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Abstract: Numerical experiments on forcing dissipation and heating response of dipole (unipole) are
carried out using global spectral models with quasi-geostrophic barotropic vorticity equations. For each
experiment model integration is run for 90 days on the condition of three-wave quasi-resonance. The results
are given as follows: Under the effects of dipole (unipole) forcing source and basic flow intensity, there
exist strong interactions among the three planetary waves and quasi-biweekly and intraseasonal oscillation
of the three planetary waves. In the meantime, the changes in the intensity of dipole or unipole forcing
source and basic flow have different frequency modulation effects on LFO in the middle and higher latitudes.
The results of the stream function field of three quasi-resonant waves evolving with time confirm that the

low-frequency oscillation exists in extratropical latitude.
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1 INTRODUCTION

The wave-to-wave interactions in the atmosphere
are one of the important research projects in
atmospheric  dynamics, which have important
implication for studies on low-frequency oscillations in
the middle and lower latitudes and variation of
atmospheric circulation. The patterns of energy
variation were first studied for resonant three-wave
interactions in the atmosphere by Fortoft!. The
phenomenon was then studied in detail by Longguet-
Higging? and Wu®. In theory, external forcing
regulates the periods of low-frequency oscillation in the
middle and higher latitudes via the wave-to-wave
interactions inside the atmosphere®.

A large number of numerical experiments have
shown that external forcing has significant effect on the
atmosphere. The results of numerical simulation by
Yamagata et al.”® stressed the importance of external
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forcing in intriguing the atmospheric low-frequency
oscillation, though without explaining its mechanism.
The anomalies of SST near the equator not only affect
the atmaospheric circulation, weather and climate in the
tropics, but is associated with their anomalies in the
middle and higher latitudes®. The variation of external
forcing sources is aso found to regulate the
atmospheric in the middle and higher latitudes’®. It is
then necessary to study the effect of SST forcing on the
low-freguency oscillation.

Under the condition of quasi-resonance, the dipole
(unipole) of SST in the Indian Ocean are used as the
sources of external forcing and frictional dissipation is
taken into account in numerical experiments with
guasi-resonance of three planetary waves in an attempt
to reveal their patterns of energy variation and
regulatory effect on the low-frequency oscillation in the
middle and higher latitude atmosphere.
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2 MODESOF QUASI-RESONANCE AND
EXPERIMENTAL SCHEME

Taken as the contralling equation, a quasi-
geostrophic vorticity equation that employs forcing and
frictional dissipation is transformed to a dimensionless
one. Then, spectral expansion is used together with
diamond truncation of 15 waves to determine the
predictive equation for the spectral form:

_d\;ik) = F (k) - BF (k) *PS(k)
ALY
CA“(k)
where r¢=g/2Wa*, and a is the forcing

coefficient.
In the numerical experimental scheme,

(1) the zonal basic flow A0 hasthree
different amplitudesof 1/84,4 /84 and 8/ 84,

(2) the amplitude of the three quasi-resonant waves
and wavenumbers are

[A(12),A,(22),A,(34)]=(0.1,0.10.1)

and

[(ky 1), (kz,15), (s 1)1 =[(12),(2,2),(34)]
respectively.

(3) The SSTA data of tropical Indian Ocean (10°S
- 10°N, 40°E - 130°E) for October 1997, December
1996, March 1990 and June 1985 are used as the
sources of external forcing to study the combined effect
of external forcing sources, frictional dissipation and
three-wave quasi-resonance within the atmosphere on
the low-frequency atmospheric oscillation in the middle
and higher latitudes, and

(4) With the coefficient set at T¢=1.0"10"° ¢
frictional coefficient, the coefficient at

a=0~10"10" for thermal forcing, the mode
uses the frog leap format with integration lasting for 90
d.

When a £1.0°10°°, the minimum thermal
forcing coefficient is reached for the atmospheric low-

frequency oscillation to change. When a >1.0" 104,
the change of waves with time is basically transformed
to those oscillating at high frequency to result in the
spill of temporal integration

3 RESULTSOF NUMERICAL EXPERIMENTS

3.1 Thermal forcing source

It is shown from Fig.1 that waves 1, 2 and 3 show
periodic oscillations, with wave 1 and 3 basically inin-
phase change, just the opposite to that of wave 2,

showing strong interactions among them. Significant
anti-cascade transfer of energy exists between waves 1
and 3 and wave 2.
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Fig.l1 Temporal variation of sources without thermal

forcing (a ~ 0) and quasi-resonant three
waves. The abscissais the number of days. a
The amplitude of basic flow S=1/84; b. S=4/84;
C. S=8/84. (broken line: wave 1; dot line: wave
2; redl line: wave 3)

With the amplitude of basic flow intensifyingto 4/
84 and 8 / 84, the three waves keep decreasing while
their amplitude keep increasing. In other words, the
intensity of the basic flow increases, wave oscillation
accelerates and periods decrease, illustrating the fact
that fluctuations can acquire energy from basic flows.
3.2 Forcing fields of positive (negative) dipoles
(1) Monthly mean SSTA field characteristic of positive
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unipole for October 1990 taken as the forcing field
(figure omitted)

When the forcing coefficient increases gradually,
ie @a=10"10°~10 10-4, it is shown from
Fig.2 that the three waves have significant variation
and high-frequency oscillation further decrease in the
period but increases in the speed of oscillation. There is
much interaction and transformation of energy between
the waves, indicating that the intensification of the
dipole-forcing factor regulates the wave action.

With the intensification of basic flow (figure
omitted), the threshold time is brought forward in
variation of Waves 1, 2 and 3, indicating that the
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Fig.2 Tempora variation of positive dipole forcing
field, basic flow with amplitude (S=1/84),
different forcing coefficients @ , and quasi-
resonant three-wave amplitude a

a=10"10°%b a =50 10" ¢
a=80"10°:d a =1.0" 10" The

abscissais the number of days.

thermal forcing of the dipole tends to accelerate low-
frequency oscillation or change it to high-frequency
one.

(2) Monthly mean SSTA field characteristic of
negative dipole for December 1996 taken as the forcing
field (figure omitted)

The forcing coefficient a =1.0" 10 °>. The
results of Fig.3 are very similar to those of Fig.1la and
Fig.2a

When the forcing coefficient increases gradually,
ie a=50"10", 80°10° ad 1.0 10 *,
high-frequency oscillation decreases in the period but
increase in the speed of oscillation, with the
intensification of the negative-dipole forcing factor.
Comparing Fig.3 with Fig.2, it is known that the
negative dipole has much weaker effect on the low-
frequency oscillation than the positive one. With the
amplitudes of 4 / 84 and 8 / 84 in the basic flow, the
low-frequency component of the three waves still have
significant wave-to-wave interaction and the three
waves tend to have similar trends of variation except
for the fluctuation amplitude. Wave-to-wave
interactions are till significant in the low-frequency
part of the three waves and significant anti-cascade
transfer of energy exists between waves 1 and 3 and
wave 2.

It is known from the above analysis that the forcing
of positive and negative dipoles and with the
intensification of the forcing factor of positive and
negative dipoles and basic flow intensity, the time at
which low-frequency oscillations superpose or turn into
high-frequency  oscillations are shortened, the
oscillation of waves accelerated and oscillatory period
shortened  significantly. Significant  anti-cascade
transfer of energy exists between waves 1 and 3 and
wave 2. It is also known that the negative dipole has
much smaller effect on the low-frequency than the
positive dipole during the regulation of atmospheric
low-frequency regulation.

3.3 Positive (negative) unipole forcing field

It is known from analysis (omitted) that the
fluctuation of positive and negative unipole forcing
factor and the variation of basic flow intensity are also
playing an important role in the fluctuation of waves.
The intensification of forcing factors and basic flow
brings forward the threshold time at which low-
frequency oscillations superpose or turn into high-
frequency oscillations are brought forward and
accelerates the wave oscillation. It is also known that
the forcing effect of positive (negative) unipoles are
equivalent to the positive (negative) dipoles in
regulating the low-frequency atmospheric oscillation
and positive (negative) unipoles have the same
sensitive zone as positive (negative) dipoles, with the
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positive unipole having a larger regulating effect than
the negative one

For analyses of other aspects, refer to the Chinese
edition of the journal.
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Fig.3 Tempora variation of negative dipole forcing
field, basic flow with amplitude (S=1/84),

different forcing coefficients a , and quasi-
resonant three-wave amplitude a

a=10"10°%b a=50"10"°:c
a=80"10°:d a =1.0"10". The

abscissa is the number of days.

4 CONCLUSIONS

In the numerical modd, with the SST dipole
(unipole) of the Indian Ocean treated as the source of
external forcing and frictional dissipation taken into
account, strong interactions are found among the three
planetary waves. Next are the results. (1) Under the
combined action of thermal dipole (unipole) forcing
sources and the intensity of basic flow, the three
planetary waves have strong wave-to-wave interactions,
fluctuating quasi-biweekly and intraseasonably. (2)
The increase (decrease) of the intensity of thermal
forcing and basic flow for the dipole and unipole tend
to shorten (prolong) the period of atmospheric low-
frequency oscillations. (3) The thermal sources of
positive dipole (unipole) regulate the low-frequency
oscillation more than the negative dipole (unipole),
resulting in much decreased threshold time for it to
superpose or become high-frequency oscillation and
much speeded up wave fluctuations. (4) The positive
(negative) dipole and positive (negative) unipole
regulate the atmospheric low-frequency oscillation on
the same sensitive zone.
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