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Abstract: Based on the National Center for Environmental Prediction/National Center for Atmospheric
Research reanalysis dataset from 1948 to 2009, this study reveals that global low-frequency oscillation
features two major temporal bands. One is a quasi-60-day period known as the intraseasonal oscillation
(ISO), and the other is a quasi-15-day period known as the quasi-biweekly oscillation (QBWO). After
the mid-1970s, both the ISO and QBWO become intensified and more active, and these changes
are equivalently barotropic. The primitive barotropic equations are adopted to study the involved
mechanism. It reveals that the e-folding time of the least stable modes of both the ISO and QWBO
becomes shorter if the model is solved under the atmospheric basic state after the mid-1970s than if
solved under the basic state before the mid-1970s. This result suggests that the atmospheric basic
flow after the mid-1970s facilitates a more rapid growth of the ISO and QBWO, and thereby an
intensification of the low-frequency oscillations at the two bands.

Keywords: low-frequency oscillation; interdecadal change; atmospheric basic flow; e-folding time;
barotropic primitive equations

1. Introduction

The atmospheric low-frequency oscillation is an important phenomenon in the climate system,
which significantly influences the variability of weather and short-term climate in both the tropical
and the extra-tropical regions [1–3]. It has several peaks in the temporal spectrum. One has a period
of 30–90 days, and is often referred to as the intraseasonal oscillation (ISO); the other has a period of
10–20 days, and is often referred to as the quasi-biweekly oscillation (QBWO) [4–7]. The studies on
both the mechanism and the climatic impacts of the ISO and QBWO have been hot topics since the
early 1970s [8–22].

Several mechanisms have been proposed for the ISO and the QBWO. On one hand, the interactions
between the atmosphere and ocean, and the related diabatic heating, are important mechanisms of the
ISO and the QBWO. For example, the cumulus convective heating feedback [23–27], evaporation wind
feedback [28,29], external forcing excitation [27,30–32], and air–sea interaction [33,34] are suggested
to be important for the evolution of the tropical ISO. The cloud–radiation–convection feedback [7]
and the evaporation–wind feedback [35,36] are important for maintaining the QBWO in the tropics.
On the other hand, the configurations of the atmospheric basic flow are also suggested to be quite
important. For example, the dynamical instability of the basic flow is thought to be important for
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exciting and maintaining the ISO in the middle and high latitudes [37–41]. Li et al. [42–44] suggest that
the growth rate and the spectral spectrum of the least stable atmospheric mode is largely determined
and modulated by the vertical profile, the intensity, and the meridional gradient of the atmospheric
basic flow. Chen and Chen [45] showed that the configuration of the atmospheric basic flow plays
a key role in the maintenance of the QBWO, appearing in the low-level circulation of the Northern
Hemisphere during boreal summer.

The climate system experienced a significant interdecadal shift in the mid-1970s [46].
Accompanied with this shift, both the atmospheric basic flow [46] and some of the interannual
climate variability [47] changed after the mid-1970s. In addition, the low-frequency oscillations also
experienced significant interdecadal changes at that time. For example, Liu et al. [48] suggest that the
magnitude of the tropical ISO has increased, and that the frequency of the tropical ISO has become
more frequent since the mid-1970s. A natural question related to these studies is what caused the
interdecadal changes in the low-frequency oscillation. This question will be addressed in this study,
based on the daily mean National Center for Environmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR) reanalysis dataset [49], which has a horizontal resolution of 2.5◦ × 2.5◦

and spans from 1948 to 2009. It will be shown that the change of the atmospheric basic flow plays a key
role in this process. Section 2 shows the interdecadal changes of the global atmospheric low-frequency
oscillation. Section 3 addresses the involved mechanisms by solving the barotropic primitive equations.
Finally, a summary is given in Section 4.

2. Observed Interdecadal Changes of the Global Low-Frequency Oscillation

To reveal the possible changes of the global low-frequency oscillation, power spectrum analysis
was applied to the global geopotential height fields of each year at the 850 hPa, 500 hPa, and 200 hPa
levels, respectively. Two hundred and eighty-two temporal bands (half of 365 days, with February
29 omitted for leap years) were decomposed using the power spectrum for each year at each grid.
The number of grids whose power spectrum exceeds the 95% confidence level was calculated for all
of the 282 temporal bands in each year. These numbers were divided by the global total number of
grids (i.e., 10,512) to obtain a ratio of grid numbers with significant temporal bands (Figure 1a–c).
This ratio reveals that over 70% of the global grids feature a significant annual cycle, which is the
strongest temporal band in our analysis. The second strongest temporal band is located in the ISO
band, i.e., the 30–90 day period, where the ratio is about 65%. For the QBWO band, i.e., the 10–20 day
period, the ratio is approximately 40%. For the band whose temporal period is below 10 days,
the ratio is lower than 30%. These features are consistent from the lower to the upper troposphere
(Figure 1a–c), which suggest that the atmospheric low-frequency oscillation is a major variability of
the atmospheric circulation.

Previous studies suggested that the global climate experienced an interdecadal change in
mid-1970s [46]. An inspection shown in Figure 1a–c indicates that the ratio with significant ISO
seems to be higher after the mid-1970s than before the mid-1970s. This suggests that the interdecadal
climate change in the mid-1970s may also have had some reflection in the atmospheric low-frequency
oscillation. To test this conjecture, the power spectra of two sub-periods before and after the mid-1970s
(i.e., 1948–1975 and 1978–2009) were compared. Figure 1d–f shows the averaged power spectra on
those grids where the corresponding power spectra pass the 95% confidence level during the two
sub-periods. It is clear that the averaged power spectrum on the ISO band was stronger during
1978–2009 than during 1948–1975 for all the analyzed three pressure levels (Figure 1d–f). The situation
seems similar for the QBWO band (Figure 1d–f) especially in the middle and lower troposphere
(Figure 1d–e), but it is a bit difficult to compare the intensity of the low-frequency oscillation from
Figure 1d–f alone, because the two power spectra are quite close to each other. To gain a clearer picture,
the averaged spectrum value of the ISO and QBWO bands were calculated for the two sub-periods,
respectively (Table 1). It is clearly shown in Table 1 that the strength of both the ISO and QBWO
significantly intensified after the mid-1970s. This intensification can be observed at 850 hPa, 500 hPa,
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and 200 hPa levels. An exception is that the intensification of the QBWO in the upper troposphere
was only significant at the 83% confidence level, based on the F-test (Table 1), which is consistent with
the almost undistinguishable QBWO spectra during the two sub-periods (Figure 1f). Nevertheless,
the results of Figure 1d–f and Table 1 confirm that the strength of both the global ISO and QBWO
intensified after the mid-1970s. To further examine the robustness of the conclusions, the above
analyses were repeated using NCEP/NCAR data at all of the other original grids, and the results
remained almost identical (not shown). Therefore, it can be concluded that the strength of both the
global ISO and QBWO intensified after the mid-1970s.
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Figure 1. The ratio of global grid numbers whose geopotential height exceeds the 95% confidence level
for different temporal bands at the (a) 850 hPa level; (b) 500 hPa level; and (c) 200 hPa level, respectively.
The averaged spectrum values for the two sub-periods 1948–1975 and 1978–2009 at the (d) 850 hPa
level; (e) 500 hPa level; and (f) 200 hPa level, respectively. The black solid lines in (a–c) and red solid
lines in (d–f) denote the intra seasonal oscillation (ISO) band. The red dotted lines in (a–f) denote the
quasi-biweekly oscillation (QBWO) band.
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Table 1. The averaged spectrum values and their differences in the ISO and QBWO bands for the two
sub-periods before and after the mid-1970s.

ISO QBWO

850
hPa

500
hPa

200
hPa

850
hPa

500
hPa

200
hPa

1948–1975 59,193 61,710 67,835 23,294 24,181 22,865
1978–2009 61,348 64,397 73,209 24,438 25,318 23,616

confidence level of difference 90% 96% 99.6% 92% 93% 83%

3. Possible Mechanism

The interdecadal intensification of the global ISO and QBWO can be observed throughout the
troposphere (Figure 1 and Table 1), and the intensification shows an equivalently barotropic structure
(not shown). Therefore, the involved mechanism can be studied with the non-dimensional and
linearized barotropic primitive equations (Equations (1)–(3)):
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where u′(x, y, t), v′(x, y, t), and h′(x, y, t) are the perturbed zonal wind, meridional wind, and geopotential
height; and u(x, y), v(x, y), and h(x, y) are their corresponding basic states. The variable f is the Coriolis
parameter, and g is the gravitational acceleration. L, U, and H denote the characteristic scales of the
horizontal distance, wind speed, and geopotential height, respectively.

Each perturbation A′(A = u, v, h) satisfies the following boundary conditions, so that the
orthogonality of the trigonometric functions can be retained:

A′(0, y, t) = A′(2π, y, t)
∂A′
∂t

∣∣∣
y=0,π

= 0∫ 2π
0

∂2 A′
∂t∂y

∣∣∣
y=0,π

dx = 0

(4)

where x ∈ [0, 2π] and y ∈ [0, π].
According to the low-order spectrum analysis method [50], all the perturbations in Equations (1)–(3)

can be expanded as follows:

A′(x, y, t) =
Py

∑
n=1

A′0n (t)C
0
n +
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∑
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where t = 1 · · · n, n is the sample number, Px and Py are the largest wave numbers in the zonal and
meridional directions, respectively. The symbols C0

n, Sm
n , and Pm

n are defined as
C0

n = cos(ny), (n = 1, 2, · · · Py)

Sm
n = cos(mx) sin(ny), (m = 1, 2, · · · Px; n = 1, 2, · · · Py)

Pm
n = sin(mx) sin(ny), (m = 1, 2, · · · Px; n = 1, 2, · · · Py)

(6)

Here, the trigonometric function was employed because the ISO and QBWO can be observed
not only in the tropical regions, but also in the extra-tropical regions [1–3,37–41]. The trigonometric
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function is superior to the parabolic cylinder function, which is often used in the tropical regions to
describe the ISO and QBWO in the extra-tropical regions [50]. Similarly, all the basic state variables
can be expanded as follows:

A(x, y) =
Px

∑
n=1

A0
nC0

n +
Px

∑
n=1

Py

∑
m=1

Am
SnSm

n +
Px

∑
n=1

Py

∑
m=1

Am
PnPm

n (7)

Substituting Equations (5) and (7) into Equations (1)–(3) and multiplying both sides of each
equation by C0

n, Sm
n , and Pm

n —an integration over the domain {x : 0, 2π; y : 0 : π}—will yield the
following ordinary differential equation:

d
→
F

dt
= K

→
F (8)

where
→
F is a vector consisting of

{
A′0n(t)

}
,
{

A′mSn(t)
}

, and
{

A′mSn(t)
}

; and K is an M × M matrix

associated with A0
n, Am

Sn, Am
Pn, C1, and C2, where M = 3(Py + 2PxPy).

Here, the 500 hPa level was chosen to solve the primitive equations, due to the barotropic
structure of the ISO and QBWO. According to the spatial spectrum expansion method [50], the global
geopotential height, as well as the zonal and meridional winds, can be expanded with a maximum zonal
wavenumber Px = 16 and a maximum meridional wavenumber Py = 4. In this way, both the synoptic-
and planetary-scale waves can be represented in the barotropic model [50]. The spatial spectral
function coefficients of the three variables were averaged over the two sub-periods (i.e., 1948–1975 and
1978–2009), respectively. The fields reconstructed from the spatial spectrum expansion were compared
with the corresponding observational fields, and their pattern correlation coefficients are 0.90, 0.85,
and 0.66 for the geopotential heights and the zonal and meridional winds during the period 1948–1975,
and 0.94, 0.86, and 0.68 during the period 1978–2009, all of which exceeds the 99.9% confidence level.
This result suggests that the large-scale pattern of the global atmospheric circulation at 500 hPa can
be reconstructed well by the chosen spatial spectral functions. Therefore, it is appropriate to solve
the barotropic primitive Equations (1)–(3) with the spatial spectrum expansion method, in order to
examine the characteristics of perturbations during the two sub-periods before and after the mid-1970s.

The annual mean geopotential height and winds show similar patterns during the periods
1948–1975 and 1978–2009 (Figure 2a,b,d,e), but their differences between the two sub-periods are
distinct, and exceed the 95% confidence levels in many regions (Figure 2c,f). This suggests that the
atmospheric basic flows were quite different before and after the mid-1970s. These changes in the basic
flow may have had some impact on the characteristics of the ISO and QBWO. To reveal the possible
effects of the atmospheric basic flow, the long-term means derived from 1948–1975 and 1978–2009 are
used as the mean flow in Equations (1)–(3), respectively. This procedure will yield the spatial spectrum
coefficients A0

n, Am
Sn, and Am

Pn for the sub-periods before and after the mid-1970s from Equation (7).
Substituting these coefficients into Equation (8) yields the two ordinary differential equations

d
→
F b
dt

= Kb
→
F b (9)

d
→
F a

dt
= Ka

→
F a (10)

where subscripts a and b represent the periods 1948–1975 and 1978–2009, respectively. Equations (9) and
(10) will be solved using the boundary conditions and method introduced above. Here, the symbols
Kb and Ka are 396 × 396 matrixes, L = 5720× 106 m, H = 1700 m, and U = 15 m s−1. The eigenvalues
of matrix Kb and Ka were further calculated with the following form:

ωb = ωbr + iωbi (11)
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ωa = ωar + iωai (12)

where ωbr and ωar are the growth rates of the perturbations before and after the mid-1970s. Positive
ωbr and ωar values indicate that the perturbations are unstable and can grow [51]. Their inverses
(i.e., 1/ωbr and 1/ωar) are the e-folding times of perturbation growth. The shorter the e-folding time
is, the easier and faster the perturbation grows. The values of ωbi and ωai are the frequencies of
the perturbations.

Figure 2. The annual mean 500 hPa geopotential height during the sub-periods (a) 1948–1975;
(b) 1978–2009; and (c) their difference (i.e., (b) minus (a)); (d–f) are the same as (a–c), but for the
annual mean 500 hPa winds. Negative values are dashed, and zero contours are omitted in (c).
Dark and light shading indicates 99% and 95% confidence levels based on two-tailed Student’s t-test,
respectively. Zonal winds are used to evaluate the confidence level in (f).

Figure 3 shows the e-folding time for disturbances with different periods during the periods
1948–1975 (Figure 3a) and 1978–2009 (Figure 3b). The least stable modes are mainly observed in three
bands: the band below 10 days, the QBWO band, and the ISO band. Before the mid-1970s, the least
stable mode of the QBWO had an e-folding time of approximately 15 days, and that of the ISO had
an e-folding time of approximately four days (Figure 3a). After the mid-1970s, the e-folding time of
the QBWO decreased to approximately two days, and that of the ISO decreased to approximately
three days (Figure 3b). The reduction of the e-folding time of both the ISO and QBWO after the
mid-1970s suggests that the ISO and QBWO tended to grow more easily, which would be how they
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intensified after the mid-1970s. Considering that only the atmospheric basic flow was changed to solve
Equations (1)–(3) for the two sub-periods, it is reasonable to conclude that the shorter e-folding time,
and thereby the intensification of both the ISO and QBWO after the mid-1970s, can be attributed to
the altered atmospheric basic flow. Hence, the change of the atmospheric basic flow is an important
mechanism to explain the interdecadal intensification of the QBWO and the ISO after the mid-1970s.
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4. Summary and Discussion

It is well-known that the climate system experienced a significant interdecadal change in
the mid-1970s, which can be observed in both the atmospheric mean state and the interannual
variability [16,46,48]. In this study, it was found that the strength of the global low-frequency oscillation,
including both the ISO and the QBWO, intensified significantly after the mid-1970s. The intensification
of the ISO and QBWO can be observed from the lower to the upper troposphere with barotropic
structure, so the linearized non-dimensional barotropic model is employed to investigate the involved
mechanism of the observed change.

The spatial spectrum expansion method is capable of reconstructing the large-scale feature of
the global geopotential height and horizontal wind fields, and it was used to solve the barotropic
model. Considering the distinct changes of the atmospheric mean flow in the mid-1970s, the barotropic
model was solved with two different atmospheric basic flows derived from the averages of 1948–1975
and 1978–2009, respectively. It reveals that the e-folding time of both the ISO and QBWO was shorter



Atmosphere 2018, 9, 292 8 of 10

during 1978–2009 than during 1948–1975. This result suggests that the ISO and QBWO tend to grow
more easily and intensify after the mid-1970s, consistent with the observed changes of the ISO and
QBWO. Because nothing changes in the barotropic model except the atmospheric basic state, these
results suggest that the observed intensification of the ISO and QBWO after the mid-1970s can be
largely attributed to the altered atmospheric basic flow.

Previous studies suggest that atmospheric basic flow can influence the low-frequency oscillation
in many ways. For example, Li et al. [44] found that a westerly profile is the most important factor for
the least stable modes, and that the intensity and meridional gradient of the basic flow are of secondary
importance. In this study, the role of atmospheric basic flow is emphasized in order to explain the
observed interdecadal changes of the ISO and QBWO, but it remains unclear in our analyses which
characteristics of the altered basic flow play the key roles. Besides, this study focuses on the global
feature of the low-frequency oscillation, and cannot explain the regional changes, i.e., the spatial
structure, of the ISO and QBWO. These remaining issues will be investigated with a more complicated
model in our following studies. Last but not least, a second interdecadal shift was observed in many
regions of the world in the late 1990s and early 2000s [52–58], after the well-documented climate shift
in the mid-1970s, and it would be interesting to investigate whether the strength of the ISO and QBWO
experience some changes accordingly. However, fewer than 20 years have passed since the climate
shift of the late 1990s or early 2000s, and this relatively short period may not yield a stationary basic
state to perform analyses like those in this study. Therefore, this issue will remain open currently and
will be investigated in the future.
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