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ABSTRACT

Composite maps of outgoing longwave radiation (OLR) anomalies over the Madden—Julian oscillation
(MJO) cycle show marked intraseasonal fluctuations over southern Africa (south of 15°S). Large-scale
convective clusters are seen to propagate eastward and then northward over the continent, mainly between
10° and 20°S. The corresponding response of the rainfall field presents the alternation, over the cycle, of dry
and humid phases, which are both significant. Moisture flux anomalies indicate an intraseasonal modulation
of the midtropospheric easterly flow over the Congo basin at 700 hPa; these fluctuations are coupled to
meridional flux anomalies that extend from the tropical to the subtropical austral latitudes, and favor
occurrences of wet or dry conditions over the domain. Though statistically significant, the influence of the
MJO on southern Africa is however not homogeneous spatially, and only the tropical areas exhibit sharp
periodicities in the 30-60-day period range.

The OLR dipole observed in previous studies at the interannual and synoptic time scales between the
hinterland parts of southern Africa and the southwestern Indian Ocean in the north of Madagascar is
investigated next, as it also shows strong fluctuations at the intraseasonal time scale. The study points out
that the dipole is partly influenced by the MJO, though the strongest periodicities are found for slightly
longer periods (35-80 days) than those typically associated with the oscillation. The forcing of the MJO on
the OLR dipole, though significant, remains thus partial.

1. Introduction Indian (Yasunari 1979, 1980, 1981) and Australian
(Hendon and Liebmann 1990a,b) monsoon systems.
Over Africa the effects of the intraseasonal oscillation
are not as well understood. Matthews (2004) showed
that it significantly affects the West African monsoon.
Mutai and Ward (2000) suggested that it is also impli-
cated in the alteration of wet and dry phases during the

rainy seasons over equatorial East Africa, which was

t(_) 'the ! I.aritime Cpntinent and then to the wes.tern Pa- confirmed by Pohl and Camberlin (2006). The effects of
cific basin. The time taken by the MJO to rejuvenate . ——
the intraseasonal oscillation over coastal and western

over the Indian Ocean is typl.cally between 40 and 45 Tanzania were more specifically discussed in Kijazi and
days, but more generally varies from 30 to 60 days. Reason (2005) and Mapande and Reason (2003).
Therefore, it holds out the promise of significant me- The location of southern Africa. between 15° and
dium.-range predictability in the tropical atmosphere 35°S, interestingly questions to what extent the MJO is
(V\rll?}lllse;/[etoal. 1999;1 Waliser et al. 120(,)3)' “h th liable to imply intraseasonal fluctuations in the rainfall
¢ MJO was shown to strongly interact with the field. The subtropical part of the domain, located far
away from the core regions of the MJO, and showing
c Ji hor address: Bentamin Pohl. Centre de R strong interactions with the austral midlatitudes (Har-
orresponding autnor aadress: benjamin ronl, CLentre de Re- . . .
cherches de Climatologie, Faculté des Sciences Gabriel, BP27877 rlSOI.l 1984, _1986’ Washlngton and Todd 1999)’ seems
F-21078, Dijon CEDEX, France. particularly important to focus on. Several recent stud-
E-mail: benjamin.pohl@u-bourgogne.fr ies, such as Goulet and Duvel (2000), Roundy and

It has been established for decades that the Madden-—
Julian oscillation (MJO) is the dominant mode of in-
traseasonal variability in the tropical atmosphere (Mad-
den and Julian 1994; Zhang 2005). It basically consists
in a slow eastward propagation of large-scale convec-
tive clusters along the equator, from the Indian Ocean
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Frank (2004), and Zhang and Dong (2004), indeed
showed that the MJO tends to be preferentially located
in the 10°-15° latitudes in the summer hemisphere.
During austral summer, the oscillation also tends to
show its most coherent signals, with a marked propa-
gation of convective anomalies in the Eastern Hemi-
sphere (Hendon et al. 1999).

However, following Makarau and Jury (1997) or Jury
(1999), the MJO was not the primary process involved
in intraseasonal convective fluctuations over the area.
Several studies (Lyons 1991; Todd and Washington
1999; Washington and Todd 1999; Todd et al. 2004)
pointed out that major rainfall fluctuations are for in-
stance related to “tropical-temperate troughs” (TTTs)
resulting from interactions between the tropical circu-
lation and the midlatitude dynamics. These TTT sys-
tems are primarily observed at the synoptic scale, and
thus on shorter time scales than those of the MJO.
Nevertheless, Levey and Jury (1996) showed that the
rainfall and evaporation fields also exhibit significantly
longer periodicities, in the 30-60-day time range, which
is indeed reminiscent of the MJO. More recently, an
objective classification of large-scale atmospheric circu-
lation anomalies over the western Indian Ocean region
(Pohl et al. 2005) concured on significantly induced
rainfall anomalies extending over the entire east coast
of Africa, from Arabia to southern Africa; the MJO
was particularly involved in the rain-causing processes.

In the present paper a quantification of the role of
the MJO over southern Africa is proposed, using newer
statistical approaches to capture the intraseasonal sig-
nal. Focus is thus on the intraseasonal variability of
atmospheric convection and associated rainfall over
southern Africa (south of 15°S) during the summer pe-
riod (October through April). Section 2 depicts the
data and methodology used for this work. Section 3
documents the intraseasonal fluctuations in tropical
convection over the region. Section 4 focuses on the
rainfall response to the MJO-induced fluctuations. The
results are then summarized and discussed in section 5.

2. Data and methods

Rainfall amounts over Southern Africa are provided
by the rain gauge records compiled in the South Afri-
can Water Research Commission dataset (Lynch 2003).
For the 1970-99 period, 7665 stations (out of ~11 000),
presenting no missing values, are extracted; they docu-
ment the rainfall field over South Africa and the neigh-
boring countries of Lesotho and Swaziland (Fig. 1). To
extend the domain to the lower latitudes (Namibia,
Botswana, Zimbabwe, and Mozambique), a second
group of 72 stations was extracted, from only the 1970-
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FIG. 1. Location of the rain gauge stations. The black points
correspond to the 7665 subtropical stations, available for the
1970-99 period. The gray circles show the 72 additional tropical
stations, available for 1970-89.

89 period, for reasons of availability. For the latter,
missing values were filled up using the surrounding val-
ues, by a 15-day moving average process with a mini-
mum tolerance of at least 7 days informed. To allow
comparison between the two groups of stations and to
remove high-frequency noise, all rain gauge records
were filtered using a Butterworth 10-day low-pass filter.
The efficiency of this filtering technique was for in-
stance discussed in Fink and Speth (1997). The use of
such a low-pass filter is seen to have a very limited
impact on the final results (not shown), and in particu-
lar on the significance of the intraseasonal fluctuations.
The Climate Prediction Center (CPC) Merged Analysis
of Precipitation (CMAP) dataset (Xie and Arkin 1997)
provided additional rainfall estimates based on rain
gauge and satellite measurements. It is available since
1979 at the pentad (5 day) time scale, on a 2.5° X 2.5°
regular grid.

Atmospheric dynamics are provided by the National
Centers for Environmental Prediction—-Department
of Energy (NCEP-DOE) Atmospheric Model Inter-
comparison Project (AMIP-1I) (NCEP-2) reanalyses
(Kanamitsu et al. 2002). This study makes use of the
zonal (U) and meridional (V') components of the wind
(ms™'). Specific humidity (Q, g kg™ ') was calculated
from the relative humidity (rh, %) and air temperature
(7, K) using the Goff-Gratch equation (Goff and
Gratch 1946). Moisture flux anomalies were derived
from the fields U, V, and Q. Tropical convection was
estimated using the daily version of the outgoing long-
wave radiation (OLR) dataset (Liebmann and Smith
1996). OLR is available for the period 1974-today, with
a 10-month gap in 1978. Sea surface temperatures
(SSTs) are obtained from the Hadley Centre Sea Ice
and SST dataset (HadISST; Rayner et al. 2003); they
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are available at the monthly time scale on a 1° X 1°
regular grid, for the 1950-today period.

The intraseasonal oscillation was extracted using
daily MJO indices following a methodology detailed in
Wheeler and Hendon (2004), and also used in Mat-
thews (2000) and Hsu and Lee (2005). They are based
on a principal component analysis (PCA) applied on
atmospheric fields known to significantly respond to
the MJO. We chose here the 20-75-day filtered velocity
potential deseasonalized anomalies at 200 hPa (x,) as
it constitutes an accurate descriptor of the MJO (Knut-
son and Weickmann 1987). The filter was applied to
remove other signals, among which were those associ-
ated with the El Nifio-Southern Oscillation (ENSO).
Here, x,q, is derived from the NCEP-National Center
for Atmospheric Research (NCAR) reanalyses (Kalnay
et al. 1996), for the 1970-99 period. The PCA is calcu-
lated on the tropical belt, between 20°N and 20°S. The
first two PCs, explaining 79% of the initial variance, are
in quadrature, which makes it possible to use polar co-
ordinates to characterize intraseasonal activity (Mat-
thews 2000). A distance measurement quantifies the
global amplitude of the oscillation, and an angle mea-
surement indicates its phase, that is, the corresponding
longitude of the MJO-associated convective clusters
within the Tropics. The main interest is that each MJO
cycle is strictly equal to 27 rad, instead of varying tem-
porally from 30 to 60 days. As similar extractions of the
MJO are quite well known, the results of the PCA are
not shown here.

To illustrate how the MJO indices can be used, the
Hovmoller diagram in Fig. 2 depicts the mean eastward
propagation of atmospheric convection along the equa-
tor during the austral summer season. The analysis is
applied for October—April (ONDJFMA) 1974-99, the
longest common period between the rainfall and OLR
data; 1978 was excluded from the analysis. As an MJO
cycle strictly corresponds to 27 rad. It is noted that
one-eighth of the cycle (i.e., Aw/4) typically represents
a 5-6-day period, in the case of a median period value
made up of between 40 and 48 days.

MJO-associated convective clusters (negative OLR
anomalies) are located over Africa between phase 77/4
and /4. Then they shift over the Indian Ocean (phases
7/4 to w/2) where they exhibit their stronger convection
anomalies, before dramatically decreasing over the
western Pacific near the date line (phase 57/4). On the
contrary, suppressed convection over Africa is centered
on phase . At this time of the cycle the MJO convec-
tion zonal dipole between the Indian (suppressed con-
vection) and the Pacific (enhanced convection) domain
is clearly observed. The symmetric situation is found at
phase 2.
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Fi1G. 2. Hovmoller diagram of composite OLR anomalies
(W m™2) along the equator (5°N-5°S) over the MJO cycle, after
removal of the annual cycle. The period of analysis is October
through April, from 1974 to 1999. Contour interval (CI) is 5 W
m~?; see legend for shading. Solid black lines encompass anoma-
lies that are significant at the 95% level according to a ¢ test.

During austral summer, OLR anomalies reach the
95% significance level over major parts of the tropical
belt, even in the Western Hemisphere where the MJO
is much weaker. The MJO-influenced areas also in-
clude equatorial Africa, as significant positive and
negative OLR anomalies alternate over the cycle. The
influence of the MJO on southern African convection is
thus questionable; it is discussed in section 3.

3. Intraseasonal convective activity over southern
Africa

a. Mean fields

To examine the amplitude of intraseasonal fluctua-
tions of convection over the area, the standard devia-
tion of the 20-75-day bandpass-filtered OLR (o ) is
first represented (Fig. 3). Such a filtering makes it pos-
sible to use OLR as a proxy for MJO activity (Hsu and
Lee 2005). Note however that all other results concern-
ing OLR are based on unfiltered values.

The extension area of the MJO during austral sum-
mer (Fig. 3), that is, the Indian and west Pacific basins,
clearly appears as the area over which o g is the high-
est. The spatial pattern of o is reminiscent of the
location of the ITCZ at this time of the year (Waliser
and Gautier 1993). Over the oceans, a very strong spa-
tial consistency is indeed found between o, g and the
mean SST field during the season, the areas where SST
is over the 27.5°C critical threshold (Graham and Bar-
nett 1987) corresponding to the strongest OLR fluctua-
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FIG. 3. Std dev of 20-75-day bandpass-filtered OLR grid points (W m~?), October-April
1974-99. See legend for shading. The white lines are isotherms that show the mean SST values
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over the 27.5°C critical threshold during the same period. CI is 0.5°C.

tions at the intraseasonal time scale. Interestingly the
OLR grid points over landmasses and oceans exhibit
sharp contrasts, for example, over the Maritime Conti-
nent region, and intraseasonal convection is more
strongly modulated by the MJO over the oceanic parts
of the domain. Two exceptions are however noticeable:
The main one corresponds to the Australian monsoon,
significantly responding to the MJO (Hendon and
Liebmann 1990b). The second one takes place over
southern Africa (14°-22°S), denoting another potential
forcing of the oscillation over the region. Over the con-
tinents, highest oo g values thus correspond to the
principal heat lows and associated convection areas
(Angola low in southern Africa, Queensland, and Pil-
bara lows in Australia). Schematically, during Southern
Hemisphere summer, MJO activity seems therefore to
be located farther south over continental areas than
OVer oceanic ones.

Composites of OLR anomalies over the MJO cycle
are then mapped over the African domain (Fig. 4). To
replace each eighth of the cycle in its context please
refer to Fig. 2: convection is over equatorial Africa at
phase 27/0, over the Maritime Continent from phase
7/2 to mr, etc. The northern part of the domain in Fig. 4
confirms what was shown in Fig. 2: the main MJO-
induced convection is found over equatorial Africa dur-
ing the above-mentioned phase. The equatorially
trapped convective clusters barely reach 15°S. Farther
south the OLR patterns are more complicated, and ac-
tive convection is not synchronous with respect to that
of the equatorial latitudes.

The convective signal appears particularly early over
the southern part of Africa and has already dissipated
when the clusters emerge along the equator. The first
negative OLR anomalies are found over southern
Angola and northern Namibia at phase 3w/4 — r, and
more clearly at the following 7 — 57/4 phase, that is,
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when equatorial Africa experiences its phase of sup-
pressed convection (Fig. 2). After that, these anomalies
extend and shift southeastward over Botswana (phase
S5m/4-3m/2). Then they intensify, propagate to the
north, and reach Zimbabwe and southern Tanzania
around phase 77/4. Conditions are now gathered for
convection to develop at the very low latitudes, where
the MJO-associated convective clusters are indeed ob-
served at this time. A convective precursor is thus iden-
tified over Angola and Namibia. More important, the
OLR field seems to locally and significantly respond to
the MJO forcing. It is nevertheless noticed that MJO-
associated convection does not seem to reach the south-
ernmost part of South Africa.

Two questions arise now. (i) Are the OLR anomalies
significantly triggered by the MJO over the region?
(ii) Are the convective precursor and the northward
migration of convection also detected by a local mode
analysis (Goulet and Duvel 2000), which is particularly
accurate for depicting MJO-associated propagation
patterns?

Figure 5 shows the results of an analysis of variance
(ANOVA) between the OLR grid points and the eighths
of the MJO cycle (i.e., 0-m/4, w/d—m/2, . .., Tw/4-2) to
which each day of the period is assigned. The MJO
phases significantly discriminate the fluctuations in the
OLR values over major parts of the continent, and even
of the surrounding Atlantic and Indian Oceans. Signifi-
cance is also reached over Madagascar and the south-
west Indian Ocean (SWIO) heights. In other words,
intraphase variance is significantly lower than inter-
phase variance over these regions.

South Africa seems to be located at the extreme pe-
riphery of the MJO extension domain, and its austral
parts, which include the south coast and the Cape re-
gion, do not reach the 95% significance level. This par-
ticular location reinforces the interest of an analysis of
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FIG. 4. Composite maps of deseasonalized OLR anomalies over the MJO cycle (W m™2),
October—April 1974-1999. CI is 1 W m 2. Light (dark) gray shadings correspond to the negative
(positive) OLR anomalies that are significant at the 95% level according to a 7 test.

the daily rainfall records, since the influence of the
MJO is logically not as strong as what is found over the
core region of the oscillation. This aspect will be dis-
cussed in section 4.

Fi1G. 5. Analysis of variance between the OLR grid points and
the MJO eighths of the cycle such as defined in Fig. 4, October—
April 1974-99. Light (dark) gray shadings show the areas that are
significantly modulated by the MJO phase at the 95% (99%)
confidence level.
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b. Propagative pattern of the convective clusters

The intraseasonal migration of large-scale convective
clusters is objectively detected by applying a local mode
analysis (LMA; Goulet and Duvel 2000) to the OLR
field over southern Africa, for the ONDJFMA season.
Basically, the algorithm proceeds as follows: A moving
window runs through the study period, two successive
steps being separated by a fixed lag. For each step a
complex empirical orthogonal function is applied to the
OLR field over the domain; when a peak of intrasea-
sonal variance is detected the complex propagative pat-
tern of the corresponding mode of convective variabil-
ity is extracted. To ensure robust results a bandpass
filtering of the input (OLR) field is needed, the length
of the moving window must be longer than that of the
expected modes of variability, and the lag between two
iterations must be less. Additional details concerning
the methodology are given in Goulet and Duvel (2000).
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FI1G. 6. (a) Mean propagation of the large-scale OLR intraseasonal perturbations such as detected by the local
mode analysis algorithm (Goulet and Duvel 2000) for ONDJFMA 1979-2004. The amplitude of the modes is
proportional to the segment length, and the phase at which the maximum perturbation occurs for each OLR grid
point is represented as the angle of the corresponding segment. The propagation of OLR anomalies is seen as the
clockwise increase of the angle with time (e.g., eastward propagation for a segment rotating clockwise toward the
east). (b) Coherence of the OLR field (part of the overall intraseasonal variance that is triggered by the local
modes, i.e., by the MJO events). (c) Same as in (a), but projection on the CMAP rainfall field. (d) Same as in (b),

but for the CMAP rainfall field.

For the present work, the domain on which the LMA
is applied is centered on Africa (Fig. 6). It is large
enough (100° in its latitudinal extension) to detect
propagations and restricted enough to depict primarily
intraseasonal modes of purely African convection. The
period (1979-2004), slightly different from the remain-
der of the work, is forced by the necessity of continuity
of the time series. To extract strictly intraseasonal os-
cillations, the length of the temporal moving window of
the LMA is equal to 120 days and the lag between two
successive steps is 5 days. The sensitivity of the results
on these parameters is discussed in Goulet and Duvel
(2000).

The perturbations induced in the rainfall field are
documented by projecting the detected local modes,
corresponding to intraseasonal peaks of variance in the
input (OLR) field, on the CMAP rainfall estimates
(Xie and Arkin 1997). To that end, the multivariate
version of the LMA (Duvel and Vialard 2007) was
used. The OLR field was preliminarily aggregated at
the pentad (5 day) time scale to fit the CMAP temporal
resolution. It was observed (not shown) that strictly
similar results are obtained with the pentad version of
the Global Precipitation Climatology Project (GPCP)
dataset (Xie et al. 2003).
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A first statement concerns the amplitude of the
modulation of local convection by the MJO (Fig. 6a). It
clearly appears that the detected modes of variability
are more energetic over Africa during the southern
summer season than the background noise of the atmo-
sphere, which is fully consistent with Figs. 4 and 5. At
the very low latitudes, the modes basically consist
of a regional stationary state over the Congo basin,
more generally embedded in the large-scale eastward
propagation from the Atlantic basin (Foltz and
McPhaden 2004) to the Indian Ocean (consistently with
Fig. 2).

Over southern Africa, one observes more specifically
a propagation of the convective clusters very close to
the one obtained by composite analysis (Fig. 4). The
large-scale OLR structures first appear over southern
Angola—northern Namibia and then propagate south-
ward and eastward to Botswana and Zimbabwe, where
they reach their maximum. Over the Great Lakes re-
gion they propagate to the north, especially from Lake
Malawi to Lake Victoria. In agreement with Fig. 4, in-
traseasonal convective anomalies then reach the equa-
tor and the main MJO-associated convective clusters.
On average, the presence of a convective precursor
over Angola and Namibia is thus confirmed.
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Fi1G. 7. Correlation patterns between the mean amplitude of the OLR local modes over the (a)
TSA and (b) SSA regional indices (boxed in Fig. 5) and corresponding SST grid points after
removal of the annual cycle, October—April 1979-2004. See legend for shading. Positive (nega-
tive) correlation values that are significant at the 95% level according to a Monte Carlo test
are shown by the solid (dashed) black lines. This test considers the autocorrelation of the time

series.

The coherence statistics (Fig. 6b) show that the local
modes explain on average from 35% to 50% of the over-
all intraseasonal variability of the OLR field. These values
are remarkably high over the Congo basin and southern
Africa between 15° and 25°S, denoting a significant and
nonnegligible influence of the MJO there.

The induced fluctuations in the rainfall field are de-
picted by Figs. 6¢ and 6d. On approximation they are
consistent with the OLR propagative pattern (Fig. 6a),
which demonstrates that a perturbation in the atmo-
spheric convection logically generates a perturbation in
the rainfall amount. However, since CMAP is partly
derived from the OLR field (Xie and Arkin 1997), the
consistency between these two datasets is thought to be
slightly enhanced.

Large amplitudes are found over the equatorial At-
lantic basin; following Foltz and McPhaden (2004) they
are hypothesized to result from an intraseasonal modu-
lation of the intensity of the trade winds, and thus of the
intertropical convergence. Over Africa they are located
in the Southern (summer) Hemisphere, where they de-
note significant fluctuations in the rainfall, mainly over
the highlands.

Note that this pattern, consistent with Fig. 3, is also
clearly reminiscent of the linear intertropical front usu-
ally observed over the Atlantic domain. The larger lati-
tudinal extension of the MJO-influenced areas over Af-
rica is also quite close to the mean location of the ITCZ
during the austral summer season. The coherence val-
ues are slightly lower than for the OLR and show that
the local modes, that is, the MJO, are responsible for
approximately 30%-35% (35%-40%) of the overall in-
traseasonal rainfall variability over South Africa (the
Rift Valley and the Great Lakes).
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c. Interannual variability

Southern African rainfall shows marked interannual
fluctuations, principally associated with ENSO (Dyer
1979; Lindesay 1988a,b; Lindesay and Vogel 1990) al-
most since 1970 (Richard et al. 2000), that is, the period
analyzed here. A warm event is often concomitant with
anomalously low seasonal rainfall amounts. Mason
(1995) and Reason and Mulenga (1999) also showed
that such fluctuations were related to the Indian Ocean
SST. Therefore, the interannual variability of the am-
plitude of the local modes (i.e., that of the intraseasonal
fluctuations in the OLR field such as detected by the
LMA,; Fig. 6a) over southern Africa was investigated,
and a possible implication of ENSO was particularly
examined. In other words, our aim is to establish
whether the most energetic intraseasonal perturbations
in atmospheric convection preferentially occur during
El Nifio (warm) or La Nifla (cold) years.

To document this aspect two regional indexes of local
mode amplitudes were computed, respectively, corre-
sponding to “tropical” southern Africa (TSA; 15°-
22.5°S, 17.5°-32.5°E) and “subtropical” southern Af-
rica (SSA; 25°-30°S, 20°-27.5°E). These areas roughly
correspond to the two groups of rain gauges (Fig. 1)
used for section 4; they are shown as boxes in Fig. 5.
The mean amplitude of the local modes is spatially
averaged within these two regions, to obtain a single
amplitude value per area and per local mode. The two
indexes are then correlated with the synchronous
HadiSST grid points (i.e., the SST field during the
month of occurrence of the local mode) after removal
of the annual cycle. The spatial patterns of the telecon-
nections are shown in Fig. 7.
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The amplitude of the local modes over the TSA re-
gion (Fig. 7a) shows significant teleconnections with the
SST in the eastern Pacific basin—a pattern clearly remi-
niscent of El Nifio. The positive sign of the correlations
indicates that the intraseasonal modulation of southern
African convection is stronger during El Nifio years,
that is, when convection is locally less active (Jury 1997,
Richard et al. 2000). Analyses based on the standard
deviation of the 20-75-day filtered OLR, used as an
alternative proxy for the local amplitude of the MJO
modes, lead to very similar results. Even if deep atmo-
spheric convection is more developed during La Nifa
years, it is more significantly modulated, at the intrasea-
sonal time scale, during El Nifio events.

The teleconnections with the SSA index (Fig. 7b)
show generally weaker teleconnections with ENSO, es-
pecially over the eastern Pacific basin. The most signifi-
cant patterns are indeed found over the Indian Ocean,
the local modes of African convection being more en-
ergetic over southern Africa under warm conditions in
the central and western parts of the basin. Nevertheless,
this spatial pattern is also very close to the El Nifo-
associated SST anomalies over the Indian Ocean, as
depicted in Reason et al. (2000) and Xie et al. (2002).
ENSO is therefore thought to be (partially) involved in
the teleconnections, as for the TSA region. In addition,
positive significant correlations are also found over the
Atlantic basin.

Atmospheric convection is thus more strongly modu-
lated by the MJO over southern Africa when warm
conditions prevail in the tropical belt, especially in the
Indo-Pacific basin. The response of the rains to these
intraseasonal perturbations in the southern African at-
mospheric convection is now to be examined.

4. Response of the rainfall to the MJO

The “local modes” of African convection suggest that
southern African rainfall is significantly modulated by
the MJO at the intraseasonal time scale (Figs. 6c,d).
The reliability of satellite estimates is however ques-
tionable. As an alternative, this section is based on daily
rain gauge records.

a. Regionalization and composite analysis

Homogeneous rainfall indices are obtained by a prin-
cipal component analysis with varimax rotation, ap-
plied on the 10-day low-pass-filtered daily rain gauge
records, for the October through April season. The fil-
tering process has been used to remove high-frequency
noise that could interfere with lower-frequency signals.
The rainfall indices are thus homogeneous spatially at
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time scales that are compatible with the intraseasonal
frequency range analyzed here.

As the two groups of stations (Fig. 1) are not avail-
able for the same period, only the subtropical ones are
considered here. The first five PCs, explaining 55% of
the initial variance of the filtered rainfall and significant
according to a scree test, were rotated. The five corre-
sponding rainfall indices are then constituted by aver-
aging the station records most significantly (loadings
=().5) correlated with the scores of the rotated PCs
(RPCs). It was verified that similar results are obtained
when working directly on the scores associated to each
RPC (not shown). Though low-frequency signals such
as the MJO are expected to be found at the subconti-
nental scale, the regionalization that is proposed here
makes it possible to obtain coherent rainfall indices,
independently of the effects of the MJO itself.

Note that, though the composite anomalies shown
hereafter are calculated on low-pass-filtered time se-
ries, it was also verified that similar results are obtained
with unfiltered ones (not shown). The significance of
the results presented is therefore not enhanced by the
filtering technique but denotes a real intraseasonal sig-
nal in the southern African rains.

Composite of rainfall anomalies over the MJO cycle
are shown in Fig. 8. Four out of the five indexes (RPCs
1, 2, 3, and 5, except the western Cape region) clearly
exhibit a dry and a humid phase over the MJO cycle
(centered on 37/4 and 37/2, respectively). These oppo-
site phases are characterized by rainfall amounts sig-
nificantly lower (higher) than the annual cycle. The
phase locking is in strong accordance with the OLR
anomalies shown in Fig. 4. Analyses of variance be-
tween rainfall anomalies and the MJO phases (eighths
of cycle) estimate that the confidence level is higher
than 99% for these four indexes. Moreover, the ob-
served intraseasonal fluctuations in the precipitation
amount correspond to similar fluctuations in the num-
ber of stations recording heavy rainfall, which shows
that rain-causing mechanisms typically have a large
(subcontinental) spatial extension.

However, the five indexes are not similarly affected
by MJO activity. The response of the rains over the
RPC 3 area (Northern Province of South Africa) seems
to be the strongest; on the other hand, rainfall over the
RPC 4 (western Cape Province) region is very weakly
modulated at the MJO time scale. From one index to
another, the humid phase shows amounts that are from
40% to 80% higher than the dry phase. For the RPC 4
area the value is 27% only, but more importantly the
extreme (wet and dry) phases for this index are not
locked on MJO phase bins that show particular ex-
tremes in terms of atmospheric convection over south-
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FiG. 8. Composites of deseasonalized rainfall anomalies over the intraseasonal cycle for the five regional indices (black lines) and
mean part of stations (%) experiencing precipitation higher than the annual cycle for each MJO phase and within each index (gray
lines). Asterisks denote anomalies that are significant at the 95% level according to a ¢ test. The corresponding raw rainfall amount (i.e.,
without removal of the annual cycle) over the regional index for the dry and humid phases is also labeled on the figure (mm day!).
The outer panels show the maps of the rain gauge stations constituting each rainfall index.

ern Africa (Fig. 4). Besides, the latter index is not sig-
nificantly discriminated by the MJO according to an
ANOVA.

Geographically the less influenced areas are the ones
located in the southern part of the domain, while the
regions that strongly respond to the intraseasonal oscil-
lation are located farther north. These results are con-
sistent with those shown in Fig. 5, which points out that
atmospheric convection over the extreme southwest of
Africa (Cape Town and surrounding areas, correspond-
ing to the RPC 4 index), is indeed not significantly
affected by the MJO. More generally, a southwest—
northeast gradient across South Africa is found in terms
of influence of the intraseasonal oscillation on the daily
rainfall amounts.

Figure 9 shows the results of power spectrum analy-
ses applied to the five rainfall indexes. The intrasea-
sonal signal in the time range of the MJO does not
clearly appear, though peaks of periodicities in the 30—
60-day range reach the 95% significance level for the
three first RPCs. It is therefore suggested that the MJO
is undoubtedly involved in a nonnegligible part of the
southern African rains’ subseasonal variability, but
many other factors at both shorter and longer time
scales may strongly interfere with its signal. Possible
influences of the midlatitude circulation and interac-
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tions with the tropical atmospheric dynamics are par-
ticularly hypothesized to play a predominant role, in
accordance with what was shown in many previous
works.

b. Extension to tropical Africa

The increasing influence of the MJO to the lower
latitudes (Figs. 5 and 8) justifies the extraction of tropi-
cal rain gauge stations, despite their shorter period of
records and their missing values. The regional indexes
obtained by rotated PCA are shown on Fig. 10; the
methodology used is the same as for the section 3a. As
moving averages were used to fill up missing values, the
time series have also been 10-day low-pass filtered to
allow comparison with the subtropical domain. Once
again the effects of the filter on the results are negli-
gible (not shown) and do not affect our conclusions at
the intraseasonal (MJO) time scale. Three PCs, ex-
plaining 56% of the initial variance and significantly
separated from the others by a scree test, are here re-
tained.

The three corresponding indices also present a dry
and a humid phase over the intraseasonal cycle (Fig.
10), which are both locked on suppressed/enhanced
convection anomalies over the continent (Fig. 4). Note
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that the dry and wet phases tend to occur later in the
RPC 1 region (Zimbabwe), and sooner in RPC 3 (west-
ern Botswana and eastern Namibia), in accordance
with the northeastward propagation of convective clus-
ters (Figs. 4 and 6) over the area. Rainfall anomalies are
also significantly discriminated by the MJO phases
(confidence level higher than 99% according to an
ANOVA). Importantly, the amplitude of the rainfall
intraseasonal cycle, that is, the difference between the
mean rainfall amount during the dry and the humid
phase, is higher for the northern index (RPC 1) than for
the central and southern ones. An increased influence
of the MJO is confirmed by the power spectrum analy-
ses shown in Fig. 11. The periods in the 30-60-day time
range appear to be significant within the three regions,
denoting a strengthened MJO forcing on the rains.

These points suggest that the southwest-northeast
gradient observed across the subtropical region contin-
ues across the tropical domain. By its location at the
edge of the MJO core area (shown in Fig. 3), southern
Africa is heterogeneously submitted to the influence of
the intraseasonal oscillation. Logically, the influence of
the MJO is getting higher from the subtropical to the
equatorial latitudes.
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c. Atmospheric dynamics

The atmospheric dynamics associated with the rain-
fall (Figs. 8, 10) and OLR (Fig. 4) intraseasonal fluc-
tuations are here investigated. Preliminary analyses
(not shown) lead to identifying the 700-hPa geopoten-
tial level as the most directly implicated in the temporal
alternation of dry and humid phases over southern Af-
rica. Specific humidity and moisture fluxes are particu-
larly seen to significantly respond to the MJO forcing
and are therefore presented in this section. As a com-
posite analysis separating the different MJO eighths of
the cycle basically exhibits deseasonalized anomalies,
without any reference to the mean fields, Fig. 12 shows
the average situation observed during austral summer.

A continent—-ocean contrast is schematically found
for specific humidity, air masses over Africa (and to a
lesser extent Madagascar) showing higher amounts.
However the oceanic domain is not homogeneous spa-
tially, and lower latitudes logically convey more water
vapor in relation with their higher air temperature. At
this level horizontal moisture fluxes are quite weak
over the tropical Indian Ocean. The strongest fluxes are
embedded in the westerly circulation in the midlati-
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F1G. 10. Same as in Fig. 8, but for the TSA region.

tudes, and in the midtropospheric easterly flow over the
Congo basin under the Tropics.

After removing the annual cycle, Fig. 13 shows the
humidity and moisture flux composite anomalies over
the intraseasonal cycle. The most energetic signal in the
moisture fluxes is logically found in the northern part of
the domain and consists in an intraseasonal modulation
of the midtropospheric easterly flow by the MJO.
Analyses on raw fields (i.e., without removal of the
annual cycle) show that this subequatorial flux strongly
weakens and almost interrupts during given MJO
phases and is on the contrary greatly enhanced during
the opposite half-cycle. The situation is not so clear for
humidity anomalies, and pockets of significant anoma-
lies often spread out over the overall area.

In detail, significant positive humidity anomalies are
found over Angola and Namibia at 37/4, that is, when
the first negative OLR anomalies develop there (Fig.
4). These anomalies extend then over the overall sub-
continent and correspond to the rainfall peaks found in
Figs. 8 and 10 at this time of the cycle. Besides, the
humid phase over southern Africa (phases 5m/4 to
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77/4) is concomitant with a reinforcement of the east-
erly flux over tropical Africa, coupled to northerly
anomalies over Zambia, Botswana, and Zimbabwe.
More importantly, easterly fluxes in the tropical lati-
tudes are also reinforced over the western Indian
Ocean. The mean moisture fluxes there are on average
very weak (Fig. 12) and small anomalies are liable to
reverse the direction of the instantaneous fluxes. It is
then concluded that reversed moisture fluxes from the
Indian Ocean to Africa are favorable for rainfall over
the southern part of the continent, since they are also
related to significant meridional anomalies over Angola
liable to advect moisture to the subtropical latitudes.
These circulation patterns are seen to respond to an
intraseasonal modulation of the SWIO heights, and
correspond here to anticyclonic anomalies from 57/4 to
7m/4 over Africa.

In contrast, the dry phase (7/4 to 3m/4) is associated
with southerly anomalies over southern Africa and with
a weakening of the midtropospheric easterly flow over
the Congo basin. This pattern is consistent with the
mean field (Fig. 12), as midlatitude air masses convey
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less humidity. Therefore, air incursions over Africa
logically favor dryness.

d. Intraseasonal modulation of the SWIO OLR
dipole

At the interannual time scale, Jury (1992) and Rich-
ard (1994) found an OLR dipole over the SWIO/
southeast Africa region that was shown to significantly
trigger rainfall amounts over southern Africa. Sche-
matically the spatial pattern shows a contrast between
East Africa and the oceanic domain in the north of
Madagascar on the one hand, and the hinterland parts
of the African continent in the south of 15°S on the
other hand. The authors showed that when atmospheric
convection is anomalously active over one of these ar-
eas it tends to be anomalously weak over the other.

A similar spatial structure is found at the synoptic
scale and is interpreted as the signature of the TTT
systems, which denote strong interactions between the
tropical and temperate circulations over the area (Todd
and Washington 1999; Washington and Todd 1999;
Todd et al. 2004). Southern Africa and the SWIO is one
of the three known preferred locations for such tropi-
cal-temperate interactions in the Southern Hemisphere
(Streten 1973). Unlike its counterparts, namely the
South Atlantic and South Pacific convergence zones,
the TTT systems (corresponding to the “south Indian
convergence zone”; Cook 2000) are mainly restricted to
the austral summer months, and it is thought that a
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large part of interannual rainfall variability over the
region is related to changes in the preferred location
and frequency of these systems (Cook 2000; Todd et al.
2004).

Interestingly, similar oppositions are also found, at
the intraseasonal time scale, at given phases of the
MJO. They can for instance be observed on the com-
posite maps of OLR (Fig. 4) and specific humidity (Fig.
13) anomalies, especially from /4 to /2 on the one
hand, and symmetrically from 57 to 7mw/4 on the other
hand. The MJO propagative patterns, extracted with
the LMA algorithm (Fig. 6), also show that convection
does not occur in phase between the two regions. To
ascertain the potential forcing of the MJO on the di-
pole, a dipole index (DI) is computed as the difference
of the averaged OLR daily grid points included in the
area 15°-25°S, 17.5°-30°E, minus the grid points in the
area 10°-17.5°S, 47.5°-60°E (boxed in Fig. 12). These
boxes are in accordance with the spatial patterns de-
scribed in Jury (1992). The resulting time series is then
submitted to (i) a composite analysis against the MJO
phases and (ii) a spectral analysis; the results are shown
in Fig. 14.

The composite analysis (Fig. 14a) shows that the DI
series is significantly modulated by the MJO, a signifi-
cant “positive” phase (convection stronger over the
ocean and weaker over Africa) and a more pronounced
“negative” one alternating over the intraseasonal cycle.
These results are consistent with those shown in Figs. 4
and 13. The MJO phases discriminate the values of the
DI at a confidence level higher than 99% according to an
ANOVA. Logically, the negative DI phase corresponds
to the humid period for southern Africa (Figs. 8, 10).

- -~
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FIG. 12. Mean specific humidity field at 700 hPa (g kg~ ') for the
ONDJFMA season. Period of analysis is 1979-99. See legend for
shading. The arrows show the mean moisture fluxes (ms™' g
kg™ ') during the same period. The north (N) and south (S) OLR
indexes used for the calculation of the dipole index are shown as
boxes.
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FIG. 13. Composite maps of specific humidity deseasonalized anomalies at 700 hPa (g kg™')
over the MJO cycle. Cl is 0.2 g kg~ '. Dark gray (light gray) shadings show significant positive
(negative) anomalies according to a ¢ test at the 95% level. The arrows show corresponding
moisture fluxes deseasonalized anomalies at 700 hPa. The only anomalies that are significant
according to a Hotelling #* test at the 95% level are represented. The #* test is the multivariate
generalization of the ¢ test; it is here applied to the meridional and zonal components of the

moisture fluxes.

The results of the spectral analysis (Fig. 14b) show a
peak of highly significant periods between 35 and 80
days. In details, the northern and southern poles, as
well as the DI series to a lesser extent, exhibit marked
periodicities at 35-40 days, and stronger ones between
50 and 80 days. The first peak is thought to be directly
related to the MJO, while the second one, though not
fully incompatible with its typical time scales, is obvi-
ously driven by other forcings. These values finally sug-

Brought to you by UNIVERSITY OF CAPE TOWN | Unauthenticated | Downloaded 06/03/21 10:18 AM UTC

gest that, even if the oscillation is involved in the DI
intraseasonal fluctuations (Fig. 14a), it is not the only
forcing mechanism that has an impact on this mode of
convective variability. The interest is, however, that di-
polar structures materialize at time scales between the
synoptic (Todd and Washington 1999; Washington and
Todd 1999; Todd et al. 2004) and the interannual (Jury
1992; Richard 1994) ones, which were the only time
scales for which the dipole was observed to date.
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F1G. 14. (a) Composite analysis of the OLR dipole index (W
m~?) over the MJO cycle. Asterisks denote anomalies that are
statistically different from the average value according to a ¢ test
(95% level). (b) Spectral analysis of the dipole index series. The
dashed line shows the 95% confidence level according to a Monte
Carlo test.

5. Summary and discussion

The study shows that the Madden—Julian oscillation
(MJO) has a nonnegligible impact on southern African
rainfall and atmospheric convection variability. Signifi-
cant statistical relationships are found for the austral
summer season, extending from October through April.
On average, convective clusters are seen to propagate
across Africa, from the Angola and Namibia coast east-
ward to Botswana and then northward to Tanzania,
where they reach the more developed equatorial clus-
ters. It is also shown that the MJO events account for
35%—-40% of the overall intraseasonal variance of the
OLR field over the region.

Consequently, as atmospheric convection is region-
ally triggered by the MJO, a “humid” and a “dry” phase
typically alternate over the cycle and across the do-
main. They respectively correspond to significant
northerly (southerly) moisture flux anomalies over
tropical Africa. These anomalies are seen to favor (in-
hibit) atmospheric convection over the southern part of
the continent. They are also related to a strengthening
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(weakening) of the midtropospheric (700 hPa) easterly
flow found over the Congo basin at the near-equatorial
latitudes. These anomalies in the dynamics are also re-
lated to a strengthening (weakening) of the SWIO
heights. Thus, MJO-associated rainfall events show
large-scale patterns, and they are observed at the re-
gional scale over the domain and not in a limited num-
ber of rain gauge stations.

From one year to another, marked fluctuations are
found in the amplitude of the modulation of atmo-
spheric convection by the MJO across the area. It is
established for years that El Nifio events are associated
with droughts over southern Africa. We show that at-
mospheric convection tends to be more strongly modu-
lated by the MJO when warm conditions prevail in the
tropical belt, especially in the Indian and eastern Pacific
basins. Intraseasonal convection variability is higher
during El Nifio, while the convection itself is less active.

Composite analyses over the MJO cycle and spectral
analyses on rainfall indexes seem however to show con-
flicting results. The first ones undoubtedly result in a
strong (and highly significant) influence of the MJO.
The latter fail to show marked and unambiguous 30-
60-day periodicities, except for the northern part of the
domain where the role of the oscillation is obvious. Our
hypothesis is that higher-frequency modes of variability
may interfere with the intraseasonal time scale.

In addition to its significant impacts on the rainfall
field over southern Africa, the MJO is here shown to
statistically trigger the southern Africa-SWIO convec-
tion dipole. During phases 37/2 to 2 in particular, one
observes consistent anomalies displaying increased (de-
creased) convection over the inland part of southern
Africa (north of Madagascar), leading to strong nega-
tive DI anomalies (Figs. 4 and 14), wet anomalies for
most of the rainfall indices (Figs. 8 and 10), and changes
in moisture transport at the 700-hPa level. The latter
roughly correspond to an enhanced water vapor flux
from the tropical Indian Ocean to the east of 35°E, and
to an enhanced moisture transport along a band ori-
ented northeast-southwest (Fig. 13).

Consequently, significant periodicities in the dipole
index time series are found between 35 and 80 days,
with two individualized peaks centered on 35-40 days
and 50-80 days. The role of the MJO, though statisti-
cally significant, is thus relative; it is suggested that it is
essentially through the 35-40-day peak, while the other
one probably relates to other forcings.

The MJO finally accounts for one of the multiple
atmospheric processes that trigger intraseasonal rainfall
distribution over southern Africa. However, as pointed
out in previous works, it is not the dominant one that
reflects the interactions between the tropical atmo-
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sphere and the midlatitude dynamics. Additional analy-
ses are now needed to relate the variability of the syn-
optic-scale “TTT” systems and the MJO life cycle.
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