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Abstract Intraseasonal (30–80 days) variability in the

equatorial Atlantic-West African sector during March–June

is investigated using various recently-archived satellite

measurements and the NCEP/DOE AMIP-II reanalysis daily

data. The global connections of regional intraseasonal sig-

nals are first examined for the period of 1979–2006 through

lag-regression analyses of convection (OLR) and other

dynamic components against a regional intraseasonal con-

vective (OLR) index. The eastward-propagating features of

convection can readily be seen, accompanied by coherent

circulation anomalies, similar to those for the global tropical

intraseasonal mode, i.e., the Madden–Julian oscillation

(MJO). The regressed TRMM rainfall (3B42) anomalies

during the TRMM period (1998–2006) manifest similar

propagating features as for the regressed OLR anomalies

during 1979–2006. These coherent features hence tend to

suggest that the regional intraseasonal convective signals

might be mostly a regional response to, or closely associated

with the MJO, and probably contribute to the MJO’s

global propagation. Atmospheric and surface intraseasonal

variability during March–June of 1998–2006 are further

examined using the high-quality TRMM Microwave Imager

(TMI) sea surface temperature (SST), columnar water

vapor, and cloud liquid water, and the QuikSCAT oceanic

winds (2000–2006). Enhanced (suppressed) convection or

positive (negative) rainfall anomalies approximately cover

the entire basin (0�–10�N, 30�W–10�E) during the passage

of intraseasonal convective signals, accompanied by

anomalous surface westerly (easterly) flow. Furthermore, a

unique propagating feature seems to exist within the tropical

Atlantic basin. Rainfall anomalies always appear first in the

northwestern basin right off the coast of South America, and

gradually extend eastward to cover the entire basin. A

dipolar structure of rainfall anomalies with cross-equatorial

surface wind anomalies can thus be observed during this

evolution, similar to the anomaly patterns on the interannual

time scale discovered in past studies. Coherent intraseasonal

variations and patterns can also be found in other physical

components.
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1 Introduction

Evident intraseasonal (30–80 days) oscillations in the

tropical Atlantic-West African sector have been discovered

and explored in past studies (e.g., Park and Schubert 1993;

Shapiro and Goldenberg 1993; Matthews 2004; Foltz and

McPhaden 2004; Gu and Adler 2004). These oscillations

could be either associated with atmospheric perturbations

propagated from mid-latitudes (e.g., Park and Schubert

1993; Shapiro and Goldenberg 1993), or the responses to

the global tropical intraseasonal mode (e.g., Park and

Schubert 1993; Matthews 2004): the Madden–Julian

oscillation (MJO). The impact of mid-latitudes is generally

observed during boreal winter and spring when upper-level

westerly mean flow encroaches into the deep tropics. Foltz
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and McPhaden (2004) showed that trade wind fluctuations

at the intraseasonal time scale in the tropical Atlantic

specifically poleward of about 10�S and 10�N might be

related to atmospheric oscillations from higher latitudes. In

the deep tropics (10�S–10�N), on the other hand the MJO

effect becomes important.

The MJO-related regional convective anomalies were

found within the West African monsoon system (e.g.,

Matthews 2004; Gu and Adler 2004). Manifesting as a

‘‘jump’’ during early boreal summer, seasonal variations in

the West African monsoon are actually composed of two

peak rainfall seasons (e.g., Le Barbé et al. 2002; Redel-

sperger et al. 2002): one appears during March–June and in

general stays along or south of the coast of the Gulf of

Guinea, and another is along 10�N within the continent

during boreal summer. Subseasonal components of mon-

soon rainfall are evident (e.g., Sultan and Janicot 2000;

Sultan et al. 2003; Mounier and Janicot 2004). The most

prominent subseasonal rainfall variabilities tend to be

roughly within the two period ranges: 10–20 and

30–80 days (Fig. 1; e.g., Sultan et al. 2003). The first

(10–20 days) mode is closely related to the monsoon

rainfall variability and may result from regional coupled

land/atmosphere interactions (e.g., Grodsky and Carton

2001; Mounier and Janicot 2004). Kiladis and Weickmann

(1997) also examined convection and circulation anomalies

at the 6–30 day time scale in this region based on the

analyses of linear relationships. Features during various

seasons were explored and compared. The second

(30–80 days) mode has been demonstrated to be associated

with the MJO (e.g., Matthews 2004). Matthews (2004)

detailed this global connection during boreal summer when

the major rainy zone (or the ITCZ) is along 10�N over

West Africa. It was further shown that this regional

amplification of the MJO signals could effectively modu-

late convection and easterly wave activities. However,

Matthews (2004) was primarily concentrated on convective

anomalies during boreal summer (July–September) spe-

cifically over land. The possible intraseasonal responses

over tropical Atlantic Ocean were not examined. Here we

will hence focus on this (30–80 days) mode during March–

June when the ITCZ in the tropical east Atlantic-West

Africa (east of 10�W) is along the coast of the Gulf of

Guinea and mostly over ocean (Fig. 2), manifesting the

first monsoon rainfall peak (e.g., Le Barbé et al. 2002;

Redelsperger et al. 2002; Gu and Adler 2004).

We intend to document the intraseasonal (30–80 days)

convective signals in the tropical Atlantic-West Africa

during March–June, explore their global connections, and

further examine their regional properties and responses in

various atmospheric and surface components derived from

space-borne observations. These recently-archived satellite

measurements include the daily rainfall product from the

TRMM Multi-satellite Precipitation Analysis (TMPA;

3B42), TRMM Microwave Imager (TMI) sea surface

temperature (SST), columnar water vapor and cloud liquid

water, and the QuikSCAT oceanic surface winds, in addi-

tion to geopotential height and wind components from the

NCEP/DOE AMIP-II reanalysis project and the 28 year

(1979–2006) outgoing longwave radiation (OLR) satellite

data. Brief introductions to these data sets are provided in

Sect. 2. Results are reported in Sect. 3. Summary and

concluding remarks are given in Sect. 4.

2 Brief description of data

The TMPA rainfall product (3B42) is primarily applied to

quantify tropical convection and precipitation. Archived on

a 0.25� 9 0.25� grid and with a 3-h time resolution, this

dataset is derived from various microwave measurements

(including TMI, SSM/I, AMSR-E, and AMSU-B), cali-

brated infrared (IR) estimates, and surface rain gauges. This

includes four stages: (1) various microwave estimates are

calibrated and combined, (2) IR estimates are calibrated by

microwave estimates, (3) microwave and IR estimates are

combined, and (4) rain gauge data are further applied. The

product extends from 50�S to 50�N, and lasts from 1 January

1998 to the present. Details of input resources and algorithms

can be found in Huffman et al. (2007). For computation

purpose, here the data are further averaged so that the spatial

and temporal resolutions are 1� and daily, respectively.

Several other satellite-derived observations are also used

including the TMI SST, columnar water vapor, and cloud

liquid water, and the QuikSCAT oceanic surface wind

Fig. 1 Spectral power (mm2 day-2) of daily rainfall anomalies over

0�–7�N, 10�W–5�E during March–June. Dotted line is the red-noise

spectrum based on the lag-1 auto-correlation
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vectors. TMI derived products are based on the TMI

radiometer onboard the TRMM satellite. There is a distinct

advantage for TMI SST since TMI can measure SST in the

presence of overlying cloud, if the cloud is not precipit-

ating (Wentz 1997a, b). The QuikSCAT winds are derived

from the SeaWinds scatterometer on board the QuikSCAT

satellite (Liu et al. 1998). Originally archived on the

0.25� 9 0.25� grid, these oceanic data are averaged to the

same 1� grids as 3B42. To have a better sampling coverage,

the 3-day-running-mean data are applied in the present

study. The effective time coverage for the QuikSCAT

surface winds used here is from 1 January 2000 to 31

December 2006. Information about these products can be

found at http://www.remss.com.

OLR data are used here as a proxy for tropical deep

convection primarily for having a relatively longer record

(1979-present). With daily time resolution, the data were

interpolated onto the 2.5� 9 2.5� grid (Liebmann and

Smith 1996). In addition, geopotential height and wind

components from the NCEP/DOE AMIP-II reanalysis

project are applied to show dynamic variations likely

associated with the global impact of the tropical intrasea-

sonal oscillations. They have the same spatial and temporal

resolutions as OLR (Kanamitsu et al. 2002).

3 Results

Figure 2 shows the mean TMPA rainfall, TMI SST, and

QuikSCAT surface wind vectors during March–June. The

major rainfall zone is seen roughly between 0� and 10�N

over the open ocean following warm SST. In particular, the

ITCZ in the Gulf of Guinea (approximately east of 15�W)

appears right south of the coastline, corresponding to the

warmest SST during this season. Simultaneously surface

winds converge into the convective zone featuring the

ITCZ’s dynamic aspect. It is also interesting to note that

the major convection and rainfall over tropical South

America tend to be separated from the maritime ITCZ,

specifically the convection east of about 35�W. We thus

primarily focus on the convection and rainfall between

35�W and 30�E.

3.1 Global connections

The global tropical propagation and impact of the MJO

have been quantified in various past studies (e.g., Knutson

and Weickmann 1987; Wang and Rui 1990; Rui and Wang

1990; Hendon and Salby 1994; Bantzer and Wallace 1996;

Kayano and Kousky 1999; Matthews 2000; Donald et al.

2006). Regional convective amplifications were also

examined in the tropical east Pacific (e.g., Maloney and

Esbensen 2007), South America (e.g., de Souza and Am-

brizzi 2006), and East Africa (e.g., Mutai and Ward 2000;

Pohl and Camberlin 2006a, b). The results in most of these

studies were primarily based on the convective and

dynamic features of the MJO in the tropical Indian-western

Pacific Oceans where the most intense MJO-related-con-

vective signals are usually observed (e.g., Knutson and

Weickmann 1987; Wang and Rui 1990; Rui and Wang

1990; Zhang 2005). In particular, the MJO index applied in

some of them was generally dominated by the behaviors of

the MJO in the tropical Indian-western Pacific Oceans,

though it may be extracted from convection and/or circu-

lation anomalies in the global tropics (e.g., Wheeler and

Hendon 2004).

Given strong evidence of the existence of intraseasonal

(30–80 days) convective signals in the tropical Atlantic-

West Africa (Fig. 1; e.g., Matthews 2004; Gu and Adler

2004; Foltz and McPhaden 2004), here we utilize a

Fig. 2 Mean rain-rate

(mm day-1; contours), SST

(�C; color shades), and surface

vector winds (m s-1; vectors) in

the tropical Atlantic basin

during March–June
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different approach by determining a regional intraseasonal

index directly from convective anomalies in the tropical

Atlantic basin similar as in Matthews (2004). Lagged linear

correlation/regression analyses will then be made to

examine their properties, variations, and possible global

propagating features. These global features can be readily

compared with those derived based on the global MJO

index (e.g., Knutson and Weickmann 1987; Kayano and

Kousky 1999).

An EOF analysis of daily OLR anomalies1 passed

through a 20–100 day band-pass Lanczos filter was made

over a domain of 10�S–20�N, 35�W–30�E during March–

June. The leading eigenvector accounts for 24.2% of the

total intraseasonal variance and is well separated from the

second eigenvector (11.2%) based on the criteria of North

et al. (1982). The second one is also well separated from

the third one (7.1%) that is degenerate along with the rest.

The EOF1 is in general similar to those during boreal

summer.2 shown in Matthews (2004), though the anomaly

features during March–June here cover most part of the

Gulf of Guinea (Fig. 3a). The corresponding first principal

component (PC1) that can provide the temporal variations

of the oscillation signals is also determined. PC1 for one

season (March–June 2005) is shown here just as an

example (solid line in Fig. 3c). PC1 is further normalized

by its standard deviation and applied to represent the

regional intraseasonal convective signals.

Lagged regression maps of OLR anomalies, and stream

function and vector wind anomalies at 850 hPa against this

Fig. 3 a EOF 1 for 20–100-day

filtered OLR anomalies over

10�S–20�N, 35�W–30�E during

March–June (MAMJ), 1979–

2006; b EOF1 for 20–100-day

filtered rainfall anomalies over

the same domain during MAMJ,

1998–2006; c Their

corresponding normalized PC1

time series during MAMJ, 2005

1 Daily anomaly fields are derived for each variable by removing its

corresponding seasonal cycle at each grid denoted by its mean and

first three harmonics.

2 An EOF analysis of daily OLR anomalies during July–September

(JAS) has also been made for verification over the same domain:

10�S–20�N, 35�W–30�E. The results are similar as in Matthews

(2004).
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intraseasonal OLR index are illustrated in Fig. 4. Local

statistical significances are also determined for OLR and

vector wind anomalies based on their corresponding cor-

relation coefficients with the index after taking into account

their temporal autocorrelations (e.g., Matthews 2004; Kil-

adis et al. 2005). At Day 0, i.e., the time when the index

(PC1) reaches its peak, enhanced convection is seen cov-

ering the entire tropical Atlantic-equatorial Africa. The

spatial distribution of OLR anomalies is basically the same

as indicated in EOF 1 (Fig. 3a). Simultaneously, there are

large areas of depressed convection in the tropical Indian

Ocean-western Pacific, particularly between 130� and

160�E. Evident circulation anomalies manifest coherent

dynamic responses at both 850 and 200 hPa (not shown) to

the major convective anomalies in tropical Atlantic-equa-

torial Africa: a baroclinic vertical structure with westerly

(easterly) flow anomalies occurring at lower (higher) level.

Concurrently two evident centers of stream function

anomalies with opposite signs are seen flanking the con-

vective anomalies. These spatial features are a Rossby-

Kelvin wave-type response to anomalous convective forc-

ing, similar to that shown for the MJO in the tropical Indian-

western Pacific Oceans (e.g., Knutson and Weickmann

1987; Hendon and Salby 1994; Kiladis et al. 2005). It is also

of interest to find that a band of enhanced convection

appears roughly at 30�N, 40�–70�E, which could be related

to the westward-propagating Rossby waves radiated from

convective anomalies in the tropical western Pacific 15–

20 days before (Figs. 4a, b).

Eastward-propagating behaviors of OLR anomalies are

clearly shown in Fig. 4. At Day -20, depressed convection

covers the tropical Atlantic-West Africa, roughly an

opposite to Day 0. Enhanced convection appears in the

equatorial west Pacific. Concurrently, positive OLR

anomalies (depressed convection) become stronger in the

tropical Indian Ocean. At Day -15, depressed convection

can still be observed in the tropical Atlantic-West Africa,

while depressed convection in the tropical Indian Ocean

becomes stronger and gradually moves eastward. The

enhanced convection in the equatorial western Pacific

approaches the dateline. At Day -10, negative OLR

anomalies (enhanced convection), though weak, tend to

appear in the tropical eastern Pacific, and positive OLR

anomalies (depressed convection) in the tropical Atlantic-

West Africa disappear and begin to be replaced by negative

OLR anomalies. Depressed convection in the tropical

Indian Ocean becomes much stronger, and approaches the

Maritime Continent and gradually takes control of the

region. At Day -5, enhanced convection begins to occupy

the entire tropical Atlantic basin, and depressed convection

covers the tropical Indian-west Pacific Oceans. Enhanced

convection reaches peak at Day 0, and continues to move

eastward. It is noted that there is a unique feature for the

enhanced (depressed) convection signals propagating from

the tropical Atlantic-West Africa to the tropical Indian

Ocean. As (enhanced/suppressed) convective signals

appear in the tropical Indian Ocean, same-sign anomalies

can still be seen in the tropical Atlantic-West Africa

(Figs. 4a, b, f). It seems that the convective signals there

may be composed of two components: one propagates to

the east, while the other tends to be stationary. Only after

the opposite-sign convective signals move in from the

west, this stationary one begins to disappear and eventually

be replaced. The blocking of the mountains in East Africa

seems to be the possible reason for this standing compo-

nent. Apparently these enhanced (suppressed) intraseasonal

convective anomalies are flanked by two centers of

anomalous stream function and followed by significant

westerly (easterly) wind anomalies at 850 hPa (200 hPa)

coherently propagating eastward. The spatial structures and

global propagating features of these intraseasonal (30–

80 days) convective signals and corresponding dynamic

responses (anomalous winds and stream function) thus

clearly show these signals’ global connection, generally in

agreement with other studies (e.g., Knutson and Weick-

mann 1987; de Souza and Ambrizzi 2006). Figure 5a

further illustrates this global connection, even though

eastward-propagating convective signals are weak in the

tropical central-eastern Pacific.

It hence may conclude that regional intraseasonal

oscillations in the tropical Atlantic-West Africa are

responses to, or closely connected with the MJO, in good

agreement with the results during boreal summer shown in

Matthews (2004). Gu and Adler (2004) indicated that these

intraseasonal convective signals did have similar spectral

properties during boreal spring and summer, in contrast to

an evident seasonal change for synoptic-scale disturbances.

Matthews (2004) suggested an equatorial wave mecha-

nism to account for the connection between these regional

convective anomalies and the MJO during boreal summer.

The eastward-propagating Kelvin and westward-propaga-

ting Rossby waves originally excited by negative

intraseasonal convective anomalies in the tropical western

Pacific about 20 days earlier eventually met at Day 0 over

tropical Africa. The waves-accompanying midtropospheric

cooling then destabilized the troposphere and induced

anomalous convection over Africa. It is of interest to further

explore whether and how this mechanism acts during

March–June. Figure 6 shows the longitude-time lags

regressions of various fields between 0� and 7�N, corres-

ponding to the latitudes of the major rainy zone during this

season in the tropical east Atlantic-West Africa (Fig. 2),

against the regional intraseasonal OLR index. Large-scale

(zonal wavenumber one) structure of upper-level diver-

gence anomalies denoted by velocity potential at 200 hPa is

seen to continuously propagate eastward around the tropics

G. Gu: Intraseasonal variability in the equatorial Atlantic-West Africa 461

123



Fig. 4 Lagged regression maps

of OLR anomalies (W m-2;

color shades), and stream

function (105 m2 s-1; blue
contours) and vector wind

(m s-1) anomalies at 850 hPa

on a day -20, b day -15, c day

-10, d day -5, e day 0, f day

+5, g day +10, and h day +15.

For OLR and wind vectors, only

anomalies at the 95%

significance level are shown
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(Fig. 6a; e.g., de Souza and Ambrizzi 2006), approximately

with the same speed as the eastward-propagating convec-

tive anomalies. This global propagating feature is generally

consistent with past studies (e.g., Knutson and Weickmann

1987; Kayano and Kousky 1999; de Souza and Ambrizzi

2006). Faster, eastward-propagating equatorial Kelvin wave

signals (responding to both positive and negative convec-

tive anomalies in the tropical western Pacific) seem to

appear in other three fields east of 180�W where convective

anomaly (OLR) signals are usually weak (Figs. 6b, c, d).

The impacts of the mountains in Central America (about

80�W) and the East African Highlands (about 35�E) on

these wave modes can also be seen specifically in zonal

wind at 850 hPa and geopotential height at 925 hPa, con-

firming the results in Matthews (2000). Further inspections

of Fig. 6b, however, indicate that the time-lags between

enhanced convection over tropical Atlantic-West Africa at

Day 0 and low-level westerly flows are quite small, dif-

ferent than in the tropical Indian and western Pacific

Oceans. Faster eastward-moving Kelvin waves excited by

the negative convective anomalies in the tropical Indian-

western Pacific roughly peaking at day -5 to -10 seem

to be the reason. These waves propagate eastward quickly

in the tropical central-eastern Pacific so that the wave

signals associated westerly wind anomalies can catch up

the positive convective signals moving with the upper-

level divergence anomalies over the tropical Atlantic-West

Africa. However, these eastward-propagating Kelvin waves

may not be the reasons for the positive convective anoma-

lies over the tropical Atlantic-West Africa at Day 0, even

though they may enhance these convection-related low-

level westerly winds, tending to be in disagreement with

Matthews (2004). Positive convective anomalies over

tropical Atlantic-West Africa at Day 0 lead both positive

geopotential height anomalies at 925 hPa and negative

temperature anomalies at 300 hPa by several days. The

anomalies in these two fields are responses to the negative

convective anomalies in the tropical western Pacific. Nev-

ertheless, weak geopotential height anomalies over the

tropical Atlantic-West Africa at Day 0 tend to suggest that

these faster-moving Kelvin waves could catch up the

positive convective signals over this region and may thus

neutralize the positive convection-related negative geopo-

tential height anomalies. Weak temperature anomalies

corresponding to the intense positive convective anomalies

over the tropical Atlantic-West Africa at Day 0 also tend to

support this view. Thus intraseasonal convective anomalies

over the tropical Atlantic-West Africa are more directly

related to the MJO associated upper-level divergence wind

anomalies than those fast eastward-propagating Kelvin

waves. However, these waves related low-level westerly

and mid-tropospheric cold temperature anomalies could be

responsible for the sustaining of convective anomalies and

thus the formation of the stationary convective components

(Figs. 4a, b, f), through the mechanism suggested in Mat-

thews (2004), in addition to the impact of the mountains in

East Africa. Also, the intraseasonal convective anomalies

over the tropical Atlantic-West Africa may actively con-

tribute to these anomalous upper-level divergence winds

and their global propagation.

3.2 Satellite observed regional variability

The global connections of intraseasonal (30–80 days)

oscillations in the tropical Atlantic-West Africa are

examined in last section. Here, we further investigate

their regional properties by means of various satellite

measurements including the TMPA rainfall, TMI SST,

columnar water vapor, and cloud liquid water, and the

QuikSCAT oceanic winds. The procedures same as

extracting the intraseasonal OLR index are used to

determine an intraseasonal rainfall index during the

Fig. 5 Longitude-time lag

maps of a OLR (W m-2) and b
rainfall (mm day-1) anomalies

along 0�–7�N regressed against

the intraseasonal OLR and

rainfall indices, respectively.

Contour intervals are 2 W m-2

and 0.5 mm day-1 for OLR and

rainfall anomalies, respectively.

Zero contours are omitted.

Anomalies at the 95%

significance level are shaded.

OLR anomalies are deduced for

the period of 1979–2006, and

rainfall anomalies for the period

of 1998–2006
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TRMM period: 1998–2006. An EOF analysis is applied to

the 20–100-day band-pass-filtered TMPA daily rainfall

anomalies during March–June over a domain of 10�S–

20�N, 35�W–30�E. The leading eigenvector accounts for

12.5% of the total variance and is well separated from the

second eigenvector (8.4%). The second one is also well

separated from the third one (5.8%) that is degenerated

together with the rest ones. Thus the normalized first

principal component (PC1) is applied here as an index to

represent intraseasonal rainfall oscillations. This index is

highly correlated with the OLR one (Fig. 3c). Their

simultaneous correlation during 1998–2006 is -0.79, well

above the 1% confidence level [approximately ± 0.25

based on 100 degrees of freedom (dofs)]. The corre-

sponding EOF1 is also shown in Fig. 3b. Its spatial

structure is roughly the same as the OLR EOF1. How-

ever, the OLR center over land between 5� and 20�E

disappears in the rainfall EOF1, indicating the difference

between rainfall and OLR.

Global tropical rainfall anomalies regressed against

these two indices basically manifest the same spatial pat-

terns (not shown). To show the consistency of spatial and

temporal features in both rainfall and OLR anomalies in the

tropics, lag-regressions of rainfall anomalies against the

intraseasonal rainfall indices are computed for comparison

(Fig. 5). Even though the time periods for rainfall and OLR

anomalies are different, these two variables show a very

similar eastward-propagating pattern associated with the

intraseasonal oscillations in the tropical Atlantic-West

Africa.

Based on the intraseasonal rainfall index, time-lag linear

regressions are calculated for various satellite-measured

components (Figs. 7, 8, and 9). As mentioned above, we

focus on the responses within the tropical Atlantic basin.

There are a series of rainfall anomalies occurring and

evolving in the tropical Atlantic-West African sector from

Day -20 to Day +15 (Fig. 7), similar as OLR anomalies

shown in Fig. 4 but with more details. At Day -20, nega-

tive rainfall anomalies occupy the deep tropical region,

tilting from southwest to northeast. Interestingly, a small

area of positive rainfall anomalies appears in the north-

western basin right off the coast of South America. At Day

-15, positive rainfall anomalies in the northwestern basin

become stronger, along with the strengthening of negative

Fig. 6 Longitude-time lag

regression maps of OLR

(W m-2; thick contours) and a
velocity potential (vp;

105 m2 s-1; fine contours) at

200 hPa, b zonal wind

(u; m s-1; fine contours) at

850 hPa, c geopotential height

(ght; m; fine contours) at

925 hPa, and d air temperature

(Tair; K; fine contours) at

300 hPa along 0�–7�N against

the intraseasonal OLR index.

Contour interval for OLR

anomalies is 2 Wm-2. Contour

intervals are 5 9 105 m2 s-1,

0.3 m s-1, 1.5 m, and 0.06 K

for velocity potential, zonal

wind, geopotential height, and

air temperature anomalies,

respectively. Zero contours are

omitted. Anomalies for vp, u,

hgt, and Tair are shaded at the

95% significance level
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anomalies occupying the most deep tropical region. At Day

-10, negative rainfall anomalies become weaker accom-

panied by the further strengthening of positive rainfall

anomalies in the northwestern basin. At Day -5, positive

anomalies virtually scatter over the entire basin including

the two neighboring continents, except near the coast of

South America. Positive rainfall anomalies reach their peak

at Day 0 and generally occupy most of the equatorial

region specifically east of about 35�W. Concurrently, a

small region in the northwestern basin appears to be cov-

ered by negative rainfall anomalies. Positive rainfall

anomalies begin to weaken at Day +5. Negative rainfall

anomalies begin to occupy the deep tropical region again at

Day +10, and reach their peak at Day +15, with the

seemingly concurrent appearance of positive rainfall

anomalies in the northwestern basin. It thus seems that

rainfall changes always appear first in the northwestern

basin, and then extend eastward to occupy the deep tropical

region, manifesting a dipolar structure of rainfall anomalies

during the passage of the intraseasonal signals.

Compared with the OLR anomalies regressed against

the OLR index at Day 0 (Fig. 4e), similar global features

are found for intraseasonal convective and rainfall ano-

malies, specifically in the deep tropics (not shown).

However, the evolution patterns shown in Fig. 7 suggest

that the TRMM rainfall anomalies provide more detailed

spatial structures and propagating features within the

tropical Atlantic basin. Also, over West Africa much

Fig. 7 Lagged regression maps

of rainfall (mm day-1; color
shades) and surface wind

anomalies (m s-1; vectors) in

the tropical Atlantic basin

against the intraseasonal rainfall

index. Only anomalies at the

90% significance level are

shown
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weaker rainfall anomalies are seen north of the coastline of

the Gulf of Guinea than OLR anomalies indicate (Fig. 7).

As mentioned above, this is most likely due to the differ-

ence between surface rainfall and OLR signals. OLR even

shows a different seasonal cycle in this region (not shown).

Some evident discrepancies between regressed OLR and

rainfall anomalies also exist poleward of about 20�S and

20�N, in particular along 30�N, 30�–60�E (not shown),

suggesting the ineffectiveness of OLR representing con-

vective activities in the extratropical regions.

A close correspondence between surface wind and

rainfall anomalies is evident in the equatorial Atlantic

region. Anomalous westerly (easterly) flow generally

corresponds to positive (negative) rainfall anomalies.

Cross-equatorial flow anomalies are also seen following

rainfall anomalies. It is of interest to note that strong cross-

equatorial flows appear in the northwestern basin at Day

-15 and -10, corresponding to the dipolar structure of

rainfall anomalies. This kind of structure has been shown

for the rainfall changes on the interannual time scale

because of anomalous ITCZ shift during boreal spring

(e.g., Nobre and Shukla 1996; Ruiz-Barradas et al. 2000).

Intense surface wind anomalies can also be observed

poleward of about 20�S and 20�N, even stronger than in the

deep tropics, generally consistent with Foltz and McPhaden

(2004).

Lagged SST responses are found in the tropical Atlantic

(Fig. 8), though relatively weak. Systematic positive SST

Fig. 8 Lagged regression maps

of SST anomalies (�C; color
shades) and surface wind

anomalies (m s-1; vectors) in

the tropical Atlantic basin

against the intraseasonal. Only

anomalies at the 90%

significance level are shown
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anomalies appear at Day -15 and reach their peak at Day

-10. At Day 0, positive SST anomalies, however, become

weaker and are primarily along the equator within the Gulf

of Guinea, surrounded by negative anomalies. At Day +5,

negative SST anomalies become stronger north of the

equator right off the coastline of West Africa. Positive SST

anomalies are seen from the western basin to the eastern

basin along the equator. This evolution pattern likely

indicates the interactions of convection and rainfall with

SST, though the maximum SST anomalies are generally

less than 0.12�C. Similar as the changes on the interannual

time scale (e.g., Gu and Adler 2006), the most intense SST

responses tend to be in the eastern basin off the coast of the

African continent. Likely responding to anomalous surface

winds, SST anomalies are also observed poleward of about

20�S and 20�N.

Regressed columnar water vapor and cloud liquid water

patterns at Day 0 are generally consistent with rainfall

anomalies (Figs. 7, 9). In particular, cloud liquid water

anomalies closely follow rainfall changes from Day -20 to

Day +10, reasonably indicating their internal relationship.

Systematic positive water vapor anomalies occur at Day

-10 tending to appear earlier than the reaching of positive

rainfall anomalies in the eastern basin. It is also found that

water vapor anomalies usually occupy larger areas in the

tropical region than rainfall anomalies.

Fig. 9 Lagged regression maps

of columnar water vapor (Vap)

(mm; color shades in left panel)

and cloud liquid water (Cld)

anomalies (mm; color shades in

right panel), and surface wind

anomalies (m s-1; vectors) on

Days -20, -10, 0, and +10.

Only anomalies at the 90%

significance level are shown
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The responses in surface convergence and absolute

vorticity fields are weak, and more complicated by fea-

turing more spatial structures (not shown). However,

coherent correspondences to rainfall anomalies can still be

seen. Strong convergence occurs in the tropical region at

Day 0 corresponding to intense positive rainfall anomalies.

Furthermore, surface convergence band appears at Day

-10 following the eastward extending of positive rainfall

anomalies. Vorticity anomalies also occur accompanying

the evolutions of rainfall anomalies. The most intense

convergence and vorticity responses seem to be poleward

of at least 10�S and 10�N where intense vector wind

anomalies appear.

To further examine the possible relationships among

these components during the passage of the intraseasonal

signals, lag-correlations are estimated between the anom-

alies along 0–7�N and the intraseasonal rainfall index

(Fig. 10). As expected, the largest positive correlations for

rainfall anomalies appear at Day 0, primarily along 30�W–

10�E (Fig. 10a). There is another small area of positive

correlation in the western basin about 10–15 days earlier.

A break is seen between these two due to the eastward

extending of rainfall anomalies originating from the

northwestern basin and the formation of a corresponding

dipolar structure. The correlation pattern is consistent with

the regressed rainfall anomalies shown in Fig. 5b. Com-

pared with Figs. 5b, 7 and 10a, it tends to suggest that the

intraseasonal oscillations in rainfall in the tropical Atlantic

basin has a period of about 30 days, in good agreement

with the averaged period (32 days) for the quasi-monthly

rainfall oscillations primarily concentrated in the tropical

Indian and western Pacific oceans (Wang et al. 2006).

Evident lag-correlations are observed between SST and

rainfall anomalies (Fig. 10d). As shown in Fig. 8, high

positive correlations east of about 30�W appear during the

days roughly from Day -5 to -15. Weak negative corre-

lations are seen following the peak positive rainfall

anomalies east of about 30�W, suggesting the impact of

convection and precipitation on oceanic surface. In the

western basin, an opposite situation seems to appear even

though local rainfall anomalies are much weaker (Figs. 5, 7).

Positive correlations corresponding to surface warming

Fig. 10 Longitude-time lag

correlation maps of a rainfall,

b columnar water vapor, c cloud

liquid water, d SST, e zonal

wind, and f meridional wind

anomalies averaged between 0�
and 7�N in the tropical Atlantic

basin with the intraseasonal

rainfall index. Positive

(negative) time-lags indicate

that the index lags (leads) these

anomalies. Solid (dashed)

contours denote positive

(negative) correlation. Contour

interval is 0.08, and the first

positive (negative) contour is

0.08 (-0.08). Zero contours are

omitted. Shaded are the

correlation coefficients at the

90% significance level (±0.16)
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during Day +5 to +15 are observed, possibly a remote

response to rainfall changes in the eastern basin (east of

about 30�W). Nevertheless, the lag-0 correlations between

SST anomalies and the intraseasonal rainfall index are

insignificant for the entire basin.

Lag-correlations between columnar water vapor and

cloud liquid water, and the intraseasonal rainfall index

generally show similar features as for rainfall anomalies

(Figs. 10b, c), especially for the anomalies of cloud liquid

water. For columnar water vapor, a wider range of significant

positive correlation is seen approximately from Day -10 to

+5. Furthermore, water vapor anomalies east of 30�W tend

to lead rainfall anomalies by about 3–5 days (Fig. 10b).

Positive correlations between zonal wind anomalies and

the intraseasonal rainfall index appear during Day -5 to

+10 (Fig. 10e), showing a lagged response of zonal wind

to the intraseasonal rainfall changes. From Day -20 to

-10, significant negative correlations are observed, corre-

sponding to negative rainfall anomalies or basin-wide

drying. Interestingly, the same-sign changes in zonal wind

component tend to occur simultaneously in the entire basin,

in contrast to the discontinuities for other variables shown

in Fig. 10. This may imply the dominant contributions

from rainfall anomalies east of 30�W. The correlations for

meridional wind anomalies are much weaker than for zonal

wind anomalies (Fig. 10f). However, significant negative

lagged correlations can still be seen in the major rainfall

anomaly zone during Day -5 to +10, suggesting convec-

tive contributions to surface meridional wind anomalies.

Negative correlations between surface divergence and the

intraseasonal rainfall index appear roughly at the same-

time lags and the same longitudes as positive rainfall

anomalies (not shown). Some coherent feature can still be

seen for vorticity anomalies (not shown), specifically a

positive correlation area is observed along 20–30�W during

Day 0 to +5.

4 Summary and concluding remarks

Intraseasonal (30–80 days) oscillations in the tropical

Atlantic-West Africa during March–June when the first

monsoon rainfall peak appears are examined primarily by

means of analyzing various satellite measurements. Major

results are summarized as follows:

• With coherent convective and dynamic propagating

features, regional intraseasonal convective signals are

closely associated with the global tropical (eastward-

propagating) intraseasonal mode, i.e., the MJO. Spe-

cifically, convective anomalies over the tropical

Atlantic-West Africa are related and may feedback to

the large-scale (zonal wavenumber one), upper-level

intraseasonal divergence (velocity potential) anomalies

continuously circulating the global tropics.

• Fast, eastward-propagating Kelvin waves excited by the

negative convective anomalies in the tropical western

Pacific 5–10 days before seem not to be the major

reason for enhanced convection at Day 0 over the

tropical Atlantic-West Africa. However, they may

contribute to the sustaining of convective anomalies

and hence the appearance of the stationary components

of convection in this region through these waves

associated low-level westerly flow and mid-tropo-

spheric cold temperature anomalies.

• Intraseasonal rainfall changes always begin to appear in

the northwestern basin right off the coast of South

America, and gradually extend eastward to eventually

cover most of the tropical basin (roughly 35�W–10�E).

Hence a dipolar structure of rainfall anomalies can be

seen during the evolution. This dipolar structure tends

to be similar to the rainfall changes on the interannual

time scale.

• The intraseasonal anomalies in columnar water vapor

and cloud liquid water show similar spatial distribu-

tions and evolution patterns as rainfall anomalies.

Water vapor anomalies generally cover a larger area

and lead rainfall and cloud anomalies by about 5 days.

• Coherent surface wind anomalies are readily observed

accompanying intraseasonal rainfall anomalies. Wes-

terly (easterly) flow anomalies follow positive

(negative) rainfall anomalies with strong cross-equato-

rial wind anomalies. However, the most intense wind

anomalies are located poleward of about 20�S and

20�N. Intraseasonal oscillations associated coherent

surface divergence and vorticity anomalies can be

observed in spite of much more scattered spatial

structures. Furthermore, their most intense anomalies

occur poleward of about 20�S and 20�N just as vector

wind anomalies.

• SST warms usually about 5–15 days prior to the

strongest positive rainfall anomalies in the basin.

Warming in the western basin (west of 30�W) and

weak cooling in the eastern basin are also found

following the most intense positive rainfall anomalies.

Nevertheless, the most intense SST anomalies tend to

be in the eastern basin right off the African coast. Lag-

correlations between SST anomalies along 0�–7�N and

the intraseasonal rainfall index indicate that SST

warming in the western basin lags the major positive

rainfall anomalies (mostly located east of 30�W) by

about 5–10 days, likely suggesting a major contribution

of intraseasonal convective and rainfall signals.

Coherent intraseasonal oscillations described here are

surely important for understanding the seasonal and even
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longer-than-seasonal variability in the tropical Atlantic-

West Africa. How crucial these oscillations are to the

onset and strength of the West African monsoon has yet

to be explored. In a companion study, their possible cli-

matological components are examined specifically in the

eastern basin and seem to be an important component of

the West African monsoon system. Also why there is a

similar dipolar structure of rainfall anomalies on both

intraseasonal and interannual time scales in the tropical

Atlantic need to be further investigated, even though we

know the impact from the tropical Pacific is essential at

both time scales.
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