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1 Introduction

This is a continuation of our previous study of natu-
ral variability of a simple barotropic model atmosphere.
Climate variation in nature is composed of two compo-
nents: one is caused by unusual external forcing and the
other is the inherent natural variability which occurs
even under the fixed boundary conditions. A detailed
analysis of climate variability is an important research
subject to understand the issue in the global change.
The first step to assess the recent climate variation is to
separate the variability into the forced trend due to the
anthropogenic greenhouse gases and a natural variabil-
ity of the atmosphere.

The process to determine the magnitude of the nat-
ural variability depends highly on the complexity of the
model. However, it is not clear how the natural vari-
ability depends on the complexity and the internal non-
linear structure of the model. Even a simple barotropic
model with an energy source and sink can show its char-
acteristic natural variability. Hence, it is interesting to
evaluate the magnitude of the natural variability for dif-
ferent climate models and find some rules between the
inodel complexity and the induced natural variability.

In our former report (Tanaka and Kimura 1993)
we showed a typical magnitude of the natural variabil-
ity of a model atmosphere by a long term integration
(1000 years) of a simple barotropic model under a fixed
boundary condition. It was found by this long Lerm sim-
ulation that the atmospheric variability is characterized
by a clear red noise frequency spectrum for the period
less than 50 days and a clear white noise spectrum for
the period longer than 50 days. The results was com-
pared with the natural variability of other climate mod-
els (James and James 1989). Siuce our former model had
no annual cycle, the next step of the study for natural
variability is to introduce the fundamental atmospheric
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periodicity of the annual cycle. It is an interesting sub-
ject to know if the imposed forcing of the annual cycle
could generate its harmonics and subharmonics over the
rest of the frequency domain. Semiannual and biennial
oscillations or the interseasonal and interannual variabil-
ities might be excited as the nonlinear modulation of the
strong annual cycle.

2 Objective

The objective of this study is to find out to what extent
the forced annual cycle can generate the semiannual and
biennial oscillations or the interseasonal and interannual
variabilities as its harmonics and subharmonics over the
frequency domain.

The results will be compared with our former study
of the 1000 years run without the annual forcing o
assess the role of the forced annual cycle on the low-
frequency natural variabilities.

3  Model description

The model description is detailed in Tanaka (1991) and
Tanaka and Kimura (1994). Here, we describe only
how the annual cycle is forced in the simple barotropic
model. The rest of the model description is identical to
Tanaka and Kimura (1994). As is discussed in Tanaka
and Kimura (1994) the unique energy input into the
barotropic atmosphere is the parameterized baroclinic
instability:
(BCY): = ~iv(r)a(7)¢..

Here,

v(r) =(0.8+0.2 cos(g%t))uo.
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The growth rate due to the baroclinic instability v is
controlled in this study to oscillate at one year period
over the range of 60-100% of the referenced magnitude
vo of the winter growth rate condition.

4 Results

\We integrated the simple spectral barotropic model for
100 years under a fixed boundary condition with the
forced annual cycle. Figures la and 1b illustrate the
time series of the total energy of the model atmosphere
for the first 10 and 100 years, respectively. The model
output is stored for every 24 hours. Those time series
are the plots of 10-day and 100-day means for 10 and
100 years, respectively. Namely, every panel of the time
series contains 365 points of data.

Figure la shows random variations of energy level
around the equilibrium about 15 x 10° Jm~2. This time
series contains low-frequency interseasonal variabilities
superimposed on the annual cycle.

Figure 1b is for the 100-day mean time series during
100 years. Although the 100-day mean filters out most of
the dominant oscillations, the annual cycle still remains
showing sharp 100 peaks in the time series. Evidently,
there is no clear trend nor interdecadal variations.

Figure 2a illustrates the power spectrum of the
time series of the total energy for the 1000-year integra-
tion without the annual cycle after Tanaka and Kimura
(1994). Figure 2b illustrates that for the 100-year inte-
gration with the annual cycle in this study. The power
spectrum is estimated by the FFT routines and is smoothed
by averaging 64 and 8 terms of the original power spec-
trum for the 1000- and 100-year runs, respectively. The
frequency resolution of the spectrum is about 1/(10-
years) which is still fine enough to argue the detailed
spectral properties.

The result clearly separates the two characteristic
spectral slopes of the model atmosphere. The spectrum
is white for the period beyond 50 days. In other word,
the random variable has no memory of the past for the
variation beyond the 50-day period. In contrast, the
spectrum is red for the period shorter than 50 days.
Namely, the random variable remembers its own past to
some extent for the variation shorter than 50-day period.
Interestingly, the spectral slope for the red noise obeys
approximately the -3 power of the frequency. There is
an energy source into the system at the frequency range
near 1/(3-day} due to the parameterized baroclinic in-

stability. These features are identical to our former re-
sults,
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Figure 1. Time variations of (a) 10-day mean total en-

ergy during the first 10 years and (b) 100-day mean
total energy during 100 years.

Now, the main difference between these two runs
with and without the forced annual cycle is the sharp
spectral peak at the one year period in present study.
We find from the result that there is no obvious har-

monics nor subharmonics corresponding to the forced
annual spectral peak.

5 Summary

The results of the 100 year time integration of a simple

barotropic model with forced annual cycle are summa-
rized as the following three points:



Power

Power

10°

10?F

‘OI 3

100

101

107}

10

104

10!

10!

102

102

10

10'$

Power Spectrum
Total Energy

Al

L . A
10+ 1073 107 107 10¢

Frequency (1/day)

i____—// fﬂ\j\ \V‘\'_-‘f?\‘ J"JW
] ]

Frequency (t/day)

Figure 2. Power spectrum of the time series of the to-

tal energy for (a) the 1000-year integration with-
out the annual cycle (after Tanaka and Kimura
1994) and (b) the 100-year integration with the
annual cycle in this study.
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1. By changing the growth rates of the parameterized
baroclinic instability by 60-100% of the referenced
magnitude of the winler growth rate condition, we
find that the total energy oscillates over the range
from 12 10 20 x 10° Jm~2. A clear spectral peak
occurs at the one year period as expected.

2. The frequency spectrum is characterized as white
for the period beyond 50 days. In contrast, the
spectrum is red for the period shorter than 50
days. This feature is not altered by the introduced
annual cycle.

3. Both the interseasonal and interannual oscillations
are detectable in the original time series. However,
the spectral peaks of the harmonics and subhar-
monics of the forced annual cycle appear to be
insignificant in this study.

In this study, we find that the semiannual and bi-
ennial oscillations are not excited by the forced annual
cycle for the 100 year statistics of the FFT spectral anal-
ysis. However, there are still chances of these modula-
tions to occur in a temporal base, if an occurrence in

positive phase offsets the other occurrence in negative
phase. As the future research subject, it may be inter-
esting to apply the orthogonal and continuous wavelet
transform to identify the temporal appearance of the
modulated annual cycle (e.g., Weng and Lau 1994).
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