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ABSTRACT

In this paper the authors use the NCEP–Department of Energy (DOE) Reanalysis 2 (NCEP2) data from

1979 to 2004 to expand the daily 500-hPa geopotential height in the SouthernHemisphere (SH, 908–208S) into
a double Fourier series, and analyze the temporal frequency characteristics of the expansion coefficients over

various spatial scales. For the daily series over the whole year, the coefficient series of the extratropical-mean

height is characterized by a significant low-frequency (10–30 day) variation. For zonal waves with (k, l)5 (1–5,

1), where k and l are the zonal and meridional wavenumbers, respectively, the low-frequency variability is

most pronounced for zonal wavenumbers 3 and 4; while the short wave with zonal wavenumber 5 has sig-

nificant high-frequency (4–8 day) variability. For meridional waves with (k, l) 5 (0, 2–6), the meridional

dipole (l 5 2) makes a major contribution to the low-frequency variability, consistent with the intraseasonal

space–time features of the southern annular mode (SAM). The meridional tripole (l 5 3) also exhibits low-

frequency variability. For two-dimensional waves (k, l) 5 (1–5, 2–6), the dipole is a preferred meridional

structure for intraseasonal modes with large zonal scales, indicating an out-of-phase relationship between

low-frequency planetary-scale waves at mid- and high latitudes. The diagnostic results outlined above can be

explained, to a certain extent, by the dispersion relation for Rossby waves. Theoretical analysis indicates that

zonal wavenumber 3, zonally symmetric flow such as SAM, and planetary-scale waves with meridional dipole

structures may be interpreted as low-frequency eigenmodes of the atmosphere.

1. Introduction

Because of its important influence on regional and

hemispheric climates (Kidson 1988; Simmonds 2003),

many recent studies have examined the variability of

atmospheric circulation in the Southern Hemisphere

(SH). For example, Gong and Wang (1999) analyzed

variations in sea level pressure (SLP) in the SH, and

introduced the southern annular mode (SAM), a

hemispheric seesaw pattern in the SLP field associated

with a north–south redistribution of atmospheric mass

between mid- and high latitudes. Thompson andWallace

(2000) conducted a further investigation into the

three-dimensional (3D) structure of SAM, reporting

nearly zonally symmetric vacillations in the extra-

tropical zonal flow, and an equivalent barotropic

structure in the vertical direction. Li and Wang (2003)

proposed the concept of the annular belt of actions

(ABA) to represent zonally symmetric fluctuations,

and established the SAM index (SAMI; Nan and Li

2003; Wu et al. 2009; Feng et al. 2010), which gives an

improved description of the zonal symmetry of SAM.

However, SAM also has zonally asymmetric compo-

nents linked to the El Niño–Southern Oscillation
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(ENSO; Fan 2007; Wang et al. 2008; Pezza et al. 2012)

and to the asymmetric feedback of synoptic eddies

(Codron 2007). This asymmetric component of SAM

in the South Pacific also has an impact on rainfall in

Australia (Meneghini et al. 2007). SAM shows an ap-

proximately 10-day time scale (Gerber et al. 2008; Gong

et al. 2010) and is active on a submonthly scale (Li and Li

2009).

Zonal wave 3 (ZW3) is an important mode in geo-

potential height and wind fields in the SH, and is char-

acterized by zonal asymmetries associated with zonal

wavenumber 3. ZW3 is a dominant feature in the

extratropics and reaches maximum amplitudes near

508S (van Loon and Jenne 1972; Raphael 2004). Pre-

vious studies have shown that ZW3 plays an important

role in blocking (Trenberth and Mo 1985), and makes

a strong contribution to monthly and interannual vari-

ability in teleconnections (Trenberth 1980). The signal

of ZW3 is dominant over submonthly (Mo and Ghil

1987; Hansen and Sutera 1991) and seasonal (Mo and

White 1985) time scales. Dell’Aquila et al. (2007) asso-

ciated ZW3 with low-frequency (20–40 day) variability

using space–time spectral analysis (Hayashi 1979). van

Loon and Jenne (1972) noted that the existence of ZW3

is linked to the land–sea distribution in the SH; however,

it remains unknownwhether ZW3 is an internal mode of

the atmosphere, or a mode induced by lower boundary

forcing [sea surface temperature (SST), sea ice cover,

topography, etc.].

Besides SAM and ZW3, the Pacific–South American

(PSA or PSA1) pattern is the dominant teleconnection in

the South Pacific linked with ENSO (Mo and Higgins

1998). It resembles its Northern Hemisphere (NH)

counterpart, the Pacific–North American (PNA) mode,

and behaves like a wave train associated with the anom-

alous tropical convection during ENSO (Turner 2004).

The PSA pattern can be found in the second empirical

orthogonal function (EOF) mode of monthly-mean

500-hPa geopotential height anomalies (Schneider et al.

2004). The PSA is pronounced on various time scales

ranging from intraseasonal to interannual (Mo and

Higgins 1998; Mo and Paegle 2001; Cai and Watterson

2002). While the PSA mode may originate from the

tropics, it has also been identified as an internal mode of

the atmosphere (Frederiksen and Webster 1988).

The spatial patterns of synoptic atmospheric circula-

tion in the NH are associated mainly with zonal wave-

numbers 5–7 (Blackmon et al. 1984; Jin et al. 2006a). The

behavior of SH 500-hPa synoptic systems is far less well

investigated than those systems in the NH (Keable et al.

2002). Moreover, the above studies show that the spatial

scales of circulation patterns are linked to their time

scales. Systematic studies are required to investigate

the nature of this space–time connection, and to de-

velop a better understanding of circulation variability

in the SH.

Space–time spectral analysis is an effective tool with

which to investigate the space–time characteristics of

atmospheric circulation. In early studies, information

was obtained by a one-dimensional (1D) Fourier anal-

ysis of the field at a given latitude or of the latitudinally

averaged field, followed by computation of the time–

power spectrum of each spatial Fourier component

(Kao 1968; Hayashi 1979; Dell’Aquila et al. 2007).

However, the meridional structure is also important,

meaning that a two-dimensional (2D) spatial spectral

decomposition should be considered (Blackmon 1976;

Jones and Simmonds 1993). Blackmon (1976) used

a spherical harmonic expansion to investigate the space–

time characteristics of waves in the entire NH. As the

spherical harmonic decomposition can only be performed

on an entire sphere, he assumed the geopotential height

field to be an even function of latitude about the equator

and reflected the NH daily geopotential height onto the

SH. As a result of this limitation, spherical harmonics are

of little use for the decomposition of atmospheric fields

over the extratropics. Recently, double Fourier series

(DFS) expansion has been used to analyze and solve

numerical computation problems on a sphere (Cheong

2000, 2006; Layton and Spotz 2003; Cheong et al. 2004).

These studies indicate that spherical harmonics andDFS

only differ in their choice of expansion functions in lat-

itude. Spherical harmonics use associated Legendre

functions, while DFS use the Fourier series. The Fourier

series are much simpler, and may have some advantages

in their application to the extratropical region given an

appropriate choice of Fourier modes. Although theDFS

method is widely used in numerical computations, re-

search into its application in space–time spectral analy-

sis of observation data is limited. Therefore, this study

aims to perform a space–time spectral analysis on the

geopotential height using the DFS approach.

Few investigations have been performed into the

space–time spectral characteristics of daily atmo-

spheric circulation fields over the southern extra-

tropics using a 2D spatial spectral decomposition.

What are the space–time characteristics of the SH in-

traseasonal atmospheric variability in wavenumber–

frequency space? Analysis of the space–time spectra

of the SH daily atmospheric circulation will give us a more

comprehensive understanding of the intraseasonal vari-

ability of large-scale circulation patterns in the SH. Fur-

thermore, it is necessary to examine the time-scale

dependence of the SH circulation patterns at different

spatial scales using daily data for a better understanding

of their typical time scales. Thus, new insight will be
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gained into the dynamics of the important climate

modes identified by the DFS expansion.

The aim of this paper is to analyze the space–time

spectral characteristics of the SH (poleward of 208S)
daily atmospheric circulation and their description of

large-scale intraseasonal variability. We will also con-

sider the temporal frequency characteristics of 2D plane-

tary waves, which have been previously unreported. For

this purpose, we adopt the DFS expansion and stan-

dardized power spectrum (Li and Li 2009) that were

employed in the companion study that focuses on the

NH (Sun and Li 2011). We support previously mentioned

studies of the SH teleconnection patterns and their tem-

poral variability. However, in contrast to the previous

studies, we also show the following: 1) the extratropical-

mean 500-hPa geopotential height exhibits low-frequency

variability, 2) there is a constant out-of-phase relationship

between low-frequency planetary-scale waves atmid- and

high latitudes, and 3) by the use of the dispersion relation

for Rossby waves, low-frequency teleconnection patterns

(e.g., ZW3 and SAM) can be theoretically interpreted as

eigenmodes of the atmosphere.

The remainder of this manuscript is organized as fol-

lows. The data and methods are described in section 2,

and the results of the spectral analysis are presented in

section 3, along with a discussion of the corresponding

circulation patterns. In section 4, we interpret the results

by applying the dispersion relation, and finally, section 5

presents the conclusions and the outlook for future

studies.

2. Data and methodology

a. Data

In this studywe used daily-mean 500-hPa geopotential

height reanalysis data from the region poleward of 208S,
provided by the National Centers for Environmental

Prediction–Department of Energy (NCEP–DOE) Re-

analysis 2 (NCEP2; Kanamitsu et al. 2002) for the period

from 1 January 1979 to 31 December 2004, and with a

spatial resolution of 2.58 3 2.58. To analyze the vari-

ability in geopotential height, we derived daily anomaly

data by removing the mean seasonal cycle, which is de-

fined as the annual average and the first four Fourier

harmonics of the 20-yr (1980–99) daily climatology. The

winter half-year is fromMay to October, and the summer

half-year is from November to April. To use equal area-

weighted data in the analyses of geopotential height

fields, the gridpoint data were weighted by the square

root of the cosine of the geographical latitude before

computing the space–time spectra (North et al. 1982).

The daily SAMI used here is defined as the difference

in the normalized daily-mean zonal-mean SLP between

408 and 708S (Nan and Li 2003; Wu et al. 2009; Li and Li

2009; Feng et al. 2010; Blunden et al. 2011), derived from

NCEP2 reanalysis data for the period 1979–2004. This

SAMI is a modification of the Antarctic Oscillation

(AAO) index defined by Gong and Wang (1999), which

is the difference in the normalized zonal-mean SLP

between 408 and 658S. The modified SAMI is used be-

cause the negative correlation in the zonal-mean SLP

anomalies between 408 and 708S is stronger than that

between 408 and 658S. In addition, the daily AAO index

from the Climate Prediction Center (CPC) at NCEP

(referred to as SAMI_CPC) is employed to verify the

reliability of the results based on the SAMI. The daily

SAMI_CPC is constructed by projecting the daily-mean

700-hPa height anomalies onto the leading EOF mode

of the monthly-mean 700-hPa height anomalies pole-

ward of 208S for the SH.

b. Spatial spectral expansion

The daily 500-hPa geopotential height anomaly Z

(l,f) is considered to be a function of longitude and

latitude, where l is longitude and f is latitude. Follow-

ing the usual procedure, the function Z (l,f) is first

expanded by a 1D Fourier series in longitude with

truncation K:

Z(l,f)5 �
K

k52K

Zk(f)e
ikl , (1)

where Zk(f)5 (1/M)�M21
m50Z(lm, f)e

2iklm , M is the

number of data points along a latitude circle, lm5 2pm/M,

and k is the zonal wavenumber.

Next we expand Zk(f) in a Fourier series in latitude

that accounts for the north–south boundary condi-

tions. The latitude f is defined over (f0, f1), and here

f0 5 208S and f15 908S. For ease of expansion, Zk(f) is

described as zk(F) by a coordinate transformation,

where zk(F)5Zk(f), F is defined over (0,p), and

F5 [(f2f0)/(f1 2f0)]p. Rigid boundary conditions

are imposed at both northern and southern boundaries,

and zk(0)5 zk(p)5 0. Therefore, we expand zk(F) in a

Fourier sine series with truncation L:

zk(F)5 �
L

l51

zl,k sinlF , (2)

where zl,k is the Fourier coefficient and is a function of

the zonal wavenumber k and the meridional wave-

number l.

Substituting (2) into (1), and using Euler’s formula,

allows Z (l,f) to be represented by a sum of the DFS:
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Z(l,f)5 �
K

k51
�
L

l51

Ck,l coskl sinlF1 �
K

k51
�
L

l51

Sk,l sinkl sinlF1 �
L

l51

Rl sinlF ,

F5
f2f0

f12f0

p ,

9>>>>>=
>>>>>;

(3)

whereCk,l and Sk,l denote the coefficients of zonal cosine

and sine waves, respectively, and Rl denotes the co-

efficient of meridional waves of the zonally symmetric

field. In this paper, we adopt K 5 30 and L 5 25.

Figure 1a shows the zonal means of the standard de-

viations of the daily 500-hPa geopotential height, the

DFS representation of daily height field and the root-

mean-square deviation (RMSD) between the daily ob-

servations and the DFS representation. As seen in Fig.

1a, the RMSD values are very small over the extra-

tropical SH, indicating that the daily height fields are

well represented by the DFS. The geopotential height

fluctuations at the northern boundary appear to be about

one order of magnitude smaller than those at midlatitudes,

indicating the rigid boundary condition at the northern

boundary is reasonable. The area-weighted geopotential

height is identically zero at the South Pole, which is con-

sistent with the southern boundary condition of the DFS

representation. The annual-mean series of the ratios of the

extratropical-mean RMSD to standard deviation (Fig. 1b)

shows that the error is always small. Therefore, the rep-

resentation of daily geopotential height anomaly via DFS

is considered to be appropriate.

To focus on the intraseasonal space–time spectral

characteristics of the large-scale circulation in the SH,

the zonal and meridional wavenumbers are truncated

at 5 and 6, respectively. The analysis was conducted

under the following conditions: condition 1, (k, l) 5
(0, 1), the mode for this condition (a spatially homo-

geneous pattern) represents the extratropical mean of

the daily height anomaly; condition 2, (k, l) 5 (1–5, 1),

modes for this condition represent zonal waves; con-

dition 3, (k, l) 5 (0, 2–6), modes for this condition

represent meridional waves of the zonal mean; and

condition 4, (k, l)5 (1–5, 2–6), modes for this condition

represent 2D waves.

c. Standardized power spectrum

Each set of expansion coefficients (C, S, and R), for

fixed values of k and l, forms a time series. After ob-

taining the daily coefficient series, we calculate the

standardized power spectrum (Li and Li 2009) to ana-

lyze the temporal frequency characteristics at various

spatial scales. The procedure for each set of coefficient

series is as follows:

1) The series is divided into 26 sections (or years) and a

Hamming window is applied to remove the effects of

the side lobes that result from the sharp edges of the

spectral windows. This gives 26 degrees of freedom

for the composite spectrum.

2) The continuous power spectrum S for each section

i (i5 1, . . . , n, where n is the total number of years) is

then computed. At the same time, the reference red-

noise spectrum is determined based on the lag-1

autocorrelation coefficient of the series. The 95%

upper confidence limit S95 is then estimated from the

reference red-noise spectrum based on the x2 distri-

bution at the 95% confidence level.

3) The standardized power spectrum in each section is

defined as

R*5
S*

S95
, (4)

where

S*5

�
S, S$ S95
0, S, S95

. (5)

Then, the composite standardized power spectrum

averaged across all sections can be written as follows:

R*5
1

n
�
n

i51

Ri
*, (6)

where n 5 26. The number of years (or sections)

for the corresponding significant periods can be

expressed as

N5 �
n

i51

mi, mi 5

�
1, S$ S95
0, S, S95

. (7)

Therefore, for a fixed wavenumber (k, l), R* and N are

functions of frequency (or period), and can be used to

estimate the statistical significance of a certain time

period. The R* evaluates the extent to which the signal

can be distinguished from red noise, while N measures

the frequency of S exceeding S95. Higher values of R*

and N indicate that the corresponding period is more
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significant. Although these two measures have different

physical significances, they both quantify the degree of

periodicity in the coefficient series and both provide

similar results. Therefore, for simplicity, we only employ

N in the comparison of significant periods among dif-

ferent wavenumbers for conditions 2–4. The number of

year N for zonal wavenumber k, meridional wave-

number l, and period T is

N(k, l, T)5
1

2
[N(Ck,l,T)1N(Sk,l,T)], k. 0

N(l, T)5N(Rl, T), k5 0

9>>=
>>; . (8)

If the value ofN is near to, or more than, half of the total

number of years (here 13), the mode with corresponding

spatial wavenumbers is considered to be periodic (or

quasi-periodic) in majority of years.

3. Diagnostic analysis

a. Temporal spectral characteristics

Figure 2 shows R* and N for wavenumber (k, l) 5
(0, 1) (condition 1) over 26 years. Over the time period

of 10–30 days, values of R* are high, with most ex-

ceeding 0.8, and the maximum value being close to 1.0;

values ofN are also high, withmost being around 12, and

the maximum being close to 15. Over this time period,

both R* and N show two sharp peaks with periods of 16

and 30 days. These results suggest the daily extratropical-

mean geopotential height at 500 hPa displays low-

frequency variability with periods of 10–30 days. The

results over the 26 winter and summer half-years are

similar to those over the 26 full years (not shown),

indicating that such low-frequency signals are not

seasonally dependent.

Figure 3a shows the spectra of N for wavenumbers

(k, l)5 (1–5, 1) (condition 2) over 26 years. The various

zonal wavenumbers show a range of signals in frequency

space. The spectral width of N for k 5 1 is narrow, and

the values of N have two peaks, centered around time

periods of around 4 and 10 days, with maximums being

close to 10. For k5 2–4, the spectral widths ofN become

much wider, ranging from days to months, and the maxi-

mum values occur mainly over periods of around two

weeks, with the greatest value exceeding 14. For k 5 5,

the spectral width becomes extremely narrow, and the

dominant period is about one week, over which the

value of N exceeds 18. It is worth noting that our results

shown in Fig. 3a closely resemble the Hayashi spectra

for 500-hPa zonal waves obtained by Dell’Aquila et al.

(2007, see their Fig. 1a), and moreover, we show the

statistically significant periods for different scales of

zonal waves.

To characterize the signals in frequency space for

different wavenumbers, we integrateN in spectral bands

of low (10–30 day) and high (4–8 day) frequencies.

Figure 3b shows the series of averagedN with respect to

zonal wavenumber k. The value of N averaged in the

low-frequency band ismost significant for k5 3, which is

FIG. 1. (a) Zonal means of the standard deviations of daily

500-hPa geopotential height (blue thin line), the DFS representa-

tion of daily height field (red dashed line), and the RMSD between

the daily observations and the DFS representation (black dashed

line) from 1979 to 2004 over the southern extratropics. (b) The

annual-mean series of the ratios of the extratropical-mean RMSD

to standard deviation of daily 500-hPa geopotential height.

FIG. 2. Composite standardized power spectrum (R*, solid line)

over the entire year and the number of years (N, dashed line) for

significant spectrum periods from 1979 to 2004 at wavenumber

(k, l) 5 (0, 1).
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consistent with the intraseasonal space–time character-

istics of ZW3. Therefore, the low-frequency variability of

ZW3 (Dell’Aquila et al. 2007) is demonstrated, and this

feature ismore evident overwinter half-years (not shown).

Kidson (1999) performed an EOF analysis on the intra-

seasonal 300-hPa streamfunction in the SH, and found

that the two leading EOFs had zonal wavenumber-4

patterns. Figure 3b shows that zonal wavenumber 4 also

appears to be low frequency, which is consistent with

the findings of Kidson (1999). In addition, besides zonal

wavenumbers 3 and 4, zonal wavenumber 2 exhibits

mainly low-frequency variability with periods of 10–30

days. We found insignificant differences between low-

and high-frequency band-averagedN for k5 1, indicating

that zonalwavenumber 1 has both low- andhigh-frequency

components. This finding is consistent with the results re-

ported by Randel (1988). The high-frequency variability

associated with k 5 5 suggests that it is a representative

spatial scale for synoptic activities.

Figure 4a presents the spectra of N for wavenumbers

(k, l) 5 (0, 2–6) (condition 3) over 26 years. The spec-

trum signals show large variations associated with dif-

ferent meridional wavenumbers. For l5 2–3, the spectral

widths of N are relatively wide, ranging from days to

months, andmaximumvalues are distributedmainly over

the periods of around two weeks, with the greatest value

exceeding 16. For l 5 4–6, the spectral widths of N are

narrow, centered around 10 days, and the values are

relatively small.

Figure 4b presents the series of band-averagedN with

respect to meridional wavenumber l, showing sharp

drops in low-frequency band-averaged N among dif-

ferent meridional wavenumbers. For l 5 2, the low-

frequency band-averaged N is the most significant,

suggesting low-frequency variability associated with the

meridional dipole structure of the zonally symmetric

circulation. This finding further demonstrates the in-

traseasonal variability of SAM (Pohl et al. 2010; Li and

Li 2009). Lorenz and Hartmann (2001) reported the

second EOF of the zonal-mean zonal wind in the

southern extratropics is a meridional tripole, and this

EOF mode behaves much like red noise in its power

spectrum. Our research shows that the meridional tri-

pole in the zonal-mean geopotential height (l 5 3)

seems to have periods of 10–30 days. The values of

band-averaged N for l 5 4–6 are smaller, suggesting

that short meridional waves in the SH do not have

preferred periods.

The condition for wavenumbers (k, l) 5 (1–5, 2–6)

(condition 4) is more complicated than conditions 1–3.

Figure 5 depicts N for condition 4. Condition 4 can be

divided into two groups in terms of the distribution

pattern ofN, with one group for k5 1–3, and the other for

k 5 4–5. For small zonal wavenumbers (k 5 1–3), the

spectral widths of N narrow as meridional wavenumber

increases, suggesting that themeridional dipole (l5 2) has

the broadest range of periods. The relatively large values

of N are mainly distributed at periods around, and longer

than, 10 days, whichwe refer to as the low-frequency band,

indicating one prominent regime of planetary-scale waves.

Over the low-frequency time scales, the value of N de-

creases as meridional wavenumber increases, implying

FIG. 3. (a) Spectra of N as a function of period and wavenumber for (k, l) 5 (1–5, 1) (condition 2). (b) Low-

frequency (10–30 day, dashed line) and high-frequency (4–8 day, solid line) band means of N as a function of

wavenumber. The horizontal solid line stands for 13 yr.
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that the meridional structures of low-frequency plane-

tary waves are dominated by south–north dipoles. This

result indicates a constant out-of-phase relationship

between low-frequency planetary waves (k 5 1–3) at

mid- and high latitudes, whichmay be connected with the

dipole structure associated with blocking events (Shutts

1983). For small zonal scales (k5 4–5), the values ofN are

mainly located at time scales shorter than 8 days, which

we refer to as the high-frequency band, indicating high-

frequency variability associated with these scales of wave.

Figure 6 illustrates the distribution of low-frequency

band-averaged N with respect to wavenumbers k and l.

It is clear that zonal wavenumber 3 and the meridional

dipole are the most important low-frequency patterns in

the atmospheric circulation over the southern extra-

tropics, and these features are consistent with the intra-

seasonal space–time characteristics of ZW3 and SAM. In

addition, the meridional tripole, planetary waves with

meridional dipole structures and zonal wavenumbers 2

and 4 appear to have mainly low-frequency variability

with periods around, and longer than, 10 days.

b. Space–time analysis of SAM and PSA

We introduce SAMandPSA to help further explain the

results presented in section 3a. The intraseasonal vari-

ability of both SAM and PSA is first examined using the

daily indices. The PSAI is constructed by projecting the

daily-mean 500-hPa height anomalies onto the loading

pattern of PSA, which is obtained as the second EOF

mode of the monthly-mean 500-hPa geopotential height

over the southern extratropics. Figure 7 shows the stan-

dardized power spectrum analyses of both SAM and PSA

daily indices. Both SAM and PSA exhibit considerable

intraseasonal variability with periods of 10–30 days, with

the most prominent periodicity having a wavelength of

around two weeks. We also performed the standardized

power spectrum analysis on the daily SAMI_CPC, and

achieved a similar result as that for SAMI (not shown).

The spatial structures of SAM and PSA were further

investigated by the use of DFS. The spatial patterns of

SAM and PSA were first derived by the regression of

daily 500-hPa height anomalies onto the normalized

daily SAMI and PSAI, respectively, and then decom-

posed into the DFS. The leading Fourier modes in the

SAM and PSA patterns determined by the DFS ex-

pansion are listed in Table 1, together with the associ-

ated expansion coefficients. The absolute value of the

expansion coefficient measures the contribution from

each Fourier mode to the observed pattern. The SAM

pattern is dominated by a remarkable zonal symmetry

with ameridional dipole structure, while themagnitudes

of zonal asymmetries are much smaller, and consist of

planetary waves with meridional dipole structures and

large-scale zonal waves. The PSApattern receivesmajor

contributions from 2Dwaves with wavenumbers (k, l)5
(1, 2) and (k, l)5 (2, 2), and zonal wavenumbers 2 and 3

also contribute to the PSA pattern.

Figure 8 illustrates the spatial patterns of SAM and

PSA, and the representations via the Fourier modes listed

in Table 1. The representation of the SAM pattern (Fig.

8b) is similar to the observed pattern (Fig. 8a), showing the

threeweak centers of action locatedover theSouthAtlantic,

southern Indian, and South Pacific Oceans (Simmonds

and King 2004). The Rossby wave train extending from

the tropical Pacific to South America associated with

PSA (Fig. 8c) is well represented by the combination of

FIG. 4. As in Fig. 3, but for (k, l) 5 (0, 2–6) (condition 3).
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the corresponding Fourier modes (Fig. 8d). The spatial

correlation coefficients between represented and ob-

served patterns for both SAM and PSA are around 0.9,

implying that the representations via the leading Fourier

modes are in strong agreement with the observed pat-

terns. Therefore, the dominant roles of the meridional

dipole structure in both SAM and PSA patterns are

clearly identified, which indicates that low-frequency

modes may favor a dipole structure in the meridional

direction. In addition, because of the remarkable intra-

seasonal variability associated with SAM and PSA, these

two modes may contribute to the low-frequency vari-

ability of the Fourier modes shown in Table 1, which

further supports the results reported in section 3a.

4. Theoretical analysis

The dispersion relation for the perturbation stream-

function of the form sin[(pl/Ly)y] expfi[(2pk/Lx)x2vt]g
on aMercator projection of a sphere (Hoskins and Karoly

1981) can be written as

v5
2pk

Lx

uM 2bM

2pk

Lx

"�
2pk

Lx

�2

1

 
pl

Ly

!2#
,

,
(9)

where v, uM, bM, R, k, and l denote the angular fre-

quency, background wind speed, meridional gradient

of the absolute vorticity in Mercator coordinate, the

earth’s radius, and zonal and meridional wavenumbers,

FIG. 5. (a)–(e) As in Fig. 3a, but for (k, l)5 (1, 2–6), (k, l)5 (2, 2–6), (k, l)5 (3, 2–6), (k, l)5 (4, 2–6), and (k, l)5 (5, 2–6), respectively.

FIG. 6. The distribution of low-frequency band-averaged N with

respect to wavenumbers k and l.

DECEMBER 2012 SUN AND L I 3851



respectively. Both Lx and Ly denote east–west and

north–south distances on the Mercator map, and are

determined by the Mercator projection formulas,

which transform longitude–latitude coordinates into

Cartesian coordinates. For the extratropical region

[the south–north extent is chosen as (808–208S) here

to avoid the severe distortion near the South Pole in

Mercator projection], Lx and Ly are approximately

equal to 2pR and 2R, respectively. Substitution in (9)

gives

v5 k

 
uM
R

2
4bMR

4k21p2l2

!
,

T5
2p

v
,

9>>>>=
>>>>;
, (10)

where T is the time period. Equation (10) clearly in-

dicates that the time periods of waves depend on their

spatial scales. Therefore, we performed a theoretical anal-

ysis on conditions 2–4 (see section 3) using (10). In calcu-

lation, bM is taken as approximately 7.8 3 10212 m21 s21

for the long-term annual mean averaged over mid- and

high latitudes.

For condition 2, the time periods of various zonal

waves can be determined by substituting l5 1 into (10).

Figure 9 shows the series of time periods as a function of

k calculated under different background wind speeds.

The zonal wavenumber 3 (k 5 3) shows significant low-

frequency variability, with uM ranging from 20 to 30 m s21

(the observational 300 hPa uM averaged over SH mid-

latitudes is around 22 m s21). The low-frequency property

of zonal wavenumber 4 becomes evident when uM is close

to 20 m s21. The time periods for other zonal wave-

numbers show high-frequency variability. These theoret-

ical results are mostly in agreement with the diagnostic

findings for condition 2, and demonstrate that the low-

frequency ZW3 may be interpreted as a low-frequency

eigenmode of atmospheric circulation in the SH.

For condition 3, substituting k 5 0 into (10) gives

v5 0, suggesting that the zonally symmetric circula-

tions are usually stationary, as for SAM and the me-

ridional tripole. This agrees partly with the results for

condition 3. The theoretical analysis is not appropriate

for larger meridional wavenumbers, indicating that the

variability of relatively small meridional waves is af-

fected by other factors.

Figure 10 shows the time periods calculated using (10)

for different zonal and meridional wavenumbers (as in

condition 4) under the observed zonal wind speed. For

each zonal wavenumber, the time period decreases with an

increase in meridional wavenumber from l 5 2 to l 5 4,

implying the dipole as a preferred meridional structure for

low-frequency modes. The time periods for wavenumbers

(k, l) 5 (1–5, 2) are much longer at small zonal wave-

numbers 1–3, especially at zonalwavenumber 2. This result

is essentially consistent with the observational findings for

condition 4, and further demonstrates that quasi-stationary

planetary-scale waves with a meridional dipole structure

may be low-frequency eigenmodes of the atmosphere.

FIG. 7. (a),(b) As in Fig. 2, but for the daily SAM and PSA indices, respectively.

TABLE 1. The leading Fourier modes in the SAM and PSA

patterns and the associated expansion coefficients determined by

the DFS expansion. Numbers within parentheses are zonal and

meridional wavenumbers, respectively. The subscripts C and S

denote cosine and sine waves in the zonal direction.

Teleconnection

modes

Fourier

modes

Coefficients

(gpm)

SAM (0, 2), (1, 2)c, (3, 1)c,

(2, 2)s, (2, 1)c

220, 24, 3, 2, 2

PSA (1, 2)c, (1, 2)s, (2, 2)s,

(2, 1)c, (3, 1)c

5.5, 25, 24.5, 22, 22
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5. Summary

This present paper analyzed the space–time spectral

characteristics of the SH daily 500-hPa geopotential

height by using a double Fourier series expansion and the

standardized power spectrum. The Rossby dispersion

relation was applied to partly interpret the diagnostic

results.

Analyses of observational data over a 26-yr period

yield the following results:

1) The extratropical-mean geopotential height follows

a significant low-frequency periodicity of 10–30 days.

2) Among zonal waves (condition 2), zonal waves 3 and

4 show pronounced low-frequency variability, while

waves of larger zonal wavenumbers mainly show

high-frequency variability.

3) Among meridional waves (condition 3), the me-

ridional dipole structure of zonally symmetric

circulation is evident on the intraseasonal time

scale, consistent with the time scale of SAM, and

the meridional tripole also shows low-frequency

variability.

4) Low-frequency 2D waves with large zonal scales

favor a meridional dipole structure, indicating an

out-of-phase relationship between planetary waves

at mid- and high latitudes. Analysis of observational

data over winter and summer half-years yields sim-

ilar results to the analysis of entire years.

FIG. 8. (a) Regression of daily 500-hPa height anomalies onto the normalized daily SAMI. (b) Representation of

(a) via the Fourier modes shown in Table 1. (c),(d) As in (a),(b), but for PSA. The contour interval is 6 gpm, and the

solid and dashed lines indicate positive and negative anomalies, respectively; the zero lines are omitted.
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The significant intraseasonal variability of both SAM

and PSA is verified by standardized power spectrum

analyses of their daily indices. Furthermore, the spatial-

structure analyses indicate the dominant role of the me-

ridional dipole structure in both SAM and PSA patterns,

and that the dipole may be a preferred meridional struc-

ture for both zonally symmetric and asymmetric modes of

low-frequency variability. In addition, the SAM and PSA

modes contribute to the intraseasonal variability of the

leading Fourier modes in their spatial patterns, further

demonstrating the findings of the space–time spectral

analyses.

A theoretical analysis was employed to qualitatively

interpret the diagnostic results. Using the dispersion

relation, we find that ZW3, meridional waves for k 5 0

such as SAM, and planetary waves for (k, l) 5 (1–3, 2)

of low-frequency variability may be interpreted as low-

frequency eigenmodes of the atmosphere. This analysis

also provides a preliminary theoretical evidence for the

dominant role of the meridional dipole in the intra-

seasonal teleconnection pattern, such as the PSA.

Our present results are preliminary, and further study

is required to verify the meridional dipole structure of

planetary waves using monthly- or seasonal-mean data.

The present study focused on the temporal character-

istics of modes over various spatial scales, but it is also

necessary to examine the propagation features associ-

ated with these modes, especially waves with different

meridional structures, which are important to our un-

derstanding the dynamics of teleconnection modes. The

space–time spectral analysis over the northern extra-

tropics (Sun and Li 2011) shows zonal wavenumbers 1 and

2 make larger contributions to the low-frequency vari-

ability than zonal wavenumber 3, which is inconsistent

with the situation over the southern extratropics. It is

necessary to examine whether differences in the space–

time spectral characteristics of zonal waves between the

NH and SH are related to differences in the land–sea

distribution between the hemispheres. In addition, there

is a lack of analysis of physical processes related to the

observational time scales of teleconnection patterns.

The time periods for low-frequency eigenmodes, such as

SAM, appear to be stationary (or quasi-stationary);

however, our observational analysis indicates that they

have a low-frequency band of 10–30 days. This bandmay

result from other complicated factors, such as wave–flow

interactions (Lorenz and Hartmann 2001; Rashid and

Simmonds 2004; Jin et al. 2006a,b). Moreover, this band

represents an important time scale for those attempting

to improve numerical weather forecasting (Baumhefner

1996).
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