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ABSTRACT

Themeridional structures of stratospheric and tropospheric planetary wave variability (PWV) over theNorthern

Hemisphere (NH) extratropics were investigated and compared using reanalysis data. By performing the

spherical double Fourier series expansion of geopotential height data, the horizontal structures of PWV at each

vertical level could be examined in the two-dimensional (2D) wavenumber (zonal and meridional wavenumbers)

space. Comparing the amplitudes of wave components during the last three decades, the results suggested that the

structures of PWV in the NH troposphere significantly differ from the stratospheric counterparts. The PWV in

the troposphere shows multiple meridional wave-like structures, most pronounced for the meridional dipole;

while in contrast, PWV in the stratosphere mainly shows large-scale zonal wave patterns, dominated by zonal

waves 1 and 2, and have little wave-like fluctuation in the latitudinal direction. The dominant patterns of the NH

PWV also show contrasting features of meridional structure between the stratosphere and the troposphere. As

represented in the 2D wavenumber space, the leading two empirical orthogonal functions of PWV in the

stratosphere largely exhibit the zonal wave 1 pattern, while those in the troposphere clearly show meridional

wave-like structures and are dominated by the dipole. The refractive index was derived based on the zonal mean

basic state to qualitatively interpret the observational findings. The results suggested that the basic state in the

NH troposphere is much more favourable for latitudinally propagating stationary waves than the stratosphere.

The difference in meridional structure between stratospheric and tropospheric planetary waves can be well

captured in a linear baroclinicmodel with the observed zonalmean basic state. Furthermore, both theoretical and

modelling analyses demonstrated that the fact that zonal wave patterns are preferred in the NH stratosphere may

be partly attributable to the vertical curvature of the stratospheric zonal mean basic state.

Keywords: planetary waves, stratosphere, troposphere, spherical double Fourier series, two-dimensional

wavenumber

1. Introduction

In the extratropical Northern Hemisphere (NH), atmo-

spheric circulation variability in both the troposphere and

stratosphere is closely linked with planetary wave variability

(PWV), particularly during the cold season. Meanwhile, the

PWV is important for the north�south transport of mo-

mentum, heat and mass (Chen and Huang, 2002; Randel

et al., 2002), and is related to regional and hemispheric

climates (Chen et al., 2005; Wang et al., 2009). Previous

theoretical studies have suggested a significant influence of

mid-latitude westerly flow on the propagation and evolution

of planetary waves (Rossby, 1939; Yeh, 1949; Kuo, 1956;

Charney and Drazin, 1961). The phase and group velocities

of planetary waves are mainly determined by the magnitude

of the zonal mean flow, and planetary wave propagation can

possibly be controlled by meridional and vertical shears of

the zonal wind. On the other hand, the impact of planetary

waves on the zonal mean flow has also been theoretically

demonstrated based on the wave�mean flow interaction
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theorem (Edmon et al., 1980; Andrews et al., 1987). The

Eliassen�Palm flux and its divergence represent the propa-

gation and absorption of planetary waves, which results in

westerly deceleration or acceleration of the zonal mean flow.

Both theoretical and modelling studies have suggested

that the tropospheric PWV over the extratropics may partly

originate from the tropics. The Rossby wave ray theory pro-

vides a theoretical explanation for the influence of tropical

sea surface temperature (SST) anomalies on tropospheric

planetary waves (Hoskins and Karoly, 1981; Karoly, 1989).

In particular, the meridional propagation of planetary

waves in response to the prescribed tropical heating can be

well explained by Rossby wave rays, which are established

through the energy dispersion along a great circle on the

sphere. The propagation speed and direction of Rossby

wave rays depend primarily on the structure and strength of

the zonal mean zonal wind. The impact of zonal mean flow

change on the propagation of planetary waves has also been

studied using both barotropic (Simmons et al., 1983) and

baroclinicmodels (Nigam andLindzen, 1989). In both cases,

it can be found that the wave response to the prescribed

heating is sensitive to themeridional structure of zonal mean

basic flow. Moreover, the result obtained from the baro-

tropic model linearised about the zonal mean flow in the

upper troposphere is different compared with the corre-

sponding baroclinic model result, suggesting an important

role of the vertical structure of the zonal mean basic state

(Ting, 1996). However, the relative influence of the mer-

idional structure and the vertical structure of the zonal mean

basic state on planetary waves in the stratosphere has not

been fully revealed.

The enormous increase in observational data for the

upper troposphere and stratosphere enables us to perform

observational analyses on PWV. Because the El Niño�
Southern Oscillation (ENSO) is one of the dominant modes

of tropical SSTs, many investigations have focused on the

relationship between the ENSO and planetary wave pro-

pagation over the extratropical NH (Chen et al., 2003;

Garfinkel and Hartmann, 2007; Xie et al., 2012). Warming

of eastern tropical Pacific SST is favourable for the

strengthening of upward propagation into the stratosphere

over NH high latitudes and the weakening of southward

propagation in the NH troposphere. Besides the propaga-

tion, the horizontal structure of planetary waves is also im-

portant for understanding the variability of planetary waves

and its relation to regional climates (Chen et al., 2005).Using

one-dimensional (1D) Fourier series along longitude, pla-

netary waves can be decomposed in terms of zonal wave-

numbers. Some studies have revealed that planetary waves

with zonal wavenumber 1 are dominant in the NH strato-

sphere, and planetary waves with zonal wavenumbers 1�3
show comparable amplitudes in the NH troposphere (Wang

et al., 2009). However, the meridional structure of planetary

waves cannot be depicted quantitatively using traditional

1D Fourier decomposition. It has been suggested that the

meridional structure of planetary waves has an important

impact on the meridional transport of water vapour and

momentum over the extratropical NH (Boer et al., 2001;

Kimoto et al., 2001). Moreover, as mentioned above, theo-

retical analyses have demonstrated that the meridional

wave-like structure is critical for the dispersion of Rossby

waves on a sphere (Hoskins and Karoly, 1981; Karoly,

1989), and the Rossby wave train dispersing along latitude

has also been discussed extensively in terms of meridi-

onal teleconnection patterns (Wallace and Gutzler, 1981;

Trenberth et al., 1998 and references therein). Observational

studies in the literature have also suggested that a more

coherent picture of the variability of planetary waves emerges

only when one considers its full two-dimensional (2D) struc-

ture in the space domain, rather than solely its 1D structure

along latitude circles (Wallace and Blackmon, 1983). There-

fore, planetary waves should be regarded as 2D waves on a

sphere for the examination of their meridional structures.

Few investigations of PWV characteristics in the 2D

wavenumber space have been performed,mainly because the

meridional structure is difficult to represent using a simple

function. Recently, Sun and Li (2012) employed double

Fourier series (DFS) on the sphere (Layton and Spotz, 2003;

Cheong et al., 2004) to investigate the space�time features of

Southern Hemisphere daily 500 hPa geopotential height and

identified the dominantmeridional structure associated with

tropospheric intraseasonal variability. It has been suggested

that the spherical DFS representation is simple and easy

to relate to real atmospheric circulation patterns, compared

with other 2D representation methods (e.g. spherical har-

monics). Because spherical harmonic decomposition can

only be performed on an entire sphere, the DFSmethod also

has an advantage over spherical harmonics when applied to

the extratropics. Thus, it is considered an effectivemethod to

investigate NH extratropical PWV characteristics in the 2D

wavenumber space. Such investigationsmay help to advance

our understanding of NH PWV, particularly the detailed

meridional structures of PWV in both the troposphere and

stratosphere, and provide new insight into the dynamics of

important climate modes by using DFS representation.

The aim of this paper is to analyse NH tropospheric and

stratospheric PWV and their differences in the 2D wave-

number space. We focus on meridional structures of PWV,

which have not been highlighted in the previous literature.

The remainder of the paper is organised as follows. The data

and methods are introduced in Section 2. Section 3 describes

the structures of NH tropospheric and stratospheric PWV in

the 2Dwavenumber space. Section 4 investigates the leading

patterns of PWV in the NH stratosphere and troposphere

and their differences in meridional structures. In Section 5,

we interpret the results by performing both theoretical
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and modelling analyses. And finally, Section 6 draws con-

clusions from the present study and provides an outlook

for future work.

2. Data, model and methodology

2.1. Data

In this study, we used monthly mean geopotential height

and wind reanalysis data from the region poleward of

208N, provided by the National Centers for Environmental

Prediction�Department of Energy Global Reanalysis 2

(NCEP2, Kanamitsu et al., 2002) for the period from

January 1979 to February 2010, and with a horizontal

resolution of 2.58�2.58. The planetary wave fields were

derived by removing the zonal means of geopotential height

fields. Because we focus on the variability of planetary

waves, monthly anomalies of eddy geopotential height were

further derived by removing the mean seasonal cycle based

on the 30-yr (1980�2009) monthly climatology. In addition,

the analysis presented in this study focuses mainly on the

interannual variability during the boreal winter season,

because the low-frequency variability of NH atmospheric

circulation tends to maximise during winter (Blackmon et al.,

1979). Here, winter is defined as an average of December�
January�February (DJF), and years for winter averages are

equal to those of December. For example, the winter of 1979

refers to the average fromDecember 1979 to February 1980.

Geopotential height data from National Centers for Envir-

onmental Prediction�National Center for Atmospheric Re-

search (NCEP�NCAR/NCEP1, Kalnay et al., 1996) and

European Center for Medium Range Weather Forecasting

(ECMWF) reanalysis dataset (ERA-Interim, Simmons et al.,

2007) were also analysed to verify the reliability of the result

based on theNCEP2 reanalysis product. Results from all the

three reanalysis datasets are similar to each other, and thus

we show only the results based on theNCEP2 datasets unless

specified otherwise. We chose geopotential height fields at

10, 50 and 100 hPa as indicators of stratospheric circulation

and height fields at 300, 500 and 700 hPa as indicators of

tropospheric circulation.

We used the Niño 3.4 (area-average 58N�58S, 1708�
1208W) index from the Kaplan SST dataset (Kaplan et al.,

1998) to represent the ENSO variations. The Pacific/North

American (PNA) index, defined in Wallace and Gutzler

(1981) based on standardised 500-hPa geopotential height

values in four centres of action, was obtained from http://

jisao.washington.edu/data_sets/pna. The Quasi Biannual

Oscillation (QBO) index was constructed by the equatorial

zonal mean zonal wind at 50 hPa, as given by Holton and

Tan (1980). The North Atlantic Oscillation (NAO) index

used in this study is defined as the difference in the nor-

malised sea-level pressure zonally-averaged over the NA

sector from 808W to 308E between 358N and 658N, derived

from the NCAR data set (Li and Wang, 2003; Wu

et al., 2009; Li et al., 2013).

2.2. Statistical methods

In order to identify patterns of PWV in the NH strato-

sphere and troposphere, we performed empirical ortho-

gonal function (EOF) analysis on the eddy geopotential

height field (after removal of the zonal mean) at a given

vertical level. The EOF analysis was applied to seasonal

mean anomalies, and area weighting was accomplished by

multiplying the eddy field by the square root of cosine of

latitude (North et al., 1982a; Sun et al., 2013). The EOFs

derived from the stratospheric (tropospheric) data are

referred to as the S-EOFs (T-EOFs) for short, and the

corresponding principle components are referred to as

S-PCs (T-PCs). The capital letter ‘S’ indicates the strato-

sphere and the letter ‘T’ the troposphere.

The statistical significance of linear regression/correla-

tion coefficients was evaluated using the Student’s t-test, in

which the effective degree of freedom, Neff, is estimated as:

1

Neff
� 1

N
þ 2

N

XN

j¼1

N � j

N
qXX ðjÞqYY ðjÞ; (1)

where N is the sample size and rXX(j) and rYY(j) are the

autocorrelations of two sampled time series, X and Y, at

time lag j, respectively (Pyper and Peterman, 1998; Li et al.,

2013). Equation (1) is usually applied to define the Neff of

order 2, as it is appropriate for significance tests involv-

ing second order moments of the original time series (e.g.

variance, covariance, and correlation).

2.3. Linear baroclinic model and barotropic model

In order to examine the influence of the zonal mean basic

state on the meridional structure of planetary waves, a

linear baroclinic model (LBM) was employed in this study.

The primitive equations in the LBM are those for vorticity,

divergence, temperature and logarithm of surface pressure,

and are linearised about a zonally uniform basic state. The

LBM can be solved with an externally imposed forcing

and obtains a steady response through adiabatic processes.

Thus, it is an important diagnostic tool and widely used

to simulate either anomalous or climatological stationary

waves (Held et al., 2002). The LBM used here has a hori-

zontal resolution of T21 and 20 sigma levels in the vertical

direction. These vertical levels are distributed with an

interval of 0.02 in the stratosphere (above 200 hPa) and

an interval of 0.08 in the troposphere (below 200 hPa). The

top and bottom levels are at s�0 and s�1, respectively.

There is a sponge layer near the model top (s�0.02) to
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minimise the reflection of waves. For simplicity, there is no

topography specified for the experiments presented in this

study. Three dissipation terms are included: a biharmonic

horizontal diffusion with the damping time scale of 1 d

for the smallest wave, a weak vertical diffusion, and the

Newtonian damping and Rayleigh friction as represented

by a linear drag. Details of the model formulation are given

in Watanabe and Kimoto (2000).

The linear barotropic model is a stationary model with

a horizontal resolution of T21 and consists of a simple

barotropic vorticity equation given as:

Jðw;r2w0Þ þ Jðw0;r2wþ f Þ þ nr6w0 þ ar2w0 ¼ S0; (2)

where J represents a Jacobian operator; w and w0 are basic
state and perturbation streamfunctions, respectively; f is

the Coriolis parameter, and S0 is the anomalous vorticity

source induced by the divergence. The biharmonic diffu-

sion coefficient n is chosen to be 2�1016 m2 s�1 in order

to dampen the small-scale eddies at a time length/period

comparable to 1 d, while the Rayleigh friction coefficient

a is set to 10 d�1 (Zuo et al., 2013).

2.4. Spatial spectral expansion

At a given level, the monthly eddy geopotential height

anomaly on the sphere Z (l,f) is considered to be a func-

tion of longitude and latitude, where l is longitude and

is latitude. Using the DFS on a sphere, Z (l,f) can be

represented by a sum of the Fourier series,

Zðk;/Þ ¼
XK

k¼1

XL

l¼1

Ck;l cos kk sin lUþ
XK

k¼1

XL

l¼1

Sk;l sin kk sin lU

U ¼ f ð/Þ
(3)

where k and l are zonal and meridional wavenumbers,

respectively, with their maximums denoted by K and L. Ck,l

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

waves, respectively. F is a linear function of f, which is

determined by north�south boundary conditions. A de-

tailed description of the DFS decomposition of 2D fields

can be found in Sun and Li (2012). In the current study,

rigid boundary conditions were imposed at both the north-

ern and southern boundaries, with the boundary values set

to zero. Thus, U ¼ /�/0

/1�/0
p, where /1 �908N and /0 �208N

are latitude values at the northern and southern boundaries,

respectively. K�20 and L�15 were adopted.

The eddy geopotential height anomaly can be well repre-

sented by the DFS in both the NH extratropical tropo-

sphere and stratosphere. Figure 1 shows the zonal means of

the standard deviations of the monthly eddy geopotential

height field, its DFS representation and zonal means of the

root-mean-square deviation (RMSD) between the monthly

observation and the DFS representation at different

vertical levels. As seen in Fig. 1, the RMSD values are

very small and almost equal to zero over the northern

extratropics, demonstrating that the monthly eddy geopo-

tential height fields are well represented. The geopotential

height fluctuations at the southern boundary appear to be

about one order of magnitude smaller than those at middle

latitudes, indicating that the rigid boundary condition at

the southern boundary is reasonable. The eddy geopoten-

tial height is identically zero at the North Pole, which is

naturally consistent with the northern boundary condition

of the DFS representation. The time series of the ratio of

the total RMSD to the standard deviation over the NH

domain (not shown here) also suggests that the truncation

error is always small and that the variability of geopotential

height is largely retained by the DFS representation.

Therefore, the representation of the monthly eddy geopo-

tential height anomaly via the spherical DFS can be con-

sidered to be adequate.

After the monthly or seasonal mean eddy geopotential

height anomaly is decomposed into the DFS, the ampli-

tudes of each wave component (k, l) can be calculated from

the Fourier coefficients, Ck,l and Sk,l, as Ak;l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

k;l þ S2
k;l

q
The difference in the amplitude among various wave

patterns at a given vertical level actually reflects the relative

contribution of each wave pattern to the 2D horizontal

circulation. Larger amplitude for the set of (k, l) indicates

that the corresponding wave pattern is the more dominant

structure of the eddy geopotential height at the given ver-

tical level. However, as seen in Fig. 1, and as suggested by

previous studies (Hu and Tung, 2002; Wang et al., 2009),

the amplitudes of planetary waves in the NH stratosphere

always appear to be much larger than those in the tropo-

sphere, and thus, in this study, it is inadequate to compare

the absolute amplitude values between stratospheric and

tropospheric planetary waves and to show their respective

dominant structures. Therefore, at a given vertical level, we

normalise the amplitude of each wave component (k, l) by

dividing the amplitude values by the maximum value among

them, and refer them to as the normalised amplitudes.

Among the wave patterns, modes for l�1 represent zonal

wave patterns, and modes for l"1 represent 2D waves with

latitudinal wave-like structures.

3. Meridional structures of NH stratospheric and

tropospheric PWV

Although some previous studies have mentioned the dif-

ference between the NH stratospheric and tropospheric

atmospheric circulation patterns (e.g. Perlwitz and Graf,

1995), the extent to which the meridional structures of

stratospheric PWV differ from those in the troposphere

has not been quantified. Figure 2 shows the normalised
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amplitudes of winter (DJF) mean PWV in the 2D wave-

number (zonal and meridional wavenumbers) space. It can

be seen that the normalised amplitudes show remarkable

differences between stratosphere and troposphere, particu-

larly for the meridional wavenumbers. In the NH strato-

sphere (Fig. 2a�c), the wave pattern of (k, l)�(1, 1) shows

the strongest amplitude during winter, indicating that the

zonal wave 1 is the most dominant structure of the eddy

geopotential height variability. Perlwitz and Graf (1995)

performed an EOF analysis on the full-field winter strato-

spheric circulation, and pointed out that the second and

third EOFs closely resemble the zonal wave 1 (the first

EOF describes the fluctuations of the zonally symmetric

stratospheric vortex). Therefore, the important role of zonal

wave 1 in the variability of stratospheric eddy geopotential

height is further demonstrated in the 2D wavenumber

space. Another feature, seen from Fig. 2a�c, is that as the
altitude decreases in the stratosphere, the amplitude of

zonal wave 2 becomes stronger, which suggests that zonal

wave 2 makes an important contribution to the variabil-

ity of lower stratospheric planetary waves. This is also

consistent with previous findings that the stratospheric

zonal wave 2 is one of the leading coupled modes of

variability between lower stratospheric and tropospheric

geopotential height fields (Perlwitz and Graf, 2001). Wave

patterns with larger meridional wavenumbers (l�1) show

very weak amplitudes compared with large-scale zonal

wave patterns, suggesting that the PWV in the NH strato-

sphere has little wave-like fluctuation in the latitudinal

direction. Based on these results, it is also implied that the

dynamics of stratospheric PWV are mainly associated with

large-scale zonal waves.

In sharp contrast, in the NH troposphere, planetary-scale

quasi-stationary waves prefer latitudinal wave-like struc-

tures during winter, as clearly seen in Fig. 2d�f. The most

intense amplitude is observed for the wave pattern of (k, l)�
(1, 2), consistently from the lower to the upper troposphere,

implying that the meridional structures of tropospheric

PWV are dominated by north�south dipoles. Previous

studies calculated the teleconnectivity of the NH tropo-

spheric geopotential height fields in the longitude�latitude
domain during the winter season and demonstrated that

Fig. 1. (a) Zonal means of the standard deviations (m, blue thin line) of monthly 10 hPa eddy geopotential height anomalies (long-term

mean seasonal cycle removed), the DFS representation of monthly height field (red dashed line), and zonal mean of the RMSD between the

monthly observations and the DFS representation (black dashed line) from 1979 to 2009 over the NH extratropics. Panels (b)�(f) are the
same as (a), but for 50, 100, 300, 500 and 700 hPa, respectively.
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the low-frequency teleconnection patterns are always di-

pole shaped in the north�south direction, particularly over

North Pacific and North Atlantic regions (Wallace and

Gutzler, 1981; Blackmon et al., 1984; Athanasiadis and

Ambaum, 2009). Thus, the meridional dipole structure is

further identified as the most important feature of the

tropospheric PWV in the 2D wavenumber space. The ampli-

tudes of meridional modes (l�1) become small as the zonal

wavenumber increases, suggesting modes with large total

horizontal wavenumber (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ l2
p

) may have small ampli-

tudes. The normalised amplitude associated with zonal

wave 2 grows large as the altitude increases in the tropo-

sphere, showing that the zonal wave 2 is active in both the

upper troposphere and lower stratosphere.

Figure 3 shows the time series of amplitude for wave

patterns (k, l)�(1, 1�3) at the 50 and 500 hPa levels during

NH winters. In the stratosphere, the zonal wave 1 pattern

(k, l)�(1, 1) always shows the largest amplitude, further indi-

cating that large-scale waves (k�1) in the stratosphere are

dominated by zonal wave patterns rather than meridional

wave-like patterns. It is also seen that the time series of ampli-

tude for (k, l)�(1, 1) shows a positive trend in the last three

decades, while the amplitudes for (k, l)�(1, 2�3) exhibit no
statistically significant trends. As seen in Fig. 3b, the situation

is different in the troposphere. Although the wave ampli-

tudes show considerable interannual variations, the meridi-

onal dipole pattern (k, l)�(1, 2) has the strongest amplitude.

Moreover, trend analyses of the time series in Fig. 3b show

that there are no significant trends in the amplitudes for

(k, l)�(1, 1�3) over the period 1979�2009. Thewave amplitude

time series from three different reanalysis datasets are highly

correlated over the long-term period (Table 1), indicating

that the temporal features of amplitudes of different wave

components are broadly consistent in all three datasets.

Fig. 2. (a) Climatological average over 31 (1979�2009) winters (DJF) of the wave amplitude as a function of k and l for the 10 hPa

seasonal mean eddy geopotential height anomalies (long-term mean seasonal cycle removed) over the NH extratropics. The abscissa and

ordinate represent zonal and meridional wavenumbers (k, l)�(1�5, 1�5), respectively. The amplitude values displayed in (a) have been

divided by the maximum amplitude among all wave components (k, l). The maximum amplitude in (a) is 89m for (k, l)�(1, 1). Panels (b)�
(f) are the same as (a), but for 50, 100, 300, 500 and 700 hPa, respectively. The maximum amplitudes in (b)�(f) are 44m for (k, l)�(1, 1),

24m for (k, l)�(1, 1), 17m for (k, l)�(1, 2), 14m for (k, l)�(1, 2) and 11m for (k, l)�(1, 2), respectively.
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The meridional structures of stratospheric and tropo-

spheric PWV during other NH seasons were also examined.

Figure 4a and b show the seasonal variations of wave

pattern amplitudes for (k, l)�(1, 1�5) as a function of

meridional wavenumber and calendar month at the vertical

levels of 50 and 500 hPa, respectively. The amplitudes

displayed in Fig. 4 were divided by the maximum amplitude

value among all calendar months at each vertical level. A

common feature in both NH stratosphere and troposphere

is that the PWV is strong during boreal winter and weak

during boreal summer (JJA). This feature is more evident

in the NH stratosphere, where the amplitude of the PWV in

JJA is about one order of magnitude smaller than that in

DJF. The weak PWV during boreal summer has also been

noted in previous studies (Perlwitz and Graf, 2001).

The differences in the meridional structure between strat-

ospheric and tropospheric PWV for k�1 can still clearly be

seen. In the NH stratosphere, the amplitude decreases

rapidly as the meridional wavenumber increases during

every calendar month, implying that the latitudinal wave-

like fluctuations are always small, while zonal wave 1 plays

an important role in the variability of stratospheric planetary

waves. However, the amplitudes of tropospheric PWV do

not change monotonously with the meridional wavenum-

ber and in every calendar month the maximum amplitude is

found for meridional wavenumbers l�1. Particularly, the

amplitudes maximise at l�2 during winter and at l�3

during summer. This is to some extent consistent with the

difference in the spatial scale between winter and summer

teleconnection patterns. Teleconnection patterns in sum-

mer prefer to have a smaller meridional scale than their

winter counterparts (Ogi, 2004; Folland et al., 2009). The

results for other stratospheric levels (10 and 100 hPa) and

tropospheric levels (300 and 700 hPa) were found to be

similar to those for 50 and 500 hPa, respectively, and are

thus not shown here.

In summary, PWV in the NH troposphere exhibits evi-

dent 2D Rossby wave patterns in the 2D wavenumber

space, and thus shows multiple meridional structures, most

pronounced for the meridional dipole during the cold

season. However, in contrast, PWV in the NH stratosphere

mainly shows zonal wave patterns and possesses little

Fig. 3. (a) Time series of the amplitudes for 50 hPa wave patterns with zonal wavenumber 1 (k�1) and different meridional

wavenumbers (l�1�3 denoted by red, blue and black lines, respectively) during the winters from 1979 to 2009. (b) As in (a), but for the

500 hPa wave patterns.

Table 1. Correlation coefficients for wave amplitude time series

(k, l)�(1, 1�3) at 500 and 50 hPa between the NCEP2, NCEP1

and ERA-interim data sets during the winters of 1979�2009a

l�1 at

500 (50) hPa

l�2 at

500 (50) hPa

l�3 at

500 (50) hPa

R(NCEP2, NCEP1) 0.95 (0.93) 0.96 (0.95) 0.94 (0.92)

R(NCEP2, ERA) 0.92 (0.89) 0.91 (0.88) 0.89 (0.87)

R(NCEP1, ERA) 0.90 (0.87) 0.89 (0.85) 0.86 (0.84)

aAll correlation coefficients are statistically significant at the 95%

confidence level.
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latitudinal wave-like fluctuation. Zonal wave 1 is the most

prominent pattern of stratospheric PWV, while zonal wave

2 is active in the upper troposphere and lower stratosphere.

4. Comparing the leading patterns of PWV in the

stratosphere and troposphere

Section 3 described the PWV characteristics mainly from a

climatological point of view. It has been known that the

variability of atmospheric circulation appears to be domi-

nated by some preferred recurrent patterns, such as tele-

connection patterns (Wallace and Gutzler, 1981; Hannachi,

2010). Thus, it is interesting to examine the meridional struc-

tures of the leading patterns of PWV in the stratosphere

and troposphere, respectively. Figure 5 shows the first two

leading EOF modes of the 50 hPa winter eddy geopotential

height anomalies in the NH stratosphere (hereafter referred

to as S-EOF1 and S-EOF2). The first two modes account

for 40 and 29% of the interannual variance, respectively,

and according to the criterion of North et al. (1982b), the

S-EOF1 and S-EOF2 are statistically distinct from each

other and the rest of the eigenvectors in terms of the sampl-

ing error bars (not shown here). The S-EOF1 looks like a

zonal wave 1 pattern with negative anomalies centred over

Northeast America and positive anomalies over the Russian

Far East. The S-EOF2 also features a zonal wave 1 pattern,

but the phase appears to be shifted eastward by 908 com-

pared with the S-EOF1 (based on the longitudes of the

centres of action). The structures of the two EOF patterns

can be identified more clearly in the 2D wavenumber space.

As shown in Fig. 6, the zonal wave 1 pattern (k, l)�(1, 1)

shows the strongest amplitude for both S-EOF1 and S-

EOF2, further suggesting that the zonal wave 1 pattern

prevails in the low-frequency modes of the NH strato-

spheric PWV.

Many studies have investigated the possible associations

between tropical climate forcings and NH extratropical

stratospheric variability. It has been suggested that both

the ENSO and QBO have effects on the NH stratospheric

polar vortex variability (Holton and Tan, 1980; van Loon

and Labitzke, 1987; Garfinkel and Hartmann, 2007, 2008;

Wei et al., 2007; Xie et al., 2012), which is closely related

to the weakening/strengthening of the zonal mean flow.

We further examined the possible relationship between the

two tropical climate forcings and the leading EOFs of NH

stratospheric PWV. Figure 5c shows the interannual time

series of the QBO index and the time coefficients of the

S-EOF1 for the winter season. The correlation between the

S-EOF1 time series and the QBO index is 0.45, which is

above the 95% confidence level, suggesting that the QBO

variability contributes significantly to the S-EOF1 pattern.

Several mechanisms have been suggested to be involved in

the relationship between the QBO and stratospheric PWV

over the NH extratropics. Holton and Tan (1980) showed

that the subtropical critical wind line controlled by the

QBO may affect the propagation of planetary waves from

the troposphere into the stratosphere. The influence of the

QBO’s meridional circulation on planetary wave propaga-

tion has also been emphasised recently (Garfinkel et al.,

2012). Figure 5d shows the winter time series of the ENSO

and S-EOF2. The two indices are strongly correlated

(r�0.5, above the 95% confidence level), indicating that

Fig. 4. (a) Seasonal evolution of climatologically averaged (1979�2009) wave amplitude (k, l)�(1, 1�5) as a function of l and calendar

month for the 50 hPa eddy geopotential height anomalies (long-term mean seasonal cycle removed) over the NH extratropics. The abscissa

and ordinate represent calendar month and meridional wavenumber, respectively. The amplitude values displayed in (a) have been divided

by the maximum amplitude among all sets of l and calendar month. The maximum amplitude in (a) is 50m for l�1 and February. (b) As in

(a), but for 500 hPa. The maximum amplitude in (b) is 16m for l�2 and February.
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Fig. 5. The (a) first and (b) second EOFs (S-EOF1 and S-EOF2) of the 50 hPa winter NH eddy geopotential height anomalies (poleward

of 208N) for the period 1979�2009, shown as regressions of the height fields onto the normalised EOF time series. (c) Normalised time

series of the S-EOF1 (red) and QBO (blue) indices for the winters from 1979 to 2009. (d) As in (c), but for the S-EOF2 (red) and ENSO

(blue) indices.

Fig. 6. Normalised wave amplitudes as a function of k and l for the 50 hPa eddy geopotential height anomaly associated with the

(a) S-EOF1 and (b) S-EOF2 as shown in Fig. 5a and b. The abscissa and ordinate represent zonal and meridional wavenumbers,

respectively.
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the variability of S-EOF2 is partly attributable to the ENSO.

Previous studies have suggested that the upward wave pro-

pagation from the troposphere to the stratosphere may

provide a mechanism for the possible influence of the

ENSO on stratospheric planetary waves (Garcia-Herrera

et al., 2006; Manzini et al., 2006; Garfinkel and Hartmann,

2007; Ineson and Scaife, 2009). In addition, much smaller

correlations are found between the S-EOF1 and ENSO as

well as between the S-EOF2 and QBO (0.08 and �0.05,

respectively). This implies that the effects of the QBO and

ENSO on the leading two modes of NH stratospheric PWV

may be separated. Moreover, according to the results in

Fig. 6, it may be concluded that both the QBO and ENSO

signals are implicated in the variability of the stratospheric

zonal wave 1 pattern.

The structures of the leading EOF patterns of PWV in

the troposphere are significantly different from the strato-

sphere. Figure 7 displays the first two EOF modes of

the 500 hPa winter eddy geopotential height anomalies

in the NH troposphere (hereafter referred to as T-EOF1

and T-EOF2). The results are similar if we choose other

tropospheric levels (e.g. 300 and 700 hPa). The first two

modes account for 25 and 16% of the total variance, res-

pectively, and are statistically distinct from each other and

the rest of the eigenvectors. The T-EOF1 shows centres of

action mainly over the East Asia, North Pacific and North

America, while the T-EOF2 shows maximum centres over

the North Atlantic and northern Eurasia. The T-EOF1 and

T-EOF2 somehow resemble the well-known PNA and

NAO patterns, respectively. However, different from pre-

vious studies based on the full-field geopotential height

(Wallace and Gutzler, 1981; Barnston and Livezey, 1987),

T-EOF1 and T-EOF2 are derived based on wave fields with

the zonal means removed prior to the analysis. It is evident

that both T-EOF1 and T-EOF2 have meridional wave-like

structures, which are in contrast with the stratospheric

counterparts (S-EOF1 and S-EOF2). This contrasting

feature becomes more apparent and quantitative in the

2D wavenumber space (Fig. 6 vs. Fig. 8). Much stronger

normalised amplitudes for meridional waves with l�1,

particularly for the meridional dipole (l�2), are clearly

seen in both T-EOF1 and T-EOF2, indicating that the NH

tropospheric low-frequency PWV is dominated by latitu-

dinal dipole structures.

We examined the possible connections between the ENSO

and the leading EOFs of NH tropospheric PWV. As shown

in Fig. 7c, T-EOF1 is strongly correlated with the ENSO

variation (r�0.66, significant above the 95% confidence

level). Moreover, the T-EOF1 pattern of Fig. 7a is remini-

scent of the PNA, although it shows an additional centre

of action in the East Asia. The PNA and ENSO are closely

linked over the interannual timescale (r�0.63), and a sig-

nificant positive correlation (r�0.65) is observed between

the PNA and T-EOF1. It is well-known that the ENSO

activity can excite PNA-like pattern in the extratropics

according to the Rossby wave ray theory (Hoskins and

Fig. 7. (a) and (b) As in Fig. 4a and b, but for the leading two EOFs (T-EOF1 and T-EOF2) of the 500 hPa eddy geopotential height

anomalies. (c) Normalised time series of the T-EOF1 (red) and ENSO (blue) indices for the winters from 1979 to 2009. (d) As in (c), but for

the T-EOF2 (red) and NAO (blue) indices.
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Karoly, 1981; Simmons et al., 1983; Karoly, 1989), thus

T-EOF1 can be understood as a Rossby wave response to

eastern tropical Pacific SST variations.

The NAO is known as one of the dominant modes of

atmospheric variability over the extratropical NH (Hurrell,

1995). Although the NAO occurs mainly over the North

Atlantic region, it has been connected to the zonally sym-

metric NH annular mode (NAM, Thompson and Wallace,

2000; Wallace, 2000) and large-scale stationary waves (Ting

et al., 1996; DeWeaver and Nigam, 2000). The T-EOF2

pattern of Fig. 7b looks like the NAO over North Atlantic,

although it also has large amplitudes in the northern Eurasia.

In addition, as shown in Fig. 7d, the time series of the

winter NAO index and T-EOF2 are significantly correlated

(r�0.82). Previous studies have suggested a downstream

influence of the NAO on the Ural and Okhotsk blocking

highs due to its modulation on the planetary waves, and

that the Asian jet acts as a potential waveguide for the

downstream propagation of Rossby waves (Watanabe, 2004;

Wu et al., 2009, 2012). Thus, the large wave amplitudes

over the northern Eurasia associated with T-EOF2 may be

interpreted as the downstream response of planetary waves

to the NAO. The high correlation between T-EOF2 and

NAO also indicates that NAO-like variability may be

obtained from wave fields alone.

Therefore, the results above suggest that the ENSO and

NAO, two important modes of climate variability, con-

tribute significantly to the meridional dipole-like pattern

of NH tropospheric waves. Although the structures of

S-EOF2 and T-EOF1 are clearly distinct, they both partly

represent the atmospheric response to the ENSO variability

and their time series are in fact correlated (r�0.41, sig-

nificant above 95% confidence level). This implies that the

meridional structure of tropospheric waves in response to

tropical ENSO variability is considerably different from the

stratospheric response. Previous observational studies have

indicated that waves with large horizontal wavenumbers

may not be able to propagate upward from the troposphere

into the stratosphere (Perlwitz and Graf, 2001; Perlwitz and

Harnik, 2003). In this study, this fact is further nicely and

quantitatively illustrated by the DFS analysis, particularly

in terms of its meridional wavenumber aspect. In the fol-

lowing section, we focus on the theoretical interpretation

of the observed differences in the meridional structure

between tropospheric and stratospheric waves.

5. Theoretical and modelling analyses

The theoretical analysis was based on the linearised quasi-

geostrophic potential vorticity equation (Matsuno, 1970;

Andrews et al., 1987). The equation for a steady state on

the sphere can be written as:

u

a cos/

@

@k
q0 þ v0q/ ¼ 0; (4)

Where a, u, v, q and qf denote the Earth radius, zonal

mean zonal wind, meridional wind, potential vorticity and

the meridional gradient of potential vorticity, respectively

Fig. 8. Normalised wave amplitudes as a function of k and l for the 500 hPa eddy geopotential height anomalies associated with the (a)

T-EOF1 and (b) T-EOF2 as shown in Fig. 7a and b. The abscissa and ordinate represent zonal and meridional wavenumbers, respectively.
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(prime denotes the perturbation, while overbar denotes

the basic mean state). It is convenient to use a Mercator

projection of the sphere (Hoskins and Karoly, 1981), and

the Mercator projection transforms longitude�latitude co-

ordinates into Cartesian coordinates as follows:

x ¼ ak; y ¼ a ln 1þ sin/ð Þ= cos/½ �: (5)

Thus, eq. (4) can be rewritten as:

uM

@

@x
q0 þ v0

q/M

cos/
¼ 0; (6)

where uM ¼ u
cos/ is the Mercator basic zonal velocity, and

q/M is cos f times the meridional gradient of potential

vorticity on the sphere (Hoskins and Karoly, 1981). Intro-

ducing the 3-dimensional streamfuction perturbation w0

and multiplying by cos2 f further gives:

uM

@

@x

@2w0

@x2
þ @

2w0

@y2
þ cos2 /

q

@

@z

qf 2

N2

@w0

@z

� �� �

þ @w
0

@x
q/M ¼ 0;

(7)

where r,N and f denote the air density, buoyancy frequency

andCoriolis parameter, respectively.We focus on the case in

which N is independent of height and look for the solutions

of the form w0 ¼ ReWeið2pkx=LxþmzÞ sinðypl=LyÞez=2H , where

H, Lx and Ly denote the scale height H ¼ � 1
q
@q
@z

� ��1

, east�

west and north�south distances on the Mercator map. This

form of streamfunction perturbation is consistent with Sun

and Li (2012) for the horizontal component. Substitution in

(7) gives:

m2 ¼ N2

f 2 cos2 /

q/M

uM

� 2pk

Lx

 !2

� pl

Ly

 !2

� f cos/

2NH

� �2

2
4

3
5:

(8)

As indicated in Sun and Li (2012), Lx and Ly for the NH

extratropical domain are approximately equal to 2pa and

2a, respectively. In addition, q/M is calculated based on the

formula as follows:

q/M ¼ cos/
2X

a
cos/� 1

a2

ðu cos/Þ/
cos/

� �
/

� f 2

q0

q0

uz

N2

� �
z

" #
;

(9)

where r0 and V denote the background air density and

angular speed of Earth’s rotation, respectively. The third

term on the right-hand side of (9) can be further expanded

into two terms, as shown in Hu and Tung (2002).

The left-hand-side term (m2) in eq. (8) corresponds to the

vertical component of the refractive index that has been

a useful indicator of the influence of zonal mean basic

flow on the stationary wave propagation (Matsuno, 1970;

Andrews et al., 1987; Harnik and Lindzen, 2001; Hu and

Tung, 2002). The refractive index is equal to the sum of

squares of meridional and vertical wavenumbers (Andrews

et al., 1987; Harnik and Lindzen, 2001). Based on the refrac-

tive index, previous studies have shown that waves with

large zonal wavenumbers (e.g. k�2) cannot propagate in

the stratosphere (Perlwitz and Harnik, 2003; Li et al.,

2007), but the effect of meridional wavenumber is much

less known. Harnik and Lindzen (2001) have separated the

refractive index into vertical and meridional components.

They employed a quasi-geostrophic model to diagnose the

structures of vertical and meridional wavenumbers, and

their approach is diagnostic and depends on the model. In

this study, we focus on the meridional wavenumber control

on the wave propagation, rather than the specific char-

acteristics of vertical and meridional wave propagations.

Thus, we qualitatively examine the vertical component

of refractive index (m2) for given values of meridional

wavenumber l.

The vertical components of refractive indices (m2) for

stationary planetary waves (k, l)�(1�2, 1�2) based on

winter (DJF) climatological zonal mean zonal wind is

shown in Fig. 9. Areas of negative m2 correspond to the

regions where waves cannot propagate. When the meridio-

nal wavenumber is equal to 2, corresponding to meridional

dipole, m2 in the stratosphere shows negative values in a

large part of the extratropics, particularly for (k, l)�(2, 2).

This indicates that the stratospheric basic flow is unfavour-

able for latitudinally propagating waves. In contrast, m2

in the troposphere is dominated by large positive values

in most extratropical regions, suggesting that the tropo-

spheric basic flow is much more favourable for meridional

wave propagation. Due to the constraint on meridional

wavenumbers of the stratospheric basic state, waves with

relatively large meridional wavenumbers may be primarily

confined in the troposphere and may not be able to pro-

pagate upward into the stratosphere.

We further separate q/M into two terms with respect

to its formula; one is related to the meridional structure

of the basic state 2X
a
cos2 /� cos/

a2

ðu cos/Þ/
cos/

� �
/
, while the other

is related to the vertical curvature of the basic state

� cos/f 2

q0
q0

uz

N2

� �
z
. These two terms are referred to as TM

and TV, respectively. Figure 10 displays TM, TV and

q/M based on the DJF zonal mean basic state. The TM

(Fig. 10a) shows positive values over most NH extratropi-

cal regions, with similar orders of magnitude for both the

stratosphere and troposphere. However, a remarkable dif-

ference in the TV can be clearly observed between the NH

stratosphere and troposphere (Fig. 10b). In the strato-

sphere, negative TV values prevail in the NH extratropics,

most pronounced in the mid-latitude region, while the NH

troposphere is mainly dominated by large positive TV values.
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Thus, as a result, q/M in the stratosphere is much smaller

than that in the troposphere (Fig. 10c). In addition, the

magnitudes of u in the stratosphere and troposphere are

comparable; for example, the mean u at 50 hPa is 12m s�1,

while that at 500 hPa is 11m s�1. Thus, consistent with

q/M , the term
q/M

uM
is small in the stratosphere but much

larger in the troposphere, and consequently, m2 is small and

even negative for large meridional wavenumbers in the

stratosphere. Previous theoretical studies focused on the

case in which u is independent of height and pointed out

that the magnitude of u may influence the wave propaga-

tion in the stratosphere and that waves are deflected away

from those regions where u is too strong (Andrews et al.,

1987), but the effect of the basic state vertical curvature

has not been well addressed. Therefore, the above analysis

provides theoretical evidence that the vertical curvature of

basic state is also an important factor that limits meridional

wave propagation in the stratosphere.

In order to further identify the role of the vertical cur-

vature of basic state in the stratosphere, two experiments

Fig. 9. (a) The vertical component of refractive index (m2) for (k, l)�(1, 1) based on the DJF-mean zonal mean basic state in the NH.

The index is scaled by a2/104. (b)�(d) as in (a), but for (k, l)�(2, 1), (k, l)�(1, 2), and (k, l)�(2, 2), respectively. In all the plots, regions

with negative values are shaded.
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were carried out with an identical heat source imposed

on the LBM (heating) as well as the one-level barotropic

model (divergence). One experiment (Exp1) used the LBM

that was linearised about the observed DJF zonal mean

basic state. The vertical and horizontal distributions of the

heating are shown in Fig. 11. The heating was centred on

(08, 1508W) with the maximum heating rate of 2K d�1 at

the sigma level of 0.5. This prescribed heating was similar

to the diabatic heating associated with El Niño events

(Nigam et al., 2000) and the idealised heating fields used in

previous LBM modelling studies (Jin and Hoskins, 1995;

Ting, 1996). The other experiment (Exp2) used the baro-

tropic model, and the zonally symmetric basic state was

taken from different vertical levels between 50 and 500 hPa.

The barotropic model was forced by the tropical divergence

that corresponds to the heating in Exp1. As shown in

Fig. 11c, the divergence was taken from the outflow level

(near 200 hPa) in the LBM, regardless of the level of basic

states used. This is because that the forcing in the baro-

tropic model comes from the heating induced divergence,

which is primarily confined to the heated region at the outflow

level (Ting, 1996). Thus, in all the barotropic experiments,

the divergence forcing was fixed at the upper-tropospheric

value as shown in Fig. 11c. The wave responses from Exp1

and Exp2 were compared with each other and the effect of

the basic state vertical curvature was examined.

Figure 12 shows the steady responses to the prescribed

heating in Exp1. The wave response in the stratosphere

(sigma level equivalent to 50 hPa, Fig. 12a) clearly exhibits

a zonal wave 1 pattern, most pronounced in the western

hemisphere, and does not show latitudinal wave-like struc-

tures (the spatial correlation with the S-EOF2 pattern of

Fig. 5b is 0.73). In the troposphere (sigma level equivalent

to 500 hPa, Fig. 12b), the wave response behaves like a

meridional Rossby wave train extending from the tropical

Pacific to North America and Europe (the spatial correla-

tion with the T-EOF1 pattern of Fig. 7a is 0.64). Thus,

Exp1 simulated wave responses in both the NH strato-

sphere and troposphere in a way that closely resemble the

observed patterns of planetary waves associated with the

ENSO (S-EOF2 and T-EOF1), indicating the difference in

the meridional structure between planetary waves in the

stratosphere and troposphere can be well captured in the

LBM linearised about the observed basic state.

In Exp2, the effect of the basic state vertical curvature is

absent, and the wave response in the stratosphere (Fig. 12c)

is completely different from that in Exp1. It looks like the

meridional Rossby wave train in the troposphere (Fig. 12b)

but with stronger amplitudes and a broader spatial extent,

and clearly shows latitudinal wave-like structures in the

North Pacific and North Atlantic regions. The tropo-

spheric wave response in Exp2 (Fig. 12d) is similar to that

in Exp1, both showing a meridional wave train pattern.

Thus, by comparing the simulation results in Exp1 and

Exp2, we may conclude that the vertical curvature of

the stratospheric zonal mean basic state strongly limits

the meridional wave propagation, in consistence with the

theoretical analysis.

6. Summary and discussion

Based on the spherical DFS expansion of geopotential

height data, the horizontal structures of NH stratospheric

and tropospheric PWV were investigated and compared in

the 2D wavenumber space. Comparing the amplitudes of

wave components during the last three decades, the results

suggest that PWV in the troposphere significantly differs

from those in the stratosphere, especially in meridional

structure. In particular, eddy geopotential height anomalies

in the stratosphere are dominated by large-scale zonal wave

Fig. 10. (a) TM, (b) TV and (c) q/M based on the DJF-mean zonal mean basic state in the NH extratropics. For the definitions and

formulas of TM, TV and q/M , see details in the text, and all of them are scaled by a2/10 in the plots. In (c), regions with negative values are

shaded.
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Fig. 11. (a) Vertical and (b) horizontal distributions of the tropical heating used in Exp1. Contour interval in (b) is 0.18 K d�1.

(c) Divergence at 200 hPa (in 10�7 s�1) computed from the steady LBM response to the tropical heating in (a) and (b).
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patterns, particularly zonal waves 1 and 2. These patterns

have little latitudinal wave-like fluctuation and are most

pronounced during the cold season. In contrast, PWV in

the NH troposphere mainly exhibits 2D Rossby wave

patterns in the wavenumber space and show latitudinal

wave-like fluctuations, corresponding to the Rossby wave

dispersion in the meridional direction on the sphere. The

meridional dipole in the tropospheric eddy geopotential

height is most prominent during the cold season; while

during the warm season, the dominant meridional scale

may become smaller.

The first two EOFs of the winter stratospheric eddy geo-

potential height (S-EOF1 and S-EOF2), which were shown

to be related to QBO and ENSO variations, respectively, are

both characterised by the large-scale zonal wave 1 pattern,

further confirming the leading role of zonal wave 1 pattern.

In contrast, both the leading two EOFs of the winter tropo-

spheric eddy geopotential height (T-EOF1 and T-EOF2) are

dominated by meridional dipoles, as indicated in the 2D

wavenumber space. It was also found that the ENSO and

NAO signals may account for the variability of the T-EOF1

and T-EOF2 patterns, respectively.

Theoretical and modelling analyses were then conducted

to qualitatively interpret the observational findings. It was

found that the tropospheric basic state is much more

favourable for latitudinally propagating stationary waves

than the stratospheric basic state. The difference can also

be realistically simulated in a LBM with the observed zonal

mean basic state. Furthermore, both theoretical and model-

ling results suggested that the fact that zonal wave patterns

are preferred in the NH stratosphere can be partly attri-

buted to the vertical curvature of the stratospheric zonal

mean basic state.

The present work focused on the difference in the hori-

zontal structure between NH stratospheric and tropospheric

PWV; however, we do not rule out a possible relationship

between them. Previous studies have demonstrated a strong

connection between stratospheric and tropospheric plane-

tary waves (Perlwitz and Graf, 1995, 2001; Garfinkel and

Hartmann, 2007, 2008). Thus, further analyses are required

to investigate how to depict this connection in the 2D wave-

number space and to determine what structures of plane-

tary waves are most active in the interaction between the

stratosphere and troposphere. The spherical DFS method

also provides a useful tool for further evaluating the relative

roles of planetary waves with different meridional struc-

tures in the wave�mean-flow interaction (Ting et al., 1996;

DeWeaver and Nigam, 2000; Kimoto et al., 2001). In

addition, the theoretical interpretation in the present study

is preliminary and qualitative, and there is a lack of analysis

of detailed physical processes related to the observed

meridional structures of PWV. For example, the dominant

Fig. 12. The LBM simulated (a) stratospheric (sigma level equivalent to 50 hPa) and (b) tropospheric (sigma level equivalent to 500 hPa)

responses of eddy geopotential height (in m) to the prescribed heating in Fig. 11. Linear barotropic model responses in eddy geopotential

height (in m) to the tropical divergence forcing of Fig. 11c when linearised about the zonal mean flow at (c) 50 hPa and (d) 500 hPa. In all

the barotropic experiments, the geopotential height was obtained by multiplying the streamfunction by the Coriolis parameter.
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role of the meridional dipole structure in the troposphere

may be attributable to other complicated processes, such as

synoptic eddy and low-frequency flow feedback (Jin et al.,

2006; Kug and Jin, 2009). Moreover, the authors plan to

extend the analyses in the present work to the Southern

Hemisphere and to explore the possible difference between

the two hemispheres.
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