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by Convectively Coupled Mixed Rossby–Gravity Waves
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(Manuscript received 15 October 2012, in final form 19 November 2012)

ABSTRACT

The relationship between the interannual variations of the activity of convectively coupled equatorial

waves and seasonal mean precipitation in the tropical western to central Pacific Ocean is investigated. It is

found that the convectively coupledmixedRossby–gravity (MRG)waves are highly and negatively correlated

with the seasonal precipitation near the equator in boreal summer. It is suggested that theMRGwaves, which

have convection centers off the equator, suppress the equatorial precipitation. The relation is insignificant in

the other seasons, when the interannual variation of sea surface temperature near the equator is greater than

in boreal summer. Also, a similar relation is not found in the eastern Pacific in any season.

1. Introduction

Since their theoretical (Matsuno 1966) and observa-

tional (Yanai andMaruyama 1966) findings, equatorially

trapped wave modes have been studied extensively.

Convectively coupled equatorial waves (CCEWs) are

the equatorial waves in which moist convection is in-

corporated (e.g., Liebmann and Hendon 1990; Takayabu

1994; Wheeler and Kiladis 1999). The CCEWs typically

have the equivalent depths h ranging from 10 to 50 m,

whose smallness indicates a dynamical coupling with

convection.

The CCEWs play important roles in the tropical

troposphere [a review is made by Kiladis et al. (2009)].

They are known to interact with various atmospheric

phenomena such as intraseasonal oscillations (e.g.,

Dunkerton and Crum 1995; Roundy and Frank 2004b),

tropical cyclones (e.g., Bessafi and Wheeler 2006; Frank

andRoundy 2006), andmonsoon (e.g., Straub et al. 2006).

Wang and Fu (2007) suggested that Amazon rainfall

modulates the Atlantic ITCZ through Kelvin waves on

a time scale of 10 days.

However, impacts of CCEWs on seasonal mean quan-

tities are not known. This study is the first to report one.

Here, the relationship among the interannual variations

in seasonal mean precipitation, outgoing longwave ra-

diation (OLR), SST, and CCEW activity is investigated.

A focus is made on the convectively coupled mixed

Rossby–gravity (MRG) waves, which are active over the

western to central Pacific Ocean (Hendon and Liebmann

1991).

This study is motivated by the study by Horinouchi

(2012). He studied the Hadley circulation and

tropical precipitation by using a simplifiedAGCMwith an

‘‘aquaplanet’’ configuration. In his study, changing the

value of a tunable parameter of cumulus parameteri-

zation changed the Hadley circulation strength and the

lateral distribution of tropical precipitation. The impact

is substantial when SST is globally uniform, but it also

exists when pole-to-equator SST gradients are present.

This feature is associated with the activity of the

CCEWs generated spontaneously in the model.

Moreover, the lateral distribution of precipitation near

the equator is associated with the dominant modes of

CCEWs, which are somehow changed by changing the

parameter. The result indicates an interaction between

CCEWs and equatorial precipitation in the model.

This study is conducted to investigate whether a simi-

lar interplay exists in the real atmosphere. The distri-

bution of tropical precipitation is known to be affected

by fine meridional structures in SST near the equator

(e.g., Lindzen and Nigam 1987; Back and Bretherton

2009). A focus is thus made on the tropical western to

central Pacific in boreal summer, when SST is relatively

smooth.

Corresponding author address: Takeshi Horinouchi, Faculty

of Environmental Earth Science, Hokkaido University, N10W5

Sapporo, Hokkaido 060-0810, Japan.

E-mail: horinout@ees.hokudai.ac.jp

600 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 70

DOI: 10.1175/JAS-D-12-0283.1

� 2013 American Meteorological Society



The rest of the paper is organized as follows. The data

and analysis methods are presented in section 2. The

results are presented in section 3, and conclusions are

drawn in section 4.

2. Data and methodology

Data over 30 yr since 1982 are used in this study.

Statistical analyses are made by using the 30 periods for

each or one of the 3-month seasons:March–May (MAM),

June–August (JJA), September–November (SON), and

December–February (DJF). The datasets used are as

follows: the daily and monthly mean National Oceanic

and Atmospheric Administration (NOAA) interpolated

OLR (Liebmann and Smith 1996), the monthly mean

Global Precipitation Climatology Project (GPCP), ver-

sion 2.2, precipitation (Adler et al. 2003), the monthly

mean NOAA optimum interpolation SST version 2, and

the monthly mean National Centers for Environmental

Prediction (NCEP)/Department of Energy (DOE)

Reanalysis 2. The horizontal resolutions of the SST and

the other datasets are 18 and 2.58, respectively.
Table 1 shows the parameters used to derive CCEW

amplitudes. An rms amplitude is defined for each 90-day

period from daily OLR as follows. After extracting me-

ridionally symmetric or antisymmetric components with

respect to the equator, the OLR is filtered spectrally with

longitude and time. It is then squared and averaged over

a limited longitudinal range of interest (specified in what

follows) and the period. The CCEW amplitude is defined

as its square root. For correlation analyses, it is further

averaged over a latitudinal band in Table 1 to derive

a representative amplitude, which is expressed as x re-

gardless of wave type.

Background zonal wind is considered to define the

spectral windows. Figure 1 shows the climatological zonal

wind of JJA obtained by averaging over 1308E–1708W,

1000–400 hPa, and the 30 yr. Also shown are the mean

wind plus/minus the standard deviation, which is ob-

tained from the JJAmean zonal wind for each longitude,

pressure level, and year; the standard deviation thereby

does not include intraseasonal variability. From the re-

sult, the background zonal wind is considered as varying

from 0 to 28 m s21.

Figure 2 shows the dispersion relation of MRG waves

for h 5 12 and 50 m, varying the background wind at

the equator u0. Also shown are the spectral windows

used to extract convectively coupled MRG waves. The

MRG1 filtering is mainly used in this study, although the

spectral window of MRG2 is rather closer to the con-

ventional window for convectively coupled MRGwaves

in which u0 5 0 is assumed (e.g., Wheeler and Kiladis

1999). Note that the wave periods obtained from daily

time series are limited to integer (2, 3, 4, . . . ) days, so the

differences are subtle. The TD filtering is introduced

after Roundy and Frank (2004a) to pass signals from

tropical depressions (TDs).

TABLE 1. Parameters used to derive the amplitude of CCEWs. The second column shows the meridional preprocessing to obtain the

symmetric (denoted as sym) or antisymmetric (anti) components. The third column specifies the spectral window for two-dimensional

Fourier filtering, where k is zonal wavenumber (positive/negative for eastward/westward propagation, respectively), T is period

(1/frequency), and c is the zonal phase velocity at the equator. The fourth column shows the latitudinal bands to average the rms

meridionally to derive the representative amplitude.

Name y filter Spectral window Latitudinal band

MRG1 anti k 5 28 to 0, T 5 3 to 7 days jfj 5 58 to 108
MRG2 anti k 5 28 to 24, T 5 4 to 7 days and k 5 23 to 0, T 5 3 to 7 days jfj 5 58 to 108
TD none k 5 215 to 27, T 5 2 to 5 days 58 to 108N
KelvinMJO sym k 5 1 to 8, c 5 3 to 23 m s21 jfj # 7.58
Kelvin0 sym k 5 1 to 8, c 5 11 to 23 m s21 jfj # 7.58

FIG. 1. Thick line: climatological zonal wind velocity of the JJA

season obtained by averaging over 1308E–1708W, 1000–400 hPa,

and the 30 yr. Thin lines: the climatological wind plus/minus the

standard deviation of seasonal mean zonal winds (see the text).
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Kelvin waves have intrinsic zonal phase velocities 10.8

and 22.1 m s21 for h 5 12 and 50 m, respectively.

Considering u0 5 28–0 m s21, the KelvinMJO filtering

is defined to pass ground-based zonal phase velocities

c 5 3–23 m s21, which covers MJO signals too. The

Kelvin0 filtering is also used to pass c 5 11–23 m s21

as the conventional Kelvin wave filtering assuming

u0 5 0.

The following quantities are introduced as the

averages over a longitudinal range of interest, a specified

latitudinal band, and a 3-month period for each year:

d s: SST over f 5 58S–58N
d P: precipitation over f 5 2.58S–2.58N
d R: OLR over f 5 2.58S–2.58N

The correlation coefficient between quantities a and

b is written as rab. The partial correlation between a and

b excluding the effect of c is

rab.c5
rab2 racrbcffiffiffiffiffiffiffiffiffiffiffiffiffi

12 rac
2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12 r2bc

q . (1)

3. Results

a. Western to central Pacific in boreal summer

Results for the western to central Pacific (1308E–
1708W) in boreal summer are shown in this subsection.

Figures 3a–c shows the meridional distributions of

mean SST, precipitation, and OLR for the JJA period

for each year. The line colors show the values of SST

s near the equator. The interannual variation of SST

near the equator is about 1 K, which is smaller than in

the other seasons shown later. The color distribution in

Figs. 3b,c is irregular, and the overall correlation be-

tween s and precipitation (or OLR) is weak.

Figure 3d shows the meridional distributions of the

MRG amplitudes obtained from the daily OLR by

using the MRG1 filter. In Figs. 3e,f, mean precipitation

and OLR are colored according to x, the MRG am-

plitude over jfj 5 58–108. The correlation between x

and the mean precipitation (or OLR) is high near the

equator.

Correlations among seasonal indices over the 30 yr

are shown in Figs. 3g–i and Table 2. The correlation

between the MRG amplitude x and the precipitation P

over 2.58S–2.58N is20.75. Its significance is greater than

99.999% according to Student’s t test. The correlation

between x and R, the equatorial OLR, is 0.72, which is

also significant on the same level. Therefore, the in-

terannual variation of precipitation near the equator is

highly correlated with the activity of convectively

coupled MRG waves measured with OLR. Figures 3e,f

show that the high correlation extends from 48 to 68S.
The equatorial precipitation is suppressed as the

MRG amplitude is increased. On the other hand, the

equatorial s has no significant correlation with x, P, orR.

The high correlation between the MRG amplitude

and the equatorial precipitation is insensitive to the

spectral window employed. The correlation coefficient

between P and the MRG amplitude defined using

MRG2 is 20.74, which is very close to the one using

MRG1. Therefore, only MRG1 is used to define the

MRG amplitude in what follows.

The sensitivity of rxP to the longitudinal range is ex-

amined. Shifting it eastward by 108 or 208 does not affect
the correlation much (2rxP exceeding 0.7), while shift-

ing it westward deteriorates the correlation (rxP520.69

for 1208E–1808 and rxP 5 20.38 for 1108–1708E).
The correlations between x and the precipitation

over other latitudinal bands (but again for longitudes

1308E–1708W) are as follows: 20.38 and 0.22 against

precipitation over 58–108N and 58–108S, respectively.

Note that these latitudinal bands are used to derive x.

Therefore, these weak correlations indicate that the in-

terannual variability of MRG waves measured in terms

of OLR is not associated with the interannual variability

of the off-equatorial mean precipitation.

The MRG1 and MRG2 spectral windows have some

overlap with the spectral ranges attributed convention-

ally to TDs. In reality, transitions between MRGs and

TDs have been observed (Kiladis et al. 2009). Thus, the

TD filtering is used to examine which of the MRGs

and TDs are relevant to the interannual variation of

FIG. 2. Dispersion relation of the MRG waves (including the

n 5 0 eastward-propagating inertia–gravity modes) with h 5 12

(thick lines) and 50 m (thin lines) for u0 5 0 (solid), 24 (dashed),

and 28 m s21 (dotted). The darker shading shows the spectral

window for the MRG2 filter, and the darker and lighter shadings,

together, show the spectral window for the MRG1 filter.
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equatorial precipitation. The result using the TD filer is

rxP 5 20.25, indicating that TDs are unimportant.

One can speculate that precipitation near the equator

may be more correlated with the activity of Kelvin waves

than that of MRGs. When the KelvinMJO filter is used,

rxP is 0.48, which is significant by 99% but is weak (also,

rxP 5 20.32 is insignificant). When the MJO signal is

excluded by using the Kelvin0 filter, rxP is 20.12, indi-

cating no correlation. Therefore, the equatorial precipita-

tion may have some positive correlation with the MJO, as

FIG. 3. Thirty-year statistics for the western to central Pacific (1308E–1708W) in boreal summer (JJA). (a) Meridional distributions

of mean SST (8C) for the 30 JJA periods, colored according to its equatorial mean s; (b) (top) as in (a), but for mean precipitation

(mm day21), also colored according to s, and (bottom) the correlation coefficient between themean precipitation (for each latitude) and s,

where hatching is made where the statistical significance is below 99%; (c) as in (b), but for OLR (W m22); (d) MRG amplitude obtained

by using the MRG1 filter, colored according to its 58–108mean x; (e),(f) as in (b) and (c), respectively, but using x instead of s; (g) scatter

diagram between x and the precipitation near the equator P, with the correlation coefficient shown below the panel; (h) as in (g), but for

x and the OLR near the equator R; (i) as in (g), but for s and x.
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one may expect, but it is not correlated with the convec-

tively coupled Kelvin wave amplitude in boreal summer.

It has been shown that the amplitude of convectively

coupled MRGwaves is highly and negatively correlated

with equatorial precipitation. Therefore, there may be

some causal relationship between them. It is, however,

not very conceivable that equatorial precipitation

affects MRGs without much affecting Kelvin waves

that have convergence/divergence centers around the

equator. It is rather likely that the MRGs affect the

equatorial precipitation. In convectively coupled MRG

waves, convection centers are located off the equator.

Thus, the MRGs may suppress the equatorial pre-

cipitation; for instance, the equatorial meridional winds

associated with themmay transport moisture to converge

and precipitate off the equator. Further study would be

needed to quantify the causality.

b. Seasonal variation/brief note on the eastern
Pacific

Figure 4 shows seasonal mean SST, precipitation, and

OLR over the western to central Pacific (1308E–1708W)

as in Figs. 3a–c but for SON, DJF, and MAM. In these

seasons, SST near the equator has larger interannual

variations than in JJA. The equatorial minimum is deeper

in some years than in JJA. As a result, equatorial precipi-

tation and OLR are more correlated with SST (Table 2).

In these seasons, jrsPj and jrsRj are greater than 0.6.

Correlations rxP and rxR (x is the MRG1 amplitude

throughout this subsection) have the same signs as in

JJA, but they are weak. Also, rxs is weak, so the partial

correlation excluding the effect of the equatorial SST,

rxP.s, is similar to rxP.

The reason why even the partial correlations are

smaller in these seasons than in JJA is not clear. One

can speculate that the dominance of the SST effect may

decouple theMRGs and the equatorialmeanprecipitation.

Or theremight be other processes that affect the equatorial

precipitation, especially in boreal fall when MRG is cli-

matologically strong (hxi in Table 2); the peak in boreal

summer or fall has been reported (Hendon and Liebmann

1991; Roundy and Frank 2004a; Yasunaga 2011).

Hendon and Liebmann (1991) hypothesized that con-

vectively coupled MRG waves are favorably generated

if SST is minimized at and symmetric with respect to the

equator. However, the weak correlation between x and s

indicates that the equatorial SST minimum is not

crucial. Additional analyses are made to investigate

the impact of the meridional symmetry of SST. Here, the

absolute differences between SSTs averaged over 108S–08
and 108N–08, termed z, is used. In JJA, rxz is20.54, which

is consistent with the hypothesis (z decreases with sym-

metry). The partial correlation rxP.z is 20.65, which is

weaker than rxP and rxP.s. However, it is still highly

significant, so the strong rxP is not the artifact of the

correlation between x and z. Also, rzP 5 0.52 is weaker

than rxP. Several quantities on the symmetry have been

tested, and the result is robust. In the other seasons, rxz is

insignificant.

The correlation analyses are also conducted for the

eastern Pacific (1708–908W). The interannual variations

of equatorial precipitation and OLR are dominated by

that of SST (not shown). There is no season in which the

MRG activity may have a significant impact on the

mean precipitation in the eastern tropical Pacific. Note

that convectively coupled MRG waves are weak in the

eastern Pacific (Kiladis et al. 2009).

4. Conclusions

The relationship among the interannual variations of

CCEW amplitudes, seasonal mean precipitation, OLR,

and SST near the equator has been investigated. In the

western to central Pacific in boreal summer, the ampli-

tude of the convectively coupled MRG waves is highly

correlated with precipitation near the equator, where

the precipitation is suppressed as the MRG amplitude is

increased. It is suggested that the convectively cou-

pled MRG waves, which have convection centers off

the equator, suppress the equatorial precipitation. The

TABLE 2. Correlation and partial correlation coefficients among the 30 seasonal mean indices x, s, P, and R for each season over

the western to central Pacific (1308E–1708W). The 30-yr climatology and the interannual standard deviation of x are also shown as hxi and
sx (W m22), respectively. Correlations regarding s are omitted for brevity for filtering other than MRG1.

Filter Season hxi sx rxP rxR rsP rsR rxs rxP.s rxR.s

MRG1 JJA 8.55 1.16 20.75 0.72 0.23 20.21 20.05 20.76 0.73

TD JJA 10.5 1.05 20.25 0.23

KelvinMJO JJA 12.2 1.57 0.48 20.32

Kelvin0 JJA 7.53 0.86 20.12 0.08

MRG1 SON 9.63 1.34 20.46 0.43 0.63 20.65 20.18 20.46 0.42

MRG1 DJF 7.39 0.83 20.36 0.33 0.67 20.68 0.03 20.51 0.49

MRG1 MAM 7.57 0.97 20.12 0.13 0.74 20.70 20.02 20.15 0.17
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equatorial precipitation has a weak positive correlation

with the combined Kelvin wave–MJO amplitude, but

it has little correlation with the convectively coupled

Kelvin wave amplitude assuming u0 5 0.

The relationship between the MRG amplitude and

the equatorial precipitation is highly significant only in

boreal summer. In the other seasons, the interannual

variation of precipitation near the equator is dominated

by that of SST. Also, in the eastern Pacific, the MRG

amplitude is not correlated with the equatorial precipi-

tation in any season.

The factor that controls the seasonal mean activity of

CCEWs has not been elucidated in this study. Also, the

impacts of CCEWs on the precipitation over the regions

other than the Pacific are yet to be studied.
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FIG. 4. As in Figs. 3a–c, but for the other seasons: (a)–(c) SON, (d)–(f) DJF, and (g)–(i) MAM.
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