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ABSTRACT

This paper is part of a series of studies addressing the dynamics of the West African summer monsoon at

intraseasonal time scales between 10 and 90 days. The dominant mode of 25–90-day convective variability in

the African monsoon was investigated, starting from previous results involving the excitation of dry equa-

torial Kelvin and Rossby waves by a negative diabatic heat source located over the warm pool. This evolution

is consistent with a significant contribution by a convectively coupled equatorial Rossby wave and the MJO.

On the other hand, convectively coupled Kelvin waves as well as the dry Kelvin wave signal have a very weak

impact. However, there is more to the global control of the African summer monsoon than convectively

coupled wave dynamics. The active/break cycle of the Indian monsoon, controlled by a northward-moving

dipole of diabatic heating in the Indian sector, can also influence the African monsoon through atmospheric

teleconnections. Simulations performed with a dry primitive equation model show that this influence may be

transferred through the northern Indian heat source, which excites a Rossby cyclonic circulation propagating

westward over North Africa that is cut off by the northward arrival of the equatorial Indian heat source and

the associated intrusion of an anticyclonic ridge. Low-level westerly winds and moisture advection within the

ITCZ consequently increase over Africa. The mean time lag between an active phase over India and over

Africa is about 15–20 days.

1. Introduction

The central and West African region depends heavily

on rainfall during the summer monsoon season, which

corresponds to the northernmost migration of the inter-

tropical convergence zone (ITCZ) (Hastenrath 1991). A

large amount of work has already been completed on

rainfall variability of the African monsoon, through stud-

ies from mesoscale convective systems (Laing and Fritsch

1993, 1997; Hodges and Thorncroft 1997; Mathon and

Laurent 2001; Mathon et al. 2002), synoptic-scale east-

erly waves (Reed et al. 1977; Thompson et al. 1979;

Duvel 1990; Thorncroft and Hoskins 1994a,b; Diedhiou

et al. 1999; Kiladis et al. 2006; Hall et al. 2006), and

convectively coupled Kelvin waves (Mekonnen et al.

2008; Mounier et al. 2007) to interannual and decadal

time scales mainly linked to tropical sea surface temper-

ature (SST) anomaly patterns (Lamb 1978a,b; Nicholson

1978; Newell and Kidson 1984; Folland et al. 1986; Rowell

et al. 1995; Ward 1998; Janicot et al. 2001; Rowell 2001;

Giannini et al. 2003).

The intraseasonal time scale variability of rainfall

and convection in the African monsoon has also been

studied in recent years. Janicot and Sultan (2001) and

Sultan et al. (2003) examined the importance of 10–25

and 25–60 day periodicities in rainfall and convective

activity over the Sahel. Mounier and Janicot (2004)

extended this work by carrying out an EOF analysis on

convection fields during northern summer over West

and central Africa and showed evidence of two inde-

pendent modes of variability in the 10–25-day range.
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The first is characterized by a stationary and uniform

modulation of convection within the African ITCZ. It is

associated with a modulation of the zonal low-level

wind over the equatorial Atlantic and a zonal dipole of

convection between Africa and the north equatorial

Atlantic off the coast of South America (Mounier et al.

2008). The second is a westward propagating signal

from eastern Africa to the western tropical Atlantic,

consistent with the signal already detected over the

Sahel (Sultan et al. 2003).

On a global scale the dominant mode of intraseasonal

variability is the Madden–Julian oscillation (MJO)

(Madden and Julian 1994). TheMJO is characterized by

eastward-propagating convective and SST anomalies

over the warm pool sector and associated global circu-

lation anomalies with one complete cycle lasting be-

tween approximately 30 and 60 days (Knutson and

Weickmann 1987; Rui andWang 1990; Matthews 2000).

Knutson and Weickmann (1987) and Annamalai and

Slingo (2001) found a weak convective signal over Af-

rica in their northern summer MJO life cycles such that

enhanced convection over Africa coincides with en-

hanced convection over the equatorial Indian Ocean.

Whereas other studies show nonexistent signal over

Africa (Knutson et al. 1986; Murakami et al. 1986;

Maloney and Hartmann 2000), Matthews (2004) shows

that the remote response to the MJO over the warm

pool sector offers a plausible explanation for the dom-

inant mode of variability in convection over West and

central Africa at 20–200-day time scales. Twenty days

prior to an enhancement of convection over Africa,

convection is reduced over the equatorial warm pool. In

response to this change in warm pool convection, a dry

equatorial Kelvin wave propagates rapidly eastward

and an equatorial Rossby wave response propagates

westward: Between them they complete a circuit of the

equator and meet up 20 days later over Africa, favoring

an enhancement of deep convection. The Kelvin wave

has an average speed (33 m s21), similar to the dry wave

speed detected by Milliff and Madden (1996) over the

equatorial eastern Pacific. These dry modes should be

distinguished from their convectively coupled counter-

parts, which propagate at a much slower phase speed

(12–18 m s21). In addition, the equatorial Rossby wave

seems too fast (19 m s21) to correspond to the linear

wave theory (Gill 1980), which could be explained by

effects of the background mean winds or interaction

with convection and orography. Matthews’ results have

been recently confirmed by Maloney and Shaman

(2008) using TRMM precipitation and National Centers

for Environmental Prediction (NCEP)–National Center

for Atmospheric Research (NCAR) reanalysis: they

show that the MJO explains about 30% of 30–90-day

precipitation variance in the West African monsoon

region.

During northern summer the MJO also strongly inter-

acts with the Asian monsoon through northward propa-

gation of convective and circulation anomalies from the

equatorial Indian Ocean to the Himalayas (Yasunari

1981), leading to the active/break phases of the monsoon

over India (Goswami and AjayaMohan 2001; Annamalai

and Slingo 2001). Independent of the MJO activity in

the Indian sector, Rodwell and Hoskins (1996) showed

that the convective activity in the summer Indian mon-

soon can have a remote effect over northern Africa. The

integration of a global dry hydrostatic primitive equa-

tion model with prescribed constant idealized Indian

monsoon diabatic-heating field forcing centered at

258N, 908E shows a westward-moving Rossby wave so-

lution in the Northern Hemisphere inducing warm

subsidence that expands over northeastern Africa.

This paper is part of a series of studies addressing

the dynamics of the West African summer monsoon

at intraseasonal time scales between 10 and 90 days

(Sultan et al. 2003; Sultan and Janicot 2003; Mounier

and Janicot 2004; Mounier et al. 2008). In this paper

we investigate the 25–90-day variability of convection

in the African monsoon, starting from the results of

Matthews (2004). The datasets are detailed in section 2.

In section 3 we analyze the dominant mode of convec-

tion over Africa in the 25–90-day time scale. This signal

is similar to the one detected by Matthews (2004) and

Maloney and Shaman (2008), and we show also that it is

characterized by a westward propagation over Africa.

Related composite fields over the whole tropics are

computed. This suggests that there is more to the global

control of the African summer monsoon than dry equa-

torial Kelvin and Rossby waves emanating from the

MJO over the warm pool sector. The active/break cycle

of the Indian monsoon seems to remotely impact the

African monsoon through teleconnections controlled by

diabatic heat sources in the Indian sector. The way this

influence is transmitted is investigated through filtering

computations and modeling experiments in section 4.

Conclusions are given in section 5.

2. Datasets

a. The NCEP-DOE AMIP-II Reanalysis

The NCEP–NCAR reanalysis dataset (Kalnay et al.

1996) provides a gridded analysis of the global observa-

tional network of meteorological variables (wind, tem-

perature, geopotential height, humidity on pressure

levels, surface variables) and flux variables such as pre-

cipitation rate and radiative and turbulent fluxes. The
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reanalysis uses a ‘‘frozen’’ state-of-the-art analysis and

forecast system at a triangular spectral truncation of

T62 to perform data assimilation throughout the period

1948 to present. Data are reported on a 2.58 3 2.58 grid

every 6 h (0000, 0600, 1200, and 1800 UTC), for 17

pressure levels from 1000 to 10 hPa as well as the surface

level, which are adequate resolutions for studying syn-

optic weather systems. The NCEP–Department of

Energy (DOE) Atmospheric Model Intercomparison

Project II (AMIP-II) Reanalysis (R-2) dataset—the

updated version of the NCEP–NCAR reanalysis—has

been used here with one value per day by averaging the

four outputs of each day. This version of the reanalysis

shows significant improvement over the original, espe-

cially for land surface parameters and surface–air fluxes

(Kanamitsu et al. 2002).

b. The NOAA OLR dataset

Since 1974, polar orbital Television and Infrared

Observation Satellite (TIROS) missions of NOAA sat-

ellites have established a quasi-complete series of twice-

daily outgoing longwave radiation (OLR), at the top

of the atmosphere and at a resolution of 2.58 latitude/

longitude (Grueber and Krueger 1984). The daily in-

terpolated OLR dataset produced by the Climate

Diagnostic Center (Liebmann and Smith 1996) has been

used over the period 1979–2000 as a proxy for deep

convection. Local times of the measurements varied

during the period 1979–90 between 0230 and 0730 and

again between 1430 and 1930 local time. Since deep

convection over West Africa has a strong diurnal cycle,

a sample of daily OLR based on two values separated by

12 h is obtained to get a daily average. Wheeler et al.

(2000), Straub and Kiladis (2002), and Roundy and

Frank (2004a), among others, have illustrated the util-

ity of OLR in tracing convectively coupled equatorial

waves.

3. Detection of the 25–90-day-period variability

of convection

a. SEOF analysis on the Africa domain

Sultan et al. (2003) showed that intraseasonal varia-

bility of convection over West and central Africa can be

separated into two ranges of periodicities: lower and

higher than approximately 25 days. So, to investigate

convective variability over Africa linked to the MJO, a

spatial empirical orthogonal function (SEOF) analysis

(Richman 1986) has been performed on the 25–90-day

bandpass filtered June–September OLR values over the

domain 108S–308N, 308W–308E for the period 1979–

2000. The first mode (SEOF1) explains 20.4% of the 25–

90-day filtered variance and is retained as it passes both

the scree (Cattell 1966) and North (North et al. 1982)

tests. It is clearly separated from SEOF2 and SEOF3,

which are also significant but explain only 8.6% and

7.8% of the variance and will not be considered further

(see Matthews 2004). The time series of the principal

component (PC) of the first mode has been used to

produce a composite analysis, presented in Fig. 1. The

25–90-day filtered OLR (contours) composite map is

shown for strong (35 cases) minus weak (33 cases)

convective intraseasonal events. Strong (weak) events

are selected when the respective PC time series values

are maximum (minimum) and greater (lower) than the

PC standard deviation. The number of cases selected

represents approximately three peaks per season (122

days), either positive or negative. This composite se-

quence is displayed from t0 2 10 days to t0 1 10 days

with a 2-day lag, where t0 is the reference day for the

cases considered. The pattern at t0 is very similar to the

pattern extracted by Matthews (2004) and shows an

enhancement of convection (negative OLR values) over

most of West and central Africa of over 15 W m22,

peaking at 25 W m22 over the Cameroon highlands.

This spatial pattern is collocated with the climatological

mean of the ITCZ OLR field (in summer the ITCZ is

centered along 108N), resulting in a modulation of

convective activity within the ITCZ without any sig-

nificant changes in the latitudinal location of the ITCZ.

To the east and west of the negative OLR pole, weak

positive OLR anomalies are centered at 108N, 608Wand

at 58N, 358E. The time sequence of this mode, not shown

byMatthews (2004), is interesting because it highlights a

very clear westward extension of the OLR anomalies on

its northern part, with negative OLR anomalies begin-

ning to occur just northeast of Lake Chad. They grow

and extend westward north of 7.58N up to t0 and then

dissipate to the east after t0 1 2. South of 7.58N, the

signal appears mainly as stationary, increasing and wea-

kening simultaneously along the Guinean coast and

central Africa. The corresponding unfiltered OLR se-

quence has a similar evolution, but the fields are a bit

noisier and the anomalies are slightly stronger. This is

represented on the bottom right of Fig. 1 through the

evolution of OLR over the ITCZ area (58–158N, 208W–

208E) for the composite strong and weak convective

event separately. We note a slight asymmetry with

higher amplitude of positive OLR anomalies, indicating

a higher impact of weak convective intraseasonal phases.

Matthews explained the dynamics of this OLR mode

in terms of a dry eastward Kelvin wave and a dry

westward-propagating equatorial Rossby wave that

meet over West Africa. The fact that Fig. 1 shows a

dominant westward-propagating signal, at least on its
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northern part, suggests that a Rossby response is an

important factor.

b. Composite fields on the global tropics

To look at the global context in which the main Af-

rican OLR mode evolves, Fig. 2 shows a 25–90-day fil-

tered OLR composite field (this time represented by

colors) sequence similar to that in Fig. 1 but over the

whole tropical zone and from t02 20 to t01 10 days with

a time lag of 5 days. The 25–90-day filtered geopotential

heights (contour) and wind (vector) are also shown.

In addition to the evolution of the dominant mode of

convection over Africa described in Fig. 1, a large

MJO-type signal is evident over the Indian–West Pacific

sector. As shown in previous studies, this signal is

characterized by two axes of propagation. There is

a meridional dipole of convection moving northward.

At t02 20 a positive OLR anomaly pole is located at the

equator while convection is enhanced over India, cor-

responding to an active phase in the Indian monsoon.

The equatorial positive OLR anomaly grows and rea-

ches India at t0 2 10, consistent with the occurrence of a

break in the Indian monsoon up to t0 1 5. Then an

active phase begins with the northward propagation of

the following negative OLR anomaly. We also see an

eastward propagation of these positive OLR anomalies

across the tropical Pacific and toward the eastern Pacific

along approximately 108N. This signal propagates in an

east-northeastward direction at the same time as the

positive OLR anomaly pole moves northward over the

Indian–West Pacific sector. The positive OLR anoma-

lies reach the coast of California and Central America at

t01 5, with their highest values at t01 10. This evolution

over the Pacific at this time scale has been very well

documented and linked with the dynamics of the MJO

by Maloney and Kiehl (2002). The decrease of con-

vection off the coast of California is preceded by an op-

posite phase of enhanced convection at t02 10, meaning

an approximate periodicity of 40 days. Interpreting Figs.

1 and 2 together, we suggest that there are two sectors

where the OLR anomaly fields appear to evolve coin-

cidentally: 1) the Atlantic–Africa sector where a nega-

tive OLR anomaly growing over Africa is flanked by

positive OLR anomalies over East Africa and over the

northwestern tropical Atlantic and 2) the Indian–Pacific

sector where positive OLR anomalies over the equa-

torial Indian basin propagate both eastward and

northward, consistent with the MJO.

To better understand this evolution of the OLR

anomaly fields we consider now the evolution of the

925-hPa geopotential height and wind fields. In equa-

torial regions, these anomalies have baroclinic vertical

structures and change sign around 500 hPa. Matthews

(2004) suggested that the occurrence of the main in-

traseasonal mode for the enhancement of convection

over Africa is linked to the development, 20 days be-

fore, of a positive OLR anomaly pattern over the warm

pool sector. This is associated with a suppressed MJO

event that excites dry eastward propagating Kelvin and

westward propagating equatorial Rossby waves, which

complete a global circuit along the equator and meet

over Africa. This, in turn, favors deep convection

through the increase of moisture advection over Africa

by low-level westerly winds over the eastern tropical

Atlantic. What Fig. 2 shows is consistent with the

Matthews scenario. The atmospheric pattern associated

with the development of the equatorial positive OLR

anomaly pattern over the warm pool at t0 2 15 depicts

very clearly the equatorial Kelvin–Rossby wave pattern.

East of this positive OLR anomaly a positive geo-

potential height front propagates rapidly eastward

along the equator, leading to the enhancement of low-

level westerly winds over the whole tropical Pacific

and increasing convection off the coast of California at

t0 2 10/t0 2 5. This Kelvin wave pattern has its positive

geopotential height centered along the equator at 808W

at t0, extending over the eastern equatorial Pacific and

the western equatorial Atlantic. At t0 2 15 west of the

equatorial Indian positive OLR anomaly, an equatorial

Rossby wave is slowly growing, characterized by a

horseshoe-shaped pattern symmetric about the equator

FIG. 1. First mode of a SEOF analysis of 25–90-day filtered OLR values. Time sequence of the filtered

OLR composite fields of strongminus weak convective events for JJAS 1979–2000 based on the PC time

series (see details in the text); contours indicate OLR differences (W m22). This composite sequence is

displayed from t0 2 10 to t0110 days with a 2-day lag, where t0 is the maximum of the time series. The

graph on the bottom right of the figure represents the corresponding OLR composite evolution com-

puted over the ITCZ area 58–158N, 208W–208E for a strong composite convective event through 25–90-

day filtered OLR (solid line and open circle) and unfiltered OLR (solid line and closed circle; OLR

minus 225Wm22 is represented) and for a weak composite convective event through 25–90-day filtered

OLR (dashed line and open circle) and unfiltered OLR (dashed line and closed circle; OLR minus

225 W m22 is represented).
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FIG. 2. As in Fig. 1 but for the 25–90-day filtered OLR (colors), 925-hPa geopotential height [solid

(dashed) contours for positive (negative) values; isolines are drawn every 2 geopotential meters (gpm)],

and wind (vectors: m s21; scale: 2 m s21 for 12.58 longitude) composite fields over the whole tropics from

t0 2 20 to t0 1 10 days with a time lag of 5 days.
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with positive geopotential height anomalies developing

northwestward and southwestward from the equator at

t0 2 10/ t0 2 5. This westward propagation of a positive

geopotential height front signifies enhanced low-level

easterly winds that converge over Africa with the anom-

alous westerly winds linked to the Kelvin wave, helping

to increase convection over equatorial Africa. These

features are all consistent with the Matthews scenario.

However, Fig. 2 provides an additional element linked

to the northward propagation of the convective signal

over India that was not considered in the Matthews

scenario. What differs from this scenario comes from

the fact that the MJO also has a meridional OLR dipole

component that propagates northward. This has two

consequences. First, at t0 2 20 we are in an active phase

of the Indian monsoon with enhanced convection over

northwest India, the Bay of Bengal, and the China Sea

and negative geopotential height anomalies north of

108N from Arabia to eastern Asia. This low-level

Rossby cyclonic circulation extends westward in the

following days, reaching West Africa at t0 2 15, con-

tributing to the disappearance of the positive OLR

anomaly pattern at t0 2 10 by enhancing westerly

moisture advection inland. Second, the northward

propagation of the positive OLR anomaly pole over the

Indian Ocean induces a similar northward displacement

of the equatorial Rossby wave pattern and the disap-

pearance of the negative OLR anomaly pattern over

India, consistent with a break phase in the Indian mon-

soon. This acts to cut the Africa–India belt of negative

geopotential heights north of 108N by enhancing the

positive geopotential heights of the equatorial Rossby

wave northwestward of the equatorial Indian sector,

serving to isolate the low-level cyclonic circulation over

Africa. From t0 2 10 to t0 the low-level cyclonic circu-

lation propagates slowly over northern Africa, contrib-

uting to the overall enhancement of convection over

Africa north of the equator and explaining the westward

displacement of the OLR pattern detailed in Fig. 1. The

initiation of these negative OLR anomalies northeast of

Lake Chad can be explained by the low-level wind

convergence between the eastern part of the African

cyclonic circulation and the northwestward intrusion of

the anticyclonic circulation linked to the equatorial

Rossby wave. The small positive OLR anomaly located

near Lake Victoria might also be consistent with the

horseshoe pattern of the equatorial Rossby wave, which

induces a divergence of low-level winds over this area.

From t0 to t0 1 10 the low-level cyclonic circulation is

located over the tropical Atlantic and goes on moving

slowly westward. At t0 it controls the westerly wind

anomalies along 108N over the Atlantic, consistent with

the occurrence of the zonal OLR dipole between Africa

and the northwestern tropical Atlantic. A similar OLR

dipole has also been highlighted in the study of a quasi-

biweekly mode of convection detected over Africa

(Mounier et al. 2008), meaning that such a regional-scale

pattern is recurrent both at 10–25 and 25–90 day scales.

After t0 the negative OLR anomaly pattern over Africa

dissipates owing to the greater distance from Africa of

the low-level cyclonic circulation over the Atlantic and

the occurrence over North Africa of positive geopo-

tential height anomalies linked to the development of

the break phase in the Indian monsoon. An anticyclonic

circulation develops over India and propagates westward

over North Africa. The high geopotential belt is cut off

by the northwestward intrusion of negative geopotential

anomalies from the equatorial Rossby waves, located

over the Indian basin, resulting from the negative OLR

anomalies that have propagated into the region.

4. Analysis of the India–Africa teleconnection

pattern

Consistent with Matthews (2000, 2004), we have

shown that the equatorial dynamics represented by dry

Kelvin and Rossby waves emanating from the MJO has

an impact on the main mode of 25–90-day variability in

convection over Africa during the summer monsoon.

We have also seen that there could be some atmo-

spheric connection between the distribution of diabatic

heat sources associated with the break and active phases

of the Indian monsoon and the African monsoon

through a pathway north of 208N. The way these forc-

ings are transmitted is investigated now through filter-

ing computations and modeling experiments. First, we

will extract the filtered OLR convectively coupled sig-

nal of the MJO and of Kelvin and equatorial Rossby

waves to see whether this portion of the equatorial wave

spectrum can explain part of the convective activity

over Africa seen in Fig. 2. Second, we will perform a set

of simulations with a global dry primitive equation model

forced with idealized Indian monsoon diabatic-heating

fields to examine how dry Kelvin and Rossby waves

emanating from these diabatic heat sources can impact

the atmospheric circulation and convection over Africa.

a. The detection of convectively coupled signals

Figure 3 shows a wavenumber–frequency spectral

analysis of the component of OLR symmetric about the

equator between 158N and 158S for June–September

1979–2000. The shaded spectral peaks lie above the

95% level of significance, and a family of equivalent

depth curves for Kelvin, equatorial Rossby, and inertio–

gravity waves from shallow-water theory (Matsuno

1966) are also shown (see Wheeler and Kiladis 1999 for
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more details). The spectrum reveals the existence of two

peaks corresponding to Kelvin and equatorial Rossby

waves lying along equivalent depth curves of around

20–50 m. For the Kelvin wave, this corresponds to an

eastward phase speed of around 15 m s21. The MJO

peak is also visible in the spectrum but does not corre-

spond to a shallow water mode. In the Kiladis et al.

(2006) paper, based on June–August data, a so-called

‘‘TD band’’ representing easterly waves in Africa was

also identified in the domain of a westward-propagating

signal between periods of 2 and 6 days and zonal wave-

numbers 6 to 20 (Mounier et al. 2007). This signal will

not be considered here. The boxes outline the regions of

filtering for the Kelvin and Rossby waves examined

here as well as the MJO signal. This filtering is per-

formed by creating an OLR dataset through an inverse

transform that retains only the Fourier coefficients cor-

responding to the designated boxes in Fig. 3 (Wheeler

and Kiladis 1999). Note that the datasets obtained con-

tain equatorial waves as well as a significant amount of

background convection.

Figure 4 shows more sequences of composite fields,

based on the difference between maxima and minima of

the SEOF1 PC time series, as in Figs. 1 and 2, but for the

MJO-filtered OLR signal (Fig. 4a), the Kelvin-filtered

OLR signal (Fig. 4b), the equatorial Rossby-filtered

OLR signal (Fig. 4c), and the sum of the three signals

(Fig. 4d). The composite MJO time sequence (Fig. 4a)

contains much of the signal in Fig. 2, including the

northward propagation of the meridional OLR dipole

in the Indian sector and the eastward propagation of the

OLR signal over the whole northern tropical Pacific.

FIG. 3. Regions of wavenumber–frequency filtering calculated for June–September 1979–

2000. Contours show the symmetric OLR power divided by a background spectrum [note that

the background was calculated for the full 22 yr; see Wheeler and Kiladis (1999) for details on

the computation techniques]. Contour interval of this ratio is 0.1 starting at 0.9, with shading

above 1.1 indicative of statistically significant signals. Thick boxes indicate the regions of the

wavenumber–frequency domain used for filtering of the OLR dataset to retrieve the longitude–

time information of these convectively coupled equatorial waves [Kelvin, tropical depression

(TD), equatorial Rossby (ER), and MJO]. The thin lines are the various equatorial wave

dispersion curves for the five different equivalent depths of h 5 8, 12, 25, 50, and 90 m

(equivalent depth of h 5 1 m is added for ER).
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FIG. 4. As in Fig. 1 but for (a) the MJO-filtered OLR, (b) the Kelvin-filtered OLR, and (c) the equatorial Rossby-filtered OLR composite

fields over the whole tropics from t0 2 20 to t0 1 10 days with a time lag of 5 days; (d) the sum of the three signals.
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A small anomaly of OLR is evident over equatorial

Africa, with its highest negative values occurring at t0
in phase with the SEOF1 mode. The composite Kelvin

time sequence (Fig. 4b) has a very weak signal. The

timing of these equatorial convectively coupled waves,

whose dominant periodicity is about 6 days over Africa

(Mounier et al. 2007), appears to have little impact on

the 25–90-day dominant mode of African convection.

The equatorial Rossby time sequence (Fig. 4c) has the

strongest signal propagating westward from eastern Af-

rica to Central America along approximately 158N and

seems to be initiated over the equatorial Indian basin

(see at t0 2 10 the appearance of positive OLR poles

along 808E, which are enhanced farther westward). It

provides OLR modulation of about 15 W m22 around

the mean. As for the MJO signal, the equatorial con-

vectively coupled Rossby signal is phased with the

SEOF1 mode, with its highest negative OLR values over

Africa at t0 and its highest positive values at t0 2 15 over

West Africa for the preceding opposite phase and at t0 1

10 over eastern Africa for the following one. The sum of

these three signals (Fig. 4d) shows OLR patterns quali-

tatively similar to the total 25–90-day filtered OLR var-

iation (Fig. 2). At t0 it is even stronger than the 25–90-day

filtered modulation (Fig. 2) and close to the unfiltered

OLR modulation (see the graph on Fig. 1). Roundy and

Frank (2004b) have highlighted the importance of west-

ward-propagating equatorial Rossby modes interacting

with theMJO in accounting formuch of the intraseasonal

convective variability within the tropics. In this case, it

appears that equatorial convectively coupled Rossby

wave dynamics, plus the MJO, explain most of the pri-

mary 25–90-day mode of convection over Africa. While

it appears from the results in section 3 that dry Kelvin

waves may also be important, their slower-moving con-

vectively coupled counterparts do not appear to have a

substantial impact at this time scale.

b. Impact of related idealized diabatic heat sources

on the dry atmospheric dynamics

We want to understand how diabatic heat sources lo-

cated in the Indian sector may impact the convective

activity in the African monsoon. In the preceding section

we have extracted the filtered convectively coupled OLR

signals of the MJO and Kelvin and equatorial Rossby

waves to see how those modes contribute to the con-

vective activity over Africa, seen in Fig. 2. We present

now a set of simulations with a global dry primitive

equation model forced with idealized Indian monsoon

diabatic-heating fields, representing break and active

phases of the Indian monsoon, to investigate the mech-

anisms of the associated atmospheric teleconnections.

1) THE PRIMITIVE EQUATION MODEL

The model and model setup used in this study is the

same as that in Hall et al. (2006). We utilize a global

spectral primitive equation model with horizontal res-

olution of T31 and 10 equally spaced sigma levels. A

semi-implicit 22.5-min time step is used to integrate the

full nonlinear equations for vorticity, divergence, tem-

perature, and log (surface pressure). A basic state pro-

vided by NCEPI summer [June–September (JJAS)]

climatology is kept fixed in the model by adding a

forcing term that represents the combined effects of

diabatic heating and transients. Perturbations about this

basic state are constrained to be linear by imposing a

very small forcing perturbation and subsequently re-

scaling the response for presentation. In addition, a 12-h

=
6 diffusion is applied to the momentum and tempera-

ture equations, and low-level damping is included to

represent boundary layer processes. Average damping

rates correspond to time scales of about 2 days for

momentum and 4 days for temperature near the sur-

face, following Hall and Sardeshmukh (1998) and Hall

(2000). In the free atmosphere (above s 5 0.8), damp-

ing time scales for momentum and temperature are

around 30 and 10 days, respectively. For further details

of the modeling setup see Hall et al. (2006).

2) THE EXPERIMENT

Four experiments have been performed to investigate

the effects of different components of the diabatic heat

source and their evolution over the Indian sector, as seen

in Fig. 2, beginning at t0 2 20. Each heat source is rep-

resented in the horizontal by an ellipse 208 in longitude

and 78 in latitude. The heating rate has a cosine squared

horizontal distribution and a vertical profile that follows

H0 5 (p/2) sinps with a maximum at 500 hPa. The

maximum vertical average heating (at the center of the

anomaly) is 5 K day21. The heat source is switched on at

the beginning of the integration and stays constant except

in the case of the moving dipole (see below).

The four experiments are based on the distribution of

the OLR anomalies at t0 2 20 over the Indian sector as

follows: 1) a negative heat source centered at 58S, 808E;

2) a positive heat source centered at 208N, 808E; 3) a

combination of these two heat sources to form a con-

stant dipole pattern; and 4) the same dipole pattern

including a temporal evolution to simulate its north-

ward displacement. This is achieved by oscillating be-

tween two quadrature phase patterns, the first being

the dipole and the second a monopole at 7.58N, with

a period of 40 days for a complete cycle. The experi-

ment thus starts with a north–south heating–cooling

dipole. By day 10 this is replaced with a central cooling
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monopole, and by day 20 the north–south dipole returns

but with the sign reversed. Experiment 4 thus represents

the northward propagation of a monsoon break, as seen

in Fig. 2, between t0 2 20 and t0. The results for these

four simulations are presented in Figs. 5–10. Geo-

potential height and wind at 850 hPa are shown for

evaluation of the low-level atmospheric circulation,

to be compared with Fig. 2, and geopotential height at

250 hPa, temperature at 350 hPa, and vertical velocity at

650 hPa are shown to evaluate the high-level signal and

the associated midlevel forcing of vertical motion.

3) THE RESULTS

The response to the fixed negative diabatic heat source

centered at 58S, 808E is presented in Fig. 5 through

the evolution of the 250-hPa geopotential height and

650-hPa vertical velocity fields. In Fig. 5a, the location

of the negative heat source can be seen by the

maximum of downward vertical velocity at day 2. The

850-hPa geopotential height fields are shown in Fig. 5b.

At mid and high levels (Fig. 5a) an equatorial dry

Kelvin–Rossby wave pattern develops and extends in

the tropical band but with very weak amplitude (see

Fig. 5a caption for the amplitude range). This is similar

to the patterns shown by Matthews (2004) with a

similar speed, except that in this case the origin is not

located over the Indonesian warm pool. The front of the

dry Kelvin wave propagates rapidly eastward (see the

spreading geopotential anomaly at 250 hPa and

the upward velocity pole at 650 hPa over the eastern

equatorial Pacific at day 4) and reaches Africa around

one week after its initiation. On the other hand, the

two anticyclonic poles of the Rossby wave move more

slowly westward at 250 hPa. The northern one reaches

Africa a bit earlier than the southern one, around 4

days after its initiation, and extends a bit more west-

ward, primarily due to the asymmetry of the basic

state. An extratropical Rossby wave train south of 208S

emanating from the longitude of the heat source also

develops eastward along a circle path. At the 850-hPa

level the circulation pattern is not so well structured

(Fig. 5b). No signal of the dry equatorial Kelvin wave

appears along the equator either in geopotential or wind

values. A positive equatorial Rossby wave signal de-

velops in the wind field over the equatorial Indian basin

and extends westward over Africa, but only east of

208E. The extratropical Rossby wave train south of 208S

appears to be strong and equivalent barotropic at 850

hPa. In conclusion, whereas the equatorial Kelvin–

Rossby wave pattern is well defined at mid and high

levels, it does not induce strong modulation of the low-

level circulation in the West African monsoon in this

dry simulation.

Figure 6 shows the response to the fixed positive di-

abatic heat source centered at 208N, 808E. The 250-hPa

geopotential height pattern associated with the equa-

torial dry Kelvin–Rossby wave pattern develops and

extends in the tropical band (Fig. 6a). It is similar to the

preceding one except that its sign is opposite and the

signal of the Kelvin wave is weaker and the equatorial

Rossby wave stronger, consistent with the higher lati-

tude of the heat source. Again, the front of the Kelvin

wave propagates rapidly eastward and reaches Africa

around one week after its initiation, whereas the two

cyclonic poles of the equatorial Rossby wave move

more slowly westward but reach West Africa around 3

days after their initiation. A very weak signal from the

induced Kelvin vertical velocity is present along the

equator (Fig. 6a). At 850 hPa no signal of the Kelvin

wave emerges in the geopotential height and wind fields

(Fig. 6b). On the other hand, at day 2 the quadrupole

located around the heat source is characteristic of

Rossby response, as shown by Gill (1980). In the five

following days the negative geopotential height pole

propagates southwestwards to reach northeastern Africa

and then extends westward over the Sahel and north-

ern Africa. The circulation pattern exhibits increased

low-level westerly winds, which would increase mois-

ture advection within the ITCZ, favoring enhanced

convection over West Africa. In the 650-hPa vertical

velocity field sequence (Fig. 6a) from day 4 to 10, we can

see a subsiding area over North Africa, consistent with

the simulations of Rodwell and Hoskins (1996), and

weak upward vertical velocity over the Sahel. So, the

Rossby response not only puts in place a circulation

anomaly that would enhance moisture advection but

also directly forces upward motion in the location of

the African ITCZ. Both of these effects would tend

to enhance precipitation in the region. This westward

propagating signal is evident over Africa, in Fig. 2, from

t0 2 20, with similar geopotential height and wind am-

plitudes, and contributes to the dissipation of the posi-

tive OLR anomalies between t0 2 20 and t0 2 15. It can

also explain the east-to-west initiation and development

of negative OLR anomalies seen from t0 2 10, in Fig. 2.

Figure 6 also shows that the northern heat source ex-

cites a wave structure that propagates eastward through

the Asian jet and out into the Pacific. This is a growing

baroclinic wave as evidenced by the westward tilt with

height, and it will also be a feature of the dipole solu-

tions shown below. However, since this region is evi-

dently unstable for the current combination of basic

state and damping, this part of the solution may be

sensitive to other extratropical sources and is therefore

difficult to interpret as being clearly associated with the

Indian monsoon forcing.
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Figure 7 shows the response to the fixed diabatic heat

source dipole combining the two preceding heat sources.

As the experiments are linear, the response for a fixed

dipole is the sum of the two previous experiments. At

250 hPa the Rossby wave contribution from the northern

pole dominates over Africa, and in the Southern Hemi-

sphere the combined response produces an east–west

dipole. At 650 hPa upward vertical velocity extends

FIG. 5. Simulation with a diabatic heat source centered at 58S, 808E: (a) (left) Geopotential height (gpm) at 250 hPa (isolines 65, 610,

620,630,640,650,660,680,6100; shaded negative values) and (right) vertical velocity (hPa s21) at 650 hPa (isolines60.2,60.4,60.6,

60.8,61,62,64,66; upward motion for shaded negative values) for days 2, 4, 6, 8, 10. (b) Geopotential height at 850 hPa (isolines62,64,

66,68,610,620,640,660; shaded positive values) and wind at 850 hPa (vector; m s21) for days 2 to 20 with a 2-day lag. For better clarity,

wind vectors greater than 5 m s21 have been displayed with a 5 m s21 length, and only one vector out of every two is displayed.
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FIG. 5. (Continued)
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westward over the eastern Sahel, as in Fig. 6a, but with a

higher amplitude. This signal reaches its highest value at

day 8 with a horseshoe pattern associated with the dry

equatorial Rossby wave. The Kelvin response is atten-

uated by cancellation but the timing is not changed. At

850 hPa only the geopotential height induced by the

northern diabatic heat source modulates the low-level

circulation overWest Africa. This leads again to the slow

westward development of low-level cyclonic circulations

over northern Africa and enhanced westerly winds over

the Sahel, potentially feeding moisture advection inland

and deep convection in the ITCZ. Themeridional dipole

of convective heating present in the Indian sector thus

excites a dry Kelvin–Rossby wave pattern dominated by

FIG. 6. As in Fig. 5 but for the diabatic heat source centered at 208N, 808E.
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FIG. 6. (Continued)
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the Rossby response and favorable to deep convective

activity over Africa. This scenario is a bit different from

the one shown in Matthews (2004).

Finally, by introducing a northward movement inside

the dipole structure, Fig. 8 shows the response to the

moving diabatic heat source dipole that simulates the

northward propagation of a break phase in the Indian

monsoon, as seen in Fig. 2. There are two main conse-

quences of imposing this northward shift.

First, at high levels (Fig. 8a) it reduces the southern

part of the Rossby wave pattern over Africa as the

northern heat source gradually diminishes during the

integration. Neither the weak Kelvin wave front pro-

gressing eastward nor the upward motion over Africa

FIG. 7. As in Fig. 5 but for a constant dipole diabatic heat source.
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FIG. 7. (Continued)
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are significantly modified except for a slight enhance-

ment of the horseshoe upward velocity pattern present

east of 08 at day 8. Figure 9 compares the averaged

108S–158N350-hPa temperature and 250-hPa geopotential

height longitude–time sequence of the moving dipole

simulation and the composite unfiltered NCEP data

sequence. To ensure that the diabatic heating in the

Indian sector coincides with the model runs from day

1 to day 19, we compare it with the composite NCEP

sequence from t0 2 15 to t0 1 3. We must also note that

the initial states are different in the simulation and

in the NCEP sequences as the model starts from an

undisturbed state, whereas at t0 2 15 the NCEP fields

are influenced by the preceding phase of the Indian

FIG. 8. As in Fig. 5 but for the moving dipole diabatic heat source.
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FIG. 8. (Continued)
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FIG. 9. Time–longitude diagrams averaged over 108S–158N of (a) moving-dipole simulation of 350-hPa tempera-

ture (8C) sequence from day 1 to day 19 and (b) composite unfiltered 350-hPa NCEP temperature (8C) sequence from

t02 15 to t01 3. (c) As in (a) but for 250-hPa geopotential height (gpm); (d) as in (b) but for 250-hPa unfilteredNCEP

geopotential height.
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monsoon. However, these fields appear similar in their

evolution. The simulation shows the rapid eastward

propagation of the negative Kelvin wave, the slow

westward extension of the negative equatorial Rossby

wave, and their meeting at ;458E. In the composite

NCEP sequence, the starting longitude is different

(around 1208E) owing to the different diabatic heat

source pattern at the equator, the Kelvin signal moves

slower, and the Rossby signal extends more to the west.

This may be due to the dry dynamics in the model,

FIG. 10. Geopotential height (gpm) at 850 hPa (isolines 62, 64, 66, 68, 610, 620, 640, 660; shaded positive values) (a) for the

simulation with the moving dipole diabatic heat source for days 2 to 20 with a 2-day lag (this is similar to Fig. 8b but on a reduced latitude

domain) and (b) for the composite unfiltered NCEP data time sequence from t0 2 14 to t0 1 4 days with a 2-day lag.
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which induces faster waves than convectively coupled

waves in the real world.

Second, the Rossby wave pattern induced by the

equatorial heat source moves northward in the Indian

sector. This leads at 850 hPa (Figs. 8b and 10a on a

reduced latitude domain) to a slightly reinforced cutoff

between day 10 and 14 of the negative geopotential

heights in the north by the positive geopotential heights

moving up from the south. In consequence, an isolated

cyclonic cell propagates westward over West Africa and

the tropical Atlantic, with amplitudes similar to the ones

observed in Figs. 2 and 10b (composite of unfiltered

NCEP 850-hPa geopotential height sequence), but a bit

weaker than with the fixed dipole. Then it is followed by

(b)

FIG. 10. (Continued)
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the positive geopotential height structure and associ-

ated easterly winds coveringWest Africa at day 20. This

cutoff episode is very clear in the composite unfiltered

NCEP 850-hPa geopotential height sequence (Fig. 10b)

between t0 2 6 and t0 2 4, that is, 15 days after the be-

ginning of this sequence, close to the timing in the sim-

ulation. The negative geopotential height values are

located off the coast of West Africa at about the same

time in the simulation and in the composite NCEP se-

quence, whereas the positive geopotential height zone

over the northern Africa comes mainly from the east in

the simulation and more from the north in the com-

posite NCEP sequence. This moving-dipole simulation

thus shows some similarity to the observations and

offers a possible explanation why the regional-scale

pattern of the modulation of convection over Africa is

characterized by a dominant westward propagation in

the north (Fig. 1).

This set of simulations illustrates the role that the

active and break phases of the Indian monsoon can play

at the 25–90-day time scale in the variability of con-

vection in the African monsoon. This influence is trans-

ferred mainly through the northern Indian heat source,

which excites a cyclonic circulation propagating west-

ward over North Africa after a cutoff due to the north-

ward arrival of the equatorial Indian heat source and

the associated intrusion of an anticyclonic ridge. Con-

sequently, low-level westerly winds and moisture

advection within the ITCZ increase over Africa, con-

tributing to enhanced convective activity there. This has

been seen by H. Annamalai (2008, personal communi-

cation) through a moist static energy budget analysis in

the same kind of simulation. Horizontal advection of

moisture due to a westward-propagating Rossby wave

signature is the principal contributor to the enhanced

diabatic heating over West Africa. This evolution leads

to the establishment of the intraseasonal convective

event shown in Fig. 1. A dry Kelvin wave front is also

detected, initially induced by the equatorial Indian heat

source. Its impact is visible through the high-level

cooling and localized midlevel upward motion, which

might foster convective instability, but the modulation

of the low-level circulation over West Africa is very

weak. This is in agreement with Bantzer and Wallace

(1996) and with Maloney and Shaman’s (2008) diag-

nostic study suggesting that the low-level signal over

Africa may be more a product of convective heating

than a cause. In terms of dry dynamics, the main dif-

ference from the Matthews scenario is that the dry

equatorial dynamics initiated by the equatorial Indian

heat source is heavily modified by the development of

the dry Rossby wave pattern induced by the northern

Indian heat source, leading to a dominant westward

propagating signal of the OLR envelope over West

Africa as convection becomes coupled with the equa-

torial Rossby mode. We suggest that the convective

activity associated with the active/break cycle of the

Indian monsoon plays a significant role in the intra-

seasonal modulation of the African monsoon.

The precise details of the Rossby wave propagation

depend on the seasonal mean basic state chosen for

these simulations, and it is possible that these results will

not be reproduced exactly for all variations of basic

state or all arrangements of convective sources. How-

ever, some sort of westward-spreading Gill (1980)-type

response is ubiquitous for tropical dynamics and is likely

to play a role in modifying the African monsoon. Fur-

ther experiments are in preparation to investigate the

sensitivity to variability in the flow and in the anomaly

forcing. In particular, we have introduced heating field

patterns in the Indian sector only, which mimics the

intraseasonal phases of the Indian monsoon. We could

have considered the whole heating pattern, as shown in

Fig. 2, including the Southeast Asian monsoon andWest

Pacific sectors. This could have produced a more real-

istic result but would have mainly impacted the dry

eastward Kelvin signal propagation (arriving earlier

over Africa and possibly stronger) and not so much the

equatorial Rossby signal. It should also be noted that

the time scale on which the flow over West Africa re-

sponds to the northern Indian heat source is long

enough to allow the coupling of convection to the

equatorial Rossby mode—also for the development of

African easterly waves. Further work is needed to un-

ravel the contributions of these additional dynamical

effects not considered here.

5. Conclusions

In this paper we have investigated the 25–90-day var-

iability of convection in the African monsoon using

the daily interpolated NOAA OLR dataset. Matthews

(2004) showed that the equatorial atmospheric dynamics,

through the excitation of dry Kelvin and Rossby waves

by a negative diabatic heat source located over the

warm pool, can explain the main mode of enhancement

of convective activity in the African summer monsoon

area. As a complement to Matthews’ results, we have

shown that this mode is not completely stationary but is

characterized by a westward propagation of the OLR

anomalies in its northern part. This evolution is con-

sistent with the significant contribution of a convectively

coupled equatorial Rossby wave and the MJO signal.

On the other hand, convectively coupled Kelvin waves

as well as the dry Kelvin wave signal have shown a

relatively weak impact. However, there is more to the
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global control of the African summer monsoon than

convectively coupled wave dynamics. The active/break

cycle of the Indian monsoon, controlled by a northward-

moving dipole of diabatic heating in the Indian sector,

also influences the African monsoon through atmo-

spheric teleconnections. This influence can be trans-

ferred through the northern Indian heat source, which

excites a Gill-type Rossby cyclonic circulation propa-

gating westward over North Africa after a cutoff due to

the northward arrival of the equatorial Indian heat

source and the associated intrusion of an anticyclonic

ridge. Low-level westerly winds and moisture advection

within the ITCZ consequently increase over Africa. The

mean time lag between an active phase over India and

over Africa is about 15–20 days.

The simulations presented here have been performed

with a dry primitive equation model and do not take into

account the interactions between the atmospheric circu-

lation and the deep convection, so uncertainties remain,

in particular concerning the time scale of wave propa-

gation, since convectively coupled waves are slower than

dry waves. Annamalai and Sperber (2005) carried out a

similar investigation on the role of regional heat sources

on the active and break phases over the Asian monsoon

region, using both diagnostic computations on OLR and

NCEP datasets and idealized dry and moist linear model

simulations. They demonstrated the efficiency of such an

approach and obtained results consistent with our own.

We are planning to perform further integrations with a

GCM, with varying large-scale conditions furnished by a

regional nudging approach toward atmospheric analyses,

to further investigate these interactions.
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