmo-
spheric variations are (apart from those resulting from interactions
with SST) essentially internally generated, whereas the oceanic
variations are essentially externally forced.

2.2 Parametrizations

Subscale processes are represented through parametrizations. Un-
fortunately, the parametrizations in the models considered are
tuned to reproduce the observed time-mean state. The extent to
which these parametrizations appropriately represent the effect of
the subgrid processes on the variability is not known and has not
yet been studied systematically. In addition, the ECHAMI1/LSG
model is not equipped with the most recently developed paramet-
rization package, nor are the other coupled GCMs, e.g. the coupled
GCM used at the Geophysical Fluid Dynamics Laboratory in
Princeton (USA) (Manabe et al. 1991).

There are also processes not represented in the atmosphere and
ocean GCMs, but which are important for the climate system. An
example is the glacier dynamics including the calving of glaciers.
The neglect of glacier dynamics may lead to problems in the hy-
drological cycle. These problems become particularly apparent, e.g.
in terms of salinity trends, when the models are integrated over one
thousand years (von Storch et al. 1997). To what extent these
problems affect the variability is unknown.

2.3 Coupling with flux corrections

The time-mean surface fluxes produced by the coupled models are
generally not identical to those used to drive the uncoupled models.
Thus, when the two models are coupled together, the coupled
system tends to reach an equilibrium state different from the de-
sired climate state, a phenomenon known as climate drift.

In order to avoid climate drift, flux corrections accounting for
the differences between the simulated and the observed time-mean
fluxes are applied (Sausen et al. 1988). All coupled models con-
sidered are flux corrected. The implementation of flux corrections is
equivalent to coupling the atmosphere and the ocean with anom-
alies of the fluxes computed relative to the equilibrium states of the
two uncoupled sub-systems.

2.4 Spin-up of the deep ocean

The procedure to bring a system to its equilibrium state is called
spin-up. In contrast to the atmosphere, which can be spun up
within a few years, the time required for the deep ocean to reach its
equilibrium is of the order of 103 to 10* years. In order to reduce
the computational expense, the deep ocean is therefore normally
first spun up in an uncoupled mode over a long time period using
prescribed surface fluxes (Cubasch et al. 1992; Manabe et al. 1991;
Voss 1996). When then coupled to the atmosphere, the deep ocean
may experience a shock. As an alternative, coupled spin-up of the
deep ocean, designed to avoid the coupling shock, is used in the
HadCM?2 integration. However, due to the high computational
costs, the coupled spin-up is much shorter. It is possible that dif-
ferent spin-up runs lead to different mean states and different
variability in the deep ocean. However, such a possibility cannot be
further quantified so far.
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Apart from the techniques used in the GFDL, HadCM2 and
ECHAM/LSG models, there are also other ways to advoid the
climate drift and coupling shock (Stouffer and Dixon 1998). In
general, there is a long way to go to obtain long-term integrations
which realistically describe variations in the climate system. The
first step in this direction is to characterize the variations captured
by the state-of-art millennium integrations, and to understand
whether these variations are consequences of the problems
addressed. These issues will be revisited in Sect. 5.

3 Time-mean state

The large-scale features of the time-mean circulation in
the millennium integrations considered here are consis-
tent with the observational evidence. Two examples,
concerning the simulated time-mean states of the
atmosphere and the ocean, are considered.

The first example gives some hint about the time-
mean state of the atmosphere simulated by the EC-
HAM1/LSG model. Figure 2 shows the distribution of
sea level pressure (SLP) in northern winter (December—
February) and in northern summer (June—August)
averaged over the last 810 years. For comparison, the
climatological distribution of SLP based on the 198695
ECMWF analysis is also shown. The Aleutian low
during DJF in the model is about 5 hPa deeper than in
the observations. The Iceland low is underestimated and
shifted about 20° southwards relative to the observed
one, causing a southward shift of the Atlantic gyre
system. The mean SLP values over the Arctic are up
to 15 hPa overestimated during northern winter. In
northern summer, the model reproduces the observed
surface pressure relatively well, with slightly underesti-
mated high pressure systems over the northern oceans.

In the Southern Hemisphere the sub-tropical highs
are about 5 hPa weaker than observed in both seasons
and the sub-polar lows around Antarctica are 10-20 hPa
weaker than in the observations. As a result, the me-
ridional pressure gradient in the latitude band 30-50°S is
strongly underestimated in the model compared to the
present climate. Another feature which is evident in both
the ECHAMI1/LSG model and some other low resolu-
tion uncoupled atmospheric models (Xu et al. 1990) is
that the values of SLP are too high over Antarctica.

Despite the differences between the simulated and the
observed distributions, Fig. 2 suggests that the domi-
nant large-scale features of the time-mean SLP fields,
i.e. the distribution of highs and lows, are captured by
the ECHAM1/LSG model.

The second example of the simulated time-mean cir-
culation is given in Fig. 3, which shows the 1000-year
means of the zonally averaged stream functions in the
vertical-meridional section of the Atlantic, as obtained
from the GFDL, ECHAM3/LSG, ECHAM1/LSG and
HadCM?2 integrations.

Although the strength and the location of the circu-
lation differ from integration to integration (see also
Fig. 1), the gross features of the Atlantic overturning,
i.e. northward inflow in the upper 1000 to 2000 m, the
subsequent deep-water formation in the North Atlantic
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Fig. 2a—d Mean sea level pressure in a northern winter DJF and b in
northern summer JJA averaged over the last 810 years of the
ECHAMI/LSG run. For comparison, climatological distributions

and southward spreading in the deep Atlantic, and
Antarctic inflow from still deeper layers, are produced
by all models. Using observational data in the Atlantic,
Roemmich and Wunsch (1985) estimated that 17 +4
Sverdrups of relatively warm thermocline and interme-
diate water flow northwards at 24°N; and below this
20 +5 Sverdrups, identified as North Atlantic Deep
Water (NADW), flow southwards. Further below, about
3 £+ 3 Sverdrups of Antarctic Bottom Water (AABW)
flow northwards. Figure 3 suggests that the transport of
the NADW in the GFDL and the HadCM2 runs is close
to the lower bound of the estimates of Roemmich and
Wunsch (1985) and that in the two ECHAM/LSG runs
it is close to or above the upper bound of these esti-
mates. The transport of northward AABW is underes-
timated in ECHAM1/LSG. The numbers produced by
the ECHAM3/LSG run are more comparable to the
values of Roemmich and Wunsch (1985) than those
produced by the ECHAMI1/LSG run.

4 Two types of climate variations

The variations around the time-mean state can be de-
scribed predominantly by two types of frequency spec-
tra. The properties and the distributions of these spectra
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based on the ECMWEF analysis from 1986 to 1995 are shown in
(¢ DJF) and (d JJA). Contour interval is 5 hPa

are investigated in this section. All spectra are repre-
sented in log-log plots. Denoting frequency by w, a
spectral power law co# appears as a straight line in the
log-log plot. f = 0 corresponds to a white spectrum, and
f>1 (f<1) indicates that the spectrum increases
(decreases) with decreasing frequency. In the following,
p derived from atmospheric and oceanic variables are
denoted by superscripts a and o. In order to distinguish
p at low and high frequencies, subscripts # and [ are also
used.

For time series which resolve the annual cycle (i.e.
monthly or daily time series), spectra are estimated from
anomaly time series obtained by removing the corre-
sponding climatological annual cycle.

4.1 Type 1

The first type of spectra, as sketched at the top of Fig. 4,
is characterized by a spectral slope at high frequencies
and a flat spectrum at low frequencies. The slope indi-
cates an increase of spectral energy with decreasing
frequency at high frequencies. For large-scale atmo-
spheric variations and some variations in the ocean the
high-frequency slope f3,, is close to two. When grid-point
atmospheric time series are considered, larger values of
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Fig. 3a—d The 1000-year means of vertical-meridional sections of
zonally averaged stream functions derived from the integrations with
the coupled GFDL, ECHAM3 /LSG, ECHAM1/LSG and HadCM2
models. Intervals of solid isolines are 5 Sverdrups. For the negative
stream functions in the Atlantic, additional isolines are plotted every
2.5 Sverdrups
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Fig. 4 Schematic diagrams of the two types of spectra found in the
millennium integrations. Type-I spectra are characteristic for many
atmospheric variables and variables representing predominantly the
upper ocean and the high-latitude part of the deep ocean. Type-II
spectra are characteristic for variations in the tropical and subtropical
oceans which are shielded from short-term fluctuations originating
from the atmosphere

B, are found at extremely high frequencies. The time
scale at which the spectrum turns flat is t* = 1 /w*. The
flatness at low frequencies indicates that the variability is
essentially white on time scales longer than t*. The time
scale 7* varies from a few days to a few decades, de-
pending on the variable considered. The extent to which
the type-lI spectrum is typical for variations in the
ECHAMI1/LSG integration is considered next.

4.1.1 Spectra of daily grid-point time series
in the atmosphere

An example of a spectrum of a grid-point time series is
shown in Fig. 5a. It is derived from the ECHAM1/LSG
integration using 100 years of daily surface pressure at
the grid point near Potsdam (Germany). This time series
is chosen since observed pressure data over a long time
period are available from the Potsdam station. The cor-
responding spectrum at this station is shown in Fig. 5b.
Since a model grid point represents a large area, small-
scale features (in both time and space) which show up in
the station data could not be modelled. The comparison
of Fig. 5a with Fig. 5b should indicate how these small-
scale features affect the overall spectral behaviour.

The low-frequency shapes of the modelled and
observed spectra are comparable, although the model
underestimates the overall pressure variability. Both
show a flat spectral plateau at low frequencies and are
proportional to w2 over the high-frequency range
[0.1 < w < 0.4] cpd (cycles per day). A discrepancy is
found at extremely high frequencies with w > 0.4, cor-
responding to time scales shorter than 2.5 days. At these
frequencies, the modelled spectrum tends to have a
steeper slope than the observed one. The similarities at
low frequencies and the discrepancy at extremely high
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Fig. 5a, b Spectrum of daily surface pressure at (52°N, 13°E) (top
panel). The spectrum is first derived from two consecutive chunks, and
then smoothed using running averages with the averaging interval
being 21. For comparison, the spectrum estimated in the same manner
from surface pressure at the nearby Potsdam station is shown at the
bottom. Frequency is in cycles per day

frequencies between the modelled and observed spectra
are also found at other grid points (not shown), indi-
cating that the unresolved small-scale features signifi-
cantly affect the high-frequency spectral behaviour of
the resolved variable, but have little influence on the
overall low-frequency spectral shape.

In the following we discuss the extent to which the
low-frequency plateau and the high-frequency w2 slope
can be identified for grid-point time series in the EC-
HAMI1/LSG integration. This is done by fitting the
power law co~ " to the low-frequency (w < 0.01 cpd)
and high-frequency (0.1 < w < 0.4 cpd) parts of the
spectra of the zonal velocity at 200 and 900 hPa.

The high-frequency power f3; (Fig. 6) shows smaller
spatial variations at 200 hPa than at 900 hPa. At
200 hPa, apart from some polar regions, f3; is between
1.5 and 2.5. At 900 hPa, there are two large areas where
p7 is larger than 2.5. One is in the tropical Indian Ocean
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and the tropical western Pacific and the other is over the
Arctic and northern Europe. Small values of f5; are
found over the North Pacific. Apart from these regions,
B is between 1.5 and 2.5.

Independent of the exact values of f3;, the low-fre-
quency slope 5} is uniform in both the lower and upper
troposphere, as indicated by the grey area in Fig. 7,
where the value of f3] is between 0.5 and —0.5. A similar
picture is also obtained for the meridional velocity (not
shown). The result suggests that the grid-point time
series in the ECHAM1/LSG atmosphere are white on
time scales longer than 100 days.

Note that type-I spectra with 5, = 2 can be obtained
from a first-order auto-regressive [AR(1)] process. An
AR(1) process is characterized by the process parameter
o (which is the lag-1 correlation of the process). One can
estimate the time scale t* from a. Let I, be the spectrum
of the driving white noise forcing of the AR(1) process.
The spectrum I' of the AR(1) process (see e.g. von
Storch and Zwiers 1999) is then given by

B I (w)
Tew) = 1 — 20cos(2nm) + o

a) 900hpa

905

0 GDE 120€ 180

120W &0W 0

Fig. 6a, b High-frequency spectral power f3; of daily zonal velocity at
900 (top) and 200 (bottom) hPa, obtained from 100 years of the
ECHAMI/LSG integration. The grey areas indicate the areas where
values of the spectral power f5; are about two (ie. 1.5 < ff; < 2.5).
The power f} is obtained by fitting a power law cwPi to the interval
extending from 0.1 to 0.4 cycles per day
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Fig. 7a, b Low-frequency spectral power f of daily zonal velocity at
900 (top) and 200 (bottom) hPa, obtained from 100 years of the
ECHAMI1/LSG integration. The grey areas indicate the areas where
values of the spectral power 7 are about zero (i.e. —0.5 < f7 < 0.5).
The power f3] is obtained by fitting a power law cwPi to the frequency
range w < 0.01 cycles per day

where w € [0,0.5]. For o <« 1/(2n), it reduces to

. Iy (w)
M) = (1 — o)’ + a(2nw)’

For white noise forcing, I',(w) is constant. The shape
of the spectrum is thus characterized at high and low
frequencies by

[1/(2(2n))]w 2 for w>>w*
1ﬂ(w)O({l/(l—cx)z for o< o* (M)

where o* = 1/7* = (1 — «)/(2na'/?). Figure 7 suggests
that 7* is no longer than 100 days for daily grid-point
time series of atmospheric variables.

4.1.2 Spectra of large-scale atmospheric patterns

Large-scale variations can be described by large-scale
patterns and their corresponding time series. In the
following, such patterns are obtained from EOF-ana-
lyses (empirical orthogonal function analysis) of global
anomaly fields of various variables. Figure 8§ shows the
spectra of the first two PCs of the 200-hPa stream
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function, which are derived from 200-year of daily PCs
(obtained by projecting the daily data onto the EOF
patterns of monthly data). The spectra are comparable
to the top panel in Fig. 4 with the high-frequency slope
being close to 2. The time scale t* at which the spectra
become flat are of the order of a few months.

The time scale t* of large-scale atmospheric varia-
tions in the ECHAM1/LSG model was estimated by von
Storch (1999) by fitting an AR(1) process to the PC time
series. The analysis was concentrated on the stream
function and the velocity potential, which completely
describe horizontal motions. In order to additionally
capture vertical variations, the stream function and ve-
locity potential at 200, 500 and 850 hPa are considered.
The EOFs were calculated from 500-year monthly un-
filtered anomaly fields.

a) PC1
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Fig. 8a, b Spectra of daily time series of the first two EOFs derived
from the 200-hPa stream function of the ECHAM1/LSG integration.
The spectrum is first derived from two consecutive chunks, and then
smoothed using running averages with the averaging interval being 21.
The frequency is in cycles per day
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The time scales t = 1/w* of the first 10 leading PCs
for the stream function and velocity potential at the
chosen levels are shown in Fig. 9. For velocity potential,
the only large value is obtained from the sixth PC at
850 hPa. The corresponding EOF pattern (not shown)
shows large anomalies near Antarctica, indicating that
this mode is related to the initial drift of the sea ice
during the coupled integration (von Storch et al. 1997).
Apart from this value, t* of the stream function
(Fig. 9b) is noticeably larger than that of the velocity
potential (Fig. 9a), suggesting that the non-divergent
flow is redder than the non-rotational flow. The largest
7* values, up to about 11 months, result from the first
two PCs of the stream function. Thus, for the large-scale
atmospheric variations in the ECHAMI1/LSG integra-
tion, the time scale t* is about a few months up to a year,
which is much longer than that for grid point time series.

4.1.3 Spectra of ENSO-related monthly time series

Timmermann and Latif (1999) showed that the EC-
HAM3/LSG model produced ENSO-type variations.

(a) velocity potential
(months)

| 2 3 4 5 6 T 8 9 ]
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(b) stream function
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Fig. 9a, b The time scale t* (in months) as functions of the orders of
the EOFs obtained from the atmosphere of the ECHAMI1/LSG
model. The values of t* are derived from the PCs of a the velocity
potential and b the stream function at 200, 500 and 850 hPa
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Consistent with their results, Fig. 10 shows that the
spectrum of NINO3 SST (averaged SST in the region
extending from 5°S to 5°N and from 100°W to 140°W)
derived from the 1000-year integration with the EC-
HAM3/LSG model is comparable to that derived from
the GISST (Global Ice and Sea Surface Temperature)
data set for the period 1903 to 1994. The ECHAM3/
LSG model underestimates variations in the SST time
series. However, the underestimation occurs on all time
scales so that the overall spectral shape is essentially
reproduced by the model. For both the observed and
modelled spectra, the high-frequency slope is close to
2 and a plateau is found at low frequencies. The most
pronounced difference between the observed and mod-
elled spectra may be the frequency w* = 1/7*, at which
the spectra level off. It is near 0.02-0.03 cpm (cycles per
month), i.e. around 3 to 4 years, in the observation, but
close to 0.01 cpm, i.e. around 7 to 8 years, in the model.

The ENSO-related atmospheric variations on inter-
annual time scales are strongly underestimated in the
ECHAM3/LSG integration. The underestimation may be
a consequence of the fact that the atmosphere is forced by
too weak SST variations. When considering the pressure
difference between grid points close to Darwin and Tahiti,
one finds a spectrum which is white on interannual time
scales, consistent with Sects. 4.1.1 and 4.1.2.

Figures 9 and 10 indicate that the time scale t* of
NINO3 SST is much longer than t* of an atmospheric
variable. This change becomes more pronounced when
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Fig. 10a, b Spectra of NINO3-SST time series, as estimated from the
GISST time series extending from 1903 to 1994 (top) and from the
millennium integration with the ECHAM3/LSG model (bottom).
Frequency is in cycles per month
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considering variability related to oceanic baroclinic
waves.

4.1.4 Spectra of yearly time series related
to baroclinic Rossby waves

Frankignoul et al. (1997) constructed a simple linear
model of the extratropical baroclinic Rossby waves
driven by stochastic wind stress forcing. The baroclinic
spectra predicted by the model were then compared with
the North Atlantic pressure variability in the ECHAM]1/
LSG millennium integration. Figure 11 shows spectra of
the ECHAMI1/LSG baroclinic pressure at 250 m and
30°N for various longitudes in the Atlantic. The spectra
are red with a high-frequency w2 slope that levels off at
low frequencies. The time scale t*, at which the spectrum
levels off, is a few decades. In the model of Frankignoul
et al. (1997) this time scale corresponds to the time
needed for a long baroclinic Rossby wave to propagate
across the ocean basin.

4.2 Type 11

The second type of spectra, as sketched at the bottom of
Fig. 4, is characterized by a flat spectral level at high
frequencies and a low-frequency spectral slope w~# with
f, being positive and significantly different from zero.
The spectral energy steadily increases as frequency
decreases. This type of spectra is characteristic for
variations in the deep tropical and subtropical oceans.

Period (years)
50 20 10 5 2

A A A
. i
1 1 1|||:11“ i 1 A

1071 1
Frequency (cpy)

L4t 1
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102

Fig. 11 Spectra of the ECHAMI1/LSG baroclinic pressure at 250 m
and 30°N for various longitudes in the Atlantic. The spectra were
estimated from seven independent, detrended 100-year pieces. The
thin line at high frequencies is proportional to w2. For details,

see Frankignoul et al. (1997). Frequency is in cycles per year
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Examples of this type of spectra are given in Fig. 12,
which shows the spectra of zonally averaged stream
function in the intermediate (i.e. 1000 to 2000 m) At-
lantic, as derived from the GFDL, ECHAMS3/LSG,
ECHAMI1/LSG and HadCM2 integrations. The solid
straight lines indicate the fitted spectral slopes. The low-
frequency range, over which co~* is fitted to the spec-
trum, extends from two decades to five centuries. The
fitted power law is close to w~! (indicated by the lower
dashed line). The spectral increase with decreasing
frequency is obvious for all considered time series.

In order to identify the regions where type-II spectra
are found, the low-frequency power f7 is estimated
from the zonally averaged stream function. Figure 13
shows the distributions of 8] in the Atlantic, as derived
from the integrations with the GFDL, ECHAM3/LSG,
ECHAMI1/LSG and HadCM2 models (von Storch et al.
2000). The fitting is again carried out for the frequency
range extending from two decades to five centuries. At
northern mid and high latitudes, ff] tends to be close to
zero (light grey areas in Fig. 13), indicating that the
spectra are essentially white on time scales longer than
two decades. A low-frequency plateau is also found in
the southern mid and high latitudes when considering a
globally averaged stream function which extends to the
coast of Antarctica (not shown). Thus, spectra in the
mid and high latitudes resemble the type-I rather than
the type-II spectrum.

The type-II spectra are only found in the deep trop-
ical and subtropical oceans (von Storch et al. 2000). For
the Atlantic, a value of ] of about one is found at
intermediate depths (dark grey areas in Fig. 13) and
about two near the bottom (black areas in Fig. 13) in the
GFDL, ECHAMS3/LSG and ECHAMI1/LSG runs. In
the HadCM2 run, the values of ] are about one at
intermediate depths, but then decrease to about zero in
large regions of the deeper layers.

Spectra of EOF coefficients of zonally averaged
stream functions were considered in von Storch and
Miiller (1998). These spectra resemble the spectrum
shown in the lower panel of Fig. 4. The result is a con-
sequence of the fact that large-scale variations of the
zonally averaged stream function involve anomalous
circulations in the tropical and subtropical deep ocean,
where type-II spectra are found.

The tendency for Type-II spectra in the deep tropical
and subtropical oceans is not a special feature of the
zonally averaged stream function. A similar tendency
is, at least in the ECHAMI1/LSG run, observed when
considering zonal, meridional or vertical velocities (not
shown). In general, the spectra of velocities are essen-
tially flat in the first model layer in most parts of the
ocean, as indicated by the near zero high- and low-fre-
quency slopes. This is likely related to the fact that this
layer is in direct contact with atmospheric fluxes, which
are essentially white on time scales longer than a year.
Note that high-frequency slopes can still be identified
when using time series with finer temporal resolution.
Away from the surface and in the upper few hundred
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Fig. 12a-d Spectra of yearly
time series at grid points in the

GFDL: at 24°S at 914 m depth in Atlantic
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ECHAMI/LSG: at 7°S at 2000 m depth in Atlantic
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metres of the ocean, large regions with a high-frequency
w~? slope are found in the tropical and subtropical
ocean. The spectra in these regions level off at low fre-
quencies, leading to near zero low-frequency slope. Be-
low 450 m, the high-frequency slope starts to diminish.
Below 1000 m depth, the high-frequency slope reduces
to about zero and the low-frequency slope increases to
about one to two in the tropical and subtropical Atlantic
and in the tropical and North Pacific, indicating the
emerging of type-II spectra.

This characteristic change of spectral behaviour with
increasing depth in the tropical and subtropical ocean is
demonstrated in Fig. 14 in terms of spectra of zonal
velocity at one grid point but different depths. While the
spectra in the layers between 75 to 450 m resemble type-
I spectrum, the spectra at 1000 to 4000 m depth become
similar to type-1I spectrum. The amplitude of 7 is about
one at 1000 to 3000 m depth and about two at 4000 m
depth.

5 Discussion
5.1 Two different types of stochastic processes

One important difference between type-I and type-II
spectra is their behaviour at low frequencies. Since a

frequency (cycles per year)

spectrum is the Fourier transform of the corresponding
auto covariance function, the low-frequency behaviour
can be translated into the behaviour of the auto co-
variance function at large time lags. It can be shown that
a spectrum, which is flat at low frequencies, is obtained
when the auto covariance function decays sufficiently
fast with increasing time lag. Since such a decay of the
auto covariance function is indicative of a short-memory
process, type-1 spectra can be considered as being gen-
erated by short-memory processes, and type-II spectra,
on the contrary, by long-memory processes.

ARMA (auto-regressive and moving average) pro-
cesses are short-memory processes (Brockwell and Davis
1996). Long memory processes can be generated by
fractional ARIMA (auto-regressive-integrated moving
average) processes (Brockwell and Davis 1996, Beran
1994). While ARMA processes are widely used in cli-
mate research, fractional ARIMA processes are much
less known to the climate community. In the following,
fractional ARIMA processes are briefly introduced
and the low-frequency behaviours of the two types of
processes are discussed.

Let us first recall the definition of ARMA and AR-
IMA processes. Consider a process X; with zero mean.
Let B denote the backshift operator defined by
BX; = X,_,. Differences can then be expressed in terms of
the Dbackshift operator as X, —X,_; = (1 —B)X,
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Fig. 13a-d Low-frequency spectral power f7 of yearly zonally
averaged stream functions in the Atlantic, obtained from the GFDL,
ECHAM3/LSG, ECHAMI1 /LSG and HadCM2 millennium integra-
tions. The black, dark and light grey areas indicate the areas where values
of the spectral power f3; are close to two, one and zero, respectively
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X —Xo1) — (Ko — X)) = (1 —B)ZX,. The auto-re-
gressive operator can be expressed as the polynomial
¢(B) =1-=>" B, and the moving average operator
by ¥(B) =1+ 1, w8/, where p and ¢ are integers,
and o; and y; are constants (parameters) such that
u, #0 and p, #0. X, is said to be an ARMA(p,q)
process of order (p,q), if

d(B)X, = Y(B)Z (2)
where Z, is a white noise process. An auto-regressive
process AR(p) is an ARMA(p,0) process. If instead

Eq. (2) holds for the dth difference (1 — B)’X, with d
being a non-negative integer, i.e.

$(B)(1 — B)'X, = y(B)Z, (3)
then X, is called an ARIMA(p,d,q) process of order
(p,d,q). Equation (3) reduces to Eq. (2) when d = 0.
Equation (3) can be generalized in a natural way by
allowing d to be any real value. For —1/2 <d < 1/2, X,
is called a fractional ARIMA process. Thus, a fractional
ARIMA process is a natural extension of an ARIMA
and ARMA process.

Note that an ARIMA process with a positive integer
d is not stationary, whereas a fractional ARIMA process
with —1/2 < d < 1/2 can be (depending on the process
parameters) stationary. A non-stationary process with
d > 1/2 can be reduced to the case —1/2 <d < 1/2 by
taking appropriate differences. Non-stationarity is often
related to a trend. Such a trend may occur in the deep
ocean, even though von Storch et al. (2000) showed that
similar low-frequency spectral shapes are obtained when
the first few hundred years (which are affected by initial
drifts) are removed from the time series. Nevertheless,
the effect of trends cannot be completely ruled out.

Apart from trends, there is another feature, namely
the spectral value at frequency w =0, which distin-
guishes an ARMA process from an fractional ARIMA
process. The value of I'(0) is bounded for an ARMA
process, but infinite for an ARIMA(p,d, q) process with
d > 0. Since the spectrum is a continuous function, I'(0)
has to be steadily approached as w — 0. Different values
of lim,,_o I'(w) must therefore be related to different low
frequency behaviours.

The spectrum of an ARMA process is given by
Brockwell and Davis (1996)

2 iy)2
Lo o) .
) Do) @

where A is the angular frequency with 4 = 27w and o2
is the variance of the white noise forcing of the process.
As 4 — 0, Tyrpa(4) approaches

a2y (D)
Carna(0) = . (5)
2| p(1)]
I4r14(0) equals the integral of the auto covariance
function and has a finite value. For a white noise process
AR(0), I 4z14(0) equals the variance of the noise. For an
ARC(1) process, I 4rar4(0) is given in the last line of Eq. (1).
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The spectrum of an ARIMA or a fractional ARIMA
process follows directly from Eq. (4) (see e.g. Beran
1994),

Carinia () = |1 — €72 Tgraga(2) (6)

where the factor |1 — e#| > originates from the operator
(1-B)" in Eq. (3). Since |I —e”|=2sin(/2) and
lim;_o4(2sin(4/2)) = 1, the behaviour of the spectrum
(6) at low frequencies with 4 — 0 is given by

Carinia () = Caraga (0)] 2] (7)

For d <0, rAR]MA(O) =0. For d > 0, FAR[MA(O) is infi-
nite, the spectrum has a singularity at 2 = 0.

Equations (5) and (7) show that, as 4 — 0, the spec-
tral behaviour of an ARMA process differs significantly
from that of a fractional ARIMA process with
0<d<1/2. As 1 approaches zero, I sgpu(2)
approaches a bounded value T'ygp4(0), but Tyrmu(2)
becomes infinite.

frequency (cycles per year)

The millennium integrations are certainly too short
for considering the situation w — 0. However, there
is an integration over 15 000 years obtained with
the simplified coupled ECBILT model (Opsteegh et al.
1997; Selten et al. 1997). The oceanic component of this
coupled model is a simplified version of the GFDL
ocean GCM with flat bottom. The atmospheric model is
a global quasi-geostrophic model. Figure 15 shows the
time series and the spectrum of the maximum stream
function in the Atlantic, which characterizes the north-
ward mass transport of the Atlantic overturning circu-
lation. A period of 6000 years of the 15 000-year
integration, which does not obtain obvious trends, are
considered. Since two chunks are used to estimate the
spectrum, the longest resolvable time scale increases
from 500 years for the millennium runs to 3000 years for
the ECBILT integration. The ECBILT model produces
pronounced variations on decadal time scales. But over
the time-scale range extending from a few decades to
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Fig. 15a, b Time series and spectrum of the maximum of yearly
zonally averaged stream function in the Atlantic, obtained from a 15
000-year integration with the simplified coupled ECBILT model. The

3000 years, the spectrum can be approximately de-
scribed by the power law w~!. Figure 15b supports the
tendency of the steady increase of spectral energy with
decreasing frequency found in the coupled GCM inte-
grations.

5.2 Why does the type-I spectrum disappear
in the deep ocean?

In order to answer this question, it is natural to consider
properties which exist in the atmosphere and the upper
ocean, but are almost absent in the deep ocean. Fluc-
tuations induced by atmospheric synoptic dynamics are
an obvious candidate which satisfies this condition. They
are omnipresent in the atmosphere. They can directly
affect the upper ocean through surface fluxes. At high
latitudes, they can penetrate to great depth through deep
convection. In the tropics and subtropics, the stratifi-
cation is more stable than in the high-latitude regions,
and the penetration can become difficult.

The importance of short-term fluctuations in gener-
ating type-I spectra is further supported by the concept
of stochastic climate models (Hasselmann 1976). Con-
sider a variable x governed by the equation

straight line in b marks the fitted low-frequency power law, which is
close to w~!. Frequency is in cycles per year

dx

== 8

o= (8)

where f is generally a non-linear function of x and other

variables. The spectral representation of Eq. (8) is
Iy(w)

I'(w)= 5 @ 9)

The o2 results from the differential operator in Eq. (8).
If f is not a white noise process, I's(®) will be a function
of w. The spectral slope of TI'y(w) will be generally
different from ® 2. On the other hand, short-term
fluctuations can be represented by white noise. If f is
dominated by such fluctuations, I'y(w) will be essentially
independent of ®, and a w2 slope will emerge. The
concept of the stochastic climate model suggests that at
low frequencies, negative feedbacks must be at work.
These feedbacks will force the spectrum to level off at
low frequencies.

In general, Eq. (9) suggests that a high-frequency w2
slope is indicative of the involvement of white noise
forcing. The type-1 spectrum describes the spectral
properties of atmospheric and oceanic variables which
are exposed to fluctuations, whereas the type-II spec-
trum is characteristic for deep ocean areas which are
shielded from fluctuations.
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Accepting that type-I spectra are indicative of the
presence of short-term fluctuations, the results of
Sect. 4.2 suggest how fluctuating fluxes at the surface
penetrate to the deep ocean in the ECHAMI1/LSG inte-
gration. The deepest penetration occurs in the high-lati-
tude parts of the ocean, where the spectra in the deep
layers are comparable to that shown in the upper panel of
Fig. 4. The only exception is the southern Atlantic in the
ECHAMI1/LSG run where a non-zero low-frequency
slope is already apparent in the upper ocean. The weakest
penetration occurs in the tropical and subtropical Pacific
and in the tropical and subtropical Atlantic, where the
type-I spectra cannot be found in the deep layers.

5.3 Is the type-II spectrum real?

There are two reasons suggesting that the type-II spectra
are a model-specific phenomenon. First, following the
discussion of Sect. 2.1, the ocean models considered are
coarse-resolution models and do not produce oceanic
eddies. Since type-I spectra suggest the dominance of
short-term fluctuations in generating the variations, and
such fluctuations are not present in the interior of the
ocean, which is shielded from the fluctuating fluxes at
the surface, the disappearance of type-I spectra can be a
consequence of the lack of internal noise. It is beyond
the scope of this study to provide a rigorous consider-
ation of this possibility. Nevertheless, the possibility
indicates potential problems when using coarse-resolu-
tion ocean GCMs to study variability in the deep ocean,
and underline the need for eddy resolving ocean GCMs
when studying long-term oceanic variations.

The second reason relates to the dissipation processes
in the model. The type-II spectra imply infinite spectral
values at the origin. Without having a physical expla-
nation for such a spectral behaviour, one would first
assume that the steady increase of spectral energy with
decreasing frequency is indicative of a lack or an un-
derestimation of dissipation processes in the model.
Since it is not clear how the ocean dissipates the energy
imposed at the surface, it is difficult to verify the dissi-
pation processes in the models, and hence to assess the
realism of the type-II spectra.

We can certainly not rule out the possibility that the
spectra in the deep tropical and subtropical ocean will
eventually level off, but at much lower frequencies. In
order to clarify this, much longer integrations are re-
quired. In any case, there is a long way to go to achieve a
complete understanding of long-term variations in the
deep ocean. Due to the lack of observations, progress
can only be made in terms of numerical integrations.

6 Conclusions

This work studies the spectral behaviour of the vari-
ability in millennium integrations of coupled atmo-
sphere-ocean GCMs. Two distinctly different types of
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spectra are identified. The type-I spectra, characterized
by a spectral plateau at low frequencies and a w2 slope
at high frequencies, are obtained for many atmospheric
variables and variables representing predominantly the
upper ocean and the high-latitude part of the deep
ocean. The time scale t*, at which the spectrum levels
off, is no longer than one year in the atmosphere, about
7 to 8 years for the NINO3 SST, and about a few de-
cades for the oceanic baroclinic Rossby waves. The type-
IT spectra are characterized by a low-frequency slope
o Pl with B > 0 and are indicative of a steady spectral
increase with decreasing frequency. They are observed in
the deep tropical and subtropical oceans of the GFDL,
ECHAM3/LSG and ECHAMI1/LSG runs. The Had-
CM2 model produces type-II spectra only in the tropical
and subtropical Atlantic at intermediate depths.

Following the concept of stochastic climate models,
the high-frequency o~ slope indicates the importance of
short-term fluctuations in generating climate variations.
Such fluctuations are omnipresent in the atmosphere,
but do not exist in the interior of the ocean which is
shielded from the surface forcing. Nevertheless, since
surface fluxes can penetrate into the ocean, in particular
at high latitudes where deep convection occurs, type-I
spectra are also found in the upper ocean and the high-
latitude part of the deep ocean. In the tropical and
subtropical oceans, where the mean stratification is
stable and penetration becomes difficult, a new type of
spectra emerges. The variables in these regions can be
considered as being generated by fractional ARIMA
processes. Accepting the dominant role of noise in gen-
erating type-I spectra, the distribution of the two spec-
tral types indicates how fluctuating fluxes, which are
imposed at the surface, penetrate and affect variations in
the deep ocean. In the ECHAMI1/LSG model, this
penetration is most pronounced in the North Atlantic
and in the South Pacific and Southern Ocean.

The realism of type-II spectra is questionable for two
reasons. First, since the ocean GCMs used do not re-
solve oceanic eddies, the lack of fluctuations in the deep
ocean can be a specific feature of the coarse-resolution
models. Secondly, it is not clear to what extent the
present-day coupled GCMs realistically simulate the
dissipation processes in the deep ocean. The lack or
underestimation of such processes may be responsible
for the observed steady increase of spectral energy with
decreasing time scales in the deep oceans.
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