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ABSTRACT

Using daily rain gauge records for Madagascar and nearby islands, this paper investigates rainfall intra-

seasonal variability at local and regional scales during the austral summer season (November–February), as

well as the respective influences of recurrent convective regimes over the southwest Indian Ocean (SWIO)

and theMadden–Julian oscillation (MJO). The results show a general consistency between local-scale rainfall

variability in Madagascar and regional-scale features of climate variability. The influence of tropical tem-

perate troughs in their mature phase and/or their easternmost locations is first underlined. The development

of such systems over southern Africa and the Mozambique Channel can be considered as precursors for

Malagasy wet spells, especially over the southern part of the island. Regional and local effects of theMJO are

weaker on average, and only concern the northwest of the island and the north of the Mozambique Channel.

MJO and convective regimes are finally shown to explain distinct fractions of regional rainfall variability.

1. Introduction

Madagascar (592040km2) extends from 128 to 258S in

the southwest Indian Ocean (SWIO), about 500km east

off the eastern coast of southern Africa. Its marked to-

pography mostly consists of coastal plains in the west, an

inner plateau ending with abrupt edges in the east, and

three major massifs inland: Tsaratanana (2876m) in the

north, and Ankaratra (2642m) and Andringitra (2658m)

in the south (Fig. 1a). Such topography plays an impor-

tant role on local weather and climate.

Madagascar is characterized by two contrasted sea-

sons: a dry season fromMay toOctober and a wet season

from November to April (Jury et al. 1995; Nassor and

Jury 1997). Seasonal rainfall presents a very strong west–

east gradient, with amounts 2 to 3 times larger on the east

than on the west (Jury et al. 1995). In contrast, northern

Madagascar receivesmore rainfall on its western part due

tomesoscale convective systems, tropical cyclones (TCs),

depressions, and storms over the SWIO, and the north-

west monsoon (Jury et al. 1995; Nassor and Jury 1998).

Despite the importance of rainfall in Madagascar

where rain-fed agriculture supports 4 out of 5 people,

few studies have focused on this region. This is probably

due to the scarcity of in situ rainfall observations, es-

pecially at the daily time scale. Using an original dataset

regrouping 30-yr-long daily rain gauge records over

Madagascar (31 stations), the Réunion Island and

Mayotte (1 station each), and 4 stations in the Scattered

Islands (Europa, Juan Nova, Glorieuses, and Tromelin,

Fig. 1a), this paper aims to contribute to fill this gap

through an analysis of Malagasy rainfall intraseasonal

variability. Its imbrication in regional or near-global cli-

mate variability is specifically investigated, particularly

with tropical temperate troughs (TTTs), known as sig-

nificant rain-producing systems over the southern Afri-

can region (Todd andWashington 1999; Washington and

Todd 1999; Fauchereau et al. 2009; Pohl et al. 2009).
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Another focus is on the Madden–Julian oscillation

(MJO), the leading mode of intraseasonal variability

in the tropics, which has nonnegligible impacts (i) on

southern African rainfall and atmospheric convection

variability (Pohl et al. 2007), and (ii) on tropical cyclones

activity over the SWIO (Bessafi andWheeler 2006). We

discuss here its regional effects over the SWIO and its

local signature in Madagascar.

To address the question of the relationships between

Malagasy rainfall, TTT, and MJO, we propose to (i) doc-

ument local rainfall variability associated with recurrent

convective regimes over the SWIO region such as calcu-

lated by Fauchereau et al. (2009), and the phases of the

MJO, as depicted by the indices developed byWheeler and

Hendon (2004); (ii) infer to what extent such local rainfall

variabilitymay differ from large-scale convection estimates

provided by global reanalyses and spatially interpolated

rainfall structures derived from a regression-kriging pro-

cedure; and (iii) quantify to what extent regional convec-

tive regimes and the near-global MJO phases covary and

may explain different fractions of local-scale rainfall

variability.

FIG. 1. (a) Location of the 37 daily rainfall stations and percentage of missing values. The dot size is proportional to the percentage of

missing values (stations with fewermissing values are larger); the colors also represent the percentage of missing values (see color scale for

legend). Names cited in the text appear in red for stations, in blue for ocean sectors, and in brown formountains. (b) Temporal distribution

of the missing values for each of the 37 stations for NDJF 1971–99. (c) Mean 1971–2000 seasonal rainfall for the austral summer season

(NDJF) and for each station (circles), seasonal rainfall obtained with the RK methodology (shadings), and moisture fluxes integrated

between 1000 and 700 hPa (vectors, g kg21 m s21). Contours show the seasonal mean OLR field (Wm22) during the same period.

(d) Variogram of NDJF mean rainfall. Horizontal axis: distance in degrees, vertical axis: semivariance in mmday21. Solid line: semi-

variance calculated for every 28, from 1.58 to 158. Thick line: spherical adjustment with nugget 0.5, sill 7.0, and range 6.0.
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This study is organized as follows. Section 2 presents the

datasets and themethodology used for this work. Section 3

is devoted to the presentation of our results. Finally, sec-

tion 4 contains the conclusions and discussion.

2. Data and methods

a. Observation and atmospheric data

This study concentrates on the summer rainfall sea-

son [November–February (NDJF)] for the period

1971–99. Daily rainfall amounts over Madagascar,

Mayotte, La Réunion, and the Scattered Islands are

provided by an original rain gauge database sup-

plied by local universities, research organizations, and

Météo-France. Although the network is not dense,

stations are well distributed in space (Fig. 1a). A total

of 28 stations (out of 37), presenting less than 30% of

missing values, are extracted on the study period (Fig. 1a).

Temporally (Fig. 1b), the missing values are not distrib-

uted homogeneously. Only five stations (14:Antsiranana;

32: La Réunion; 33: Glorieuses; 36: Tromelin; and

37: Dzaoudzi) present no missing values.

Large-scale atmospheric fields are documented by

the 40-yr European Centre for Medium-Range

Weather Forecasts (ECMWF) Re-Analysis (ERA-40;

Uppala et al. 2005), in order to fit the study period for

which rainfall observation is available. As in Macron

et al. (2014), we make use of the daily outgoing long-

wave radiation (OLR) over the period 1971–99 at a

1.58 3 1.58 spatial resolution as a proxy for deep con-

vective activity. The reliability of this variable is also

discussed in the same study (ibid.). Atmospheric vari-

ables (zonal U and meridional V components of the

wind, and specific humidity) are derived from the same

reanalyses.

b. Composite analyses

Composite analyses are used to study rainfall and at-

mospheric circulation patterns associated with the MJO

and recurrent convective regimes.

The MJO consists of large-scale deep convective

anomalies, associated with lower- (upper) layer zonal

wind convergence (divergence), that propagate from

the Indian Ocean toward the Maritime Continent and

the western Pacific, with a periodicity typically com-

prising between 30 and 60 days. Its dynamical and

convective signal is monitored through the daily Real-

time Multivariate MJO (RMM) indices developed by

Wheeler and Hendon (2004). All moderate to strong

MJO events are first selected, by extracting the days

having an MJO amplitude greater than one standard

deviation. We isolate next the days corresponding to

the eight different phases of the MJO. On average

during the austral summer season, theMJO convective

clusters initiate over the western Indian Ocean at

phase 1, propagate eastward and reach the Maritime

Continent of Indonesia at phases 4–5, and the western

Pacific and the date line at phase 6; they next weaken

over the Americas, the Atlantic basin, and tropical

Africa.

The same composite approach is used at the regional

scale using the recurrent convective regimes first dis-

cussed in Fauchereau et al. (2009), and also used in

Vigaud et al. (2012) and Macron et al. (2014). They

are obtained as the result of a clustering analysis [or

k-means clustering; Cheng and Wallace (1993);

Michelangeli et al. (1995)] of daily OLR anomalies

over southern Africa and the SWIO. Following these

previous studies, the optimal number of classes k to be

retained is seven. The regimes were shown to be weakly

sensitive to the input dataset (NOAA’s satellite esti-

mates derived from the AVHRR sensor or ERA-40’s

reanalyzed fields) as well as the period of analysis

(Macron et al. 2014). To match the availability period

of the rain gauge records, we use here ERA-40 daily

fields during 1971–99.

c. Geostatistical upscaling

Observed rainfall data are interpolated using a

regression-kriging method (RK; Odeh et al. 1995). The

RKmethod, mathematically equivalent to kriging with

external drift (KED; Hengl et al. 2007), is suitable as a

nonstationary model for mapping rainfall (Lloyd

2010). This method generally performs well in areas of

complex topography (e.g., Prudhomme and Reed

1999). For further details, see Hengl (2009) and Morel

et al. (2014).

First, a regression linear model (RLM) is used with

three predictors: altitude, longitude, and latitude. For

each rainfall pattern (seasonal mean or daily mean for

each OLR regime or MJO phase), three simple and

one multiple linear models are computed. The de-

termination coefficients (r2) show that the role of alti-

tude in rainfall spatial variability is very weak and never

reaches the 95% significance level. Rainfall patterns

are better described by trend surfaces; the retained

combinations of altitude, longitude, and latitude only

explain a small fraction of the total variance (e.g.,

19.5% for seasonal rainfall). This suggests that the

spatial sampling (i.e., the number of rain gauge sta-

tions) is not dense enough to accurately document the

rainfall field, given the size of Madagascar and the

complexity of its relief.

By considering that variation in the residual values of

the RLM is distance dependent, spatial correlations can
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next be used to improve local predictions. The experi-

mental variograms (Fig. 1d) show clear spatial structures

that fit well to a spherical model (Pebesma 2004). The

semivariance converges toward an asymptote at about

68–88. This distance is defined as the range. The esti-

mated semivariance at 08 is referred to as the nugget

(here 0.4). The value at the range is referred to as the sill

(here 7). With the sill strongly higher than the nugget

and a well-identified range for samples with hundreds of

values, we can statistically validate and confirm the ro-

bustness of the kriging procedure.

For seasonal rainfall (Fig. 1c), the mean error esti-

mated through a leave-one-out cross validation is

0.11mm and the standard deviation for the 28 rain

gauges is 2.19mm. The RK interpolation accurately

highlights the well-known rainfall gradient prevailing

over above 90% of Madagascar, with minimum (maxi-

mum) amounts located over the southwestern coasts

(north of Madagascar over Mount Maromokotra). The

impact of the RLM is prominent here. Thus, the map is

smoother than those done with the Climate Hazards

Group integrating infrared satellite data (CHIRPS) at a

0.058 resolution (Funk et al. 2014). Kriging the residuals

also allows detecting smaller-scale features (that cannot

exceed a distance of 68; Fig. 1c), such as rather dry

conditions in the northeast. With as few stations con-

taining missing data, it might be unwise to validate in

detail this finescale structure, although the moisture

fluxes seem to accredit it.

Rainfall, OLR, and moisture fluxes seasonal mean

fields (Fig. 1c), mostly result from the presence of (i) the

Mascarene high (or south Indian Ocean anticyclone) off

the east coast, which favors moisture advections toward

the eastern part of Madagascar throughout the year; and

(ii) a monsoon circulation (in January and February)

generating somemoisture fluxes along the north and west

coasts. These combined influences, modulated by the

relief, result inmoisture convergence over the central and

northern mountains, where rainfall is abundant, and at-

mospheric convection is often active (225Wm22 on av-

erage). In the north and in the southern half of the island

by contrast, moisture divergence and more stable atmo-

spheric convection prevail (255Wm22 in the southern

part of the island), together with much drier conditions.

3. Results

a. Regional convective regimes

Figure 2 shows the composite anomalies of OLR and

moisture fluxes, vertically integrated between the surface

and 700 hPa, during the seven convective regimes.

Regimes 5, 6, and 7 (Figs. 2e–g) are characterized by

negative OLR anomalies (enhanced convection) as-

sociated with lower-layer moisture convergence, and

forming a cloud band elongated along a northwest–

southeast direction and linking the tropics (158S) to

the midlatitudes (458S). These patterns are inter-

preted as synoptic-scale TTTs; the main difference

between the three regimes is their longitudinal loca-

tion, already discussed in previous work (Todd and

Washington 1999; Washington and Todd 1999;

Fauchereau et al. 2009; Pohl et al. 2009). Macron et al.

(2014) recently pointed out that roughly 70% of TTT

tend to propagate toward the east during their life

cycle, hence, preferential transitions are from re-

gimes 5–6 and 6–7. Other regimes (Figs. 2a–d) are

solely related to tropical (temperate) anomalies for

regimes 1–2–3 (regime 4). Based on such large-scale

OLR anomalies, one can note that all seven regimes

are likely to modulate daily rainfall over Madagascar,

albeit weakly for regime 4.

To examine the possible disagreements between

local-scale observations and larger-scale estimations,

composite daily rainfall anomalies are next computed

during the occurrences of the seven convective regimes

(Fig. 2). Regimes 1 and 5 (regime 3) are associated

with overall dry (wet) conditions over Madagascar and

neighboring islands, consistent with the sign of the

OLR anomalies in Figs. 2a and 2e (Fig. 2c). Dry con-

ditions result from anticyclonic anomalies over the

SWIO and/or southerly flux anomalies close to the is-

lands associated with lower-layer divergence; general-

ized wet conditions are associated with moisture

convergence close to Madagascar. For these regimes,

local-scale measurements corroborate large-scale esti-

mates, although a few stations do not present signifi-

cant anomalies or even show weak, insignificant

reverse sign signals. During the occurrences of regimes

2 and 6 (Figs. 2b,f) Malagasy rainfall fields show

southwest–northeast (northeast–southwest) gradients,

once again consistent with large-scale atmospheric con-

figurations. These local gradients, respectively, attrib-

uted to strong cyclonic anomalies over the SWIO for

regime 2, interpreted as a transient weakening of the

Mascarene high and favoring moisture advections over

the northern tip and the eastern part of Madagascar,

and the presence of a TTT over the Mozambique

Channel for regime 6, thus, enhancing convective ac-

tivity southwest of Madagascar. For regime 7 the TTT

reach their easternmost location, hence, the wet con-

ditions in eastern Madagascar and the Mascarene Is-

lands. As expected, regime 4 is associated with weak,

barely significant anomalies; a few stations record sig-

nificant dry anomalies, which did not appear in the

large-scale fields.
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b. Global-scale MJO

Figure 3 shows intraseasonal modulations of large-

scale atmospheric convection and moisture fluxes by the

MJOover the SWIO, as well as local rainfall signals over

Madagascar.

The largest wet (dry) anomalies close to Madagascar

are found during phase 2–3 (phases 6–7). This is fully

confirmed by rain gauge records, demonstrating thus the

robustness of the MJO effects at local scales. During

phases 2–3, large-scale convection is already located

northeast of the region of interest, and westerly anom-

alies prevail in the lower troposphere (Figs. 3b,c).

Consequently, the northwestern part of Madagascar

experiences the wettest conditions, while a few stations

in the northeast experience dry conditions. During the

dry phases, signals are approximately of the opposite

sign; negative rainfall anomalies tend to be of larger

amplitude in the northwest, concomitant with easterly

moisture flux anomalies in the lower troposphere

(Figs. 3f,g). Large-scale OLR and local-scale rainfall

signals are much weaker during the other phases of the

MJO, and in the case of the latter, much more noisy

spatially.

One may now question to what extent the regional-

scale convective regimes and the global-scale MJO

covary, and thus, whether the two partitionings dis-

cussed above extract redundant or distinct fractions of

the whole (rainfall and climate) variability.

FIG. 2. Mean daily OLR anomalies (shadings, Wm22), moisture flux anomalies integrated between 1000 and 700 hPa (vectors;

g kg21 m s21), and corresponding convergence (contours: solid curves for divergence, dashed curved for convergence; g kg21 s21)

for the seven OLR regimes over the period NDJF 1971–99, and associated station rainfall anomalies. The negative (positive)

rainfall anomalies are in red (blue). The contour interval is 0.05 g kg21 s21. For rainfall, 95% significance anomalies according to

a t test are shown by a thick solid circle. For all other variables, only the 95% significance anomalies according to a t test are

displayed.
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c. Additively between the convective regimes and
the MJO

Concomitance between phases of MJO and OLR re-

gimes is given in Table 1. Neu’s test (Neu et al. 1974)

allows identifying more precisely which OLR classes

and MJO phases are significantly associated (i.e., more

or less frequently than the average). Regimes 1, 2, and 7

show significant associations with the phases 3, 6, and 4

of MJO, respectively. However, convective regimes are

statistically independent of the global-scale MJO activ-

ity; most regimes are equiprobable throughout the MJO

life cycle. This conclusion holds for TTT, hereby cor-

roborating Pohl et al. (2009); it should, however, be noted

that, more recently, Hart et al. (2013) suggest that the

intensity of TTT could be weakly modulated by theMJO

phase, although their occurrences are homogeneously

distributed over its phases. To quantify the fraction of

regional-scale convection and local-scale rainfall vari-

ability over Madagascar explained by the regimes and

the MJO, Fig. 4 shows the percentage of OLR and

rainfall variance explained by the discretization into

seven regimes (Fig. 4a) and nine MJO phases (including

one of weak intraseasonal activity when the MJO am-

plitude is lesser than one standard deviation according

to the RMM indices; Fig. 4b). The percentage of rainfall

variance explained is first computed for each rain gauge

station and is then interpolated according to the RK

methodology. The additivity between the two classifi-

cations is addressed by considering all possible combi-

nations between the regimes and the MJO (i.e., 73 95
63 classes; Fig. 4c). All daily fields (rainfall or OLR) are

replaced by the average composite field during the oc-

currences of the corresponding regime or class (resulting

FIG. 3. As in Fig. 2, but for the eight phases of the MJO phases defined over the period NDJF from 1979 to 1999.
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thus in suppressing intraclass or intraregime variability);

one calculates next the ratio between such reconstructed

data and the raw original time series.

Results show (i) that the regimes (MJO) explain up to

25%–30% (8%–10%) of OLR variability in the central

parts (very low latitudes) of the domain [especially

equatorial East Africa; Pohl and Camberlin (2006)], this

is not surprising since the regimes were designed to

maximize regional variance over this same domain while

the MJO is primarily a mode of tropical variability;

(ii) that the amounts of explained rainfall variance over

Madagascar only reach 2%–3% for the regimes (with a

decrease from south to north) and 1%–2% for theMJO

(mostly in the northwest), hereby illustrating the use-

fulness of in situ local observations to monitor the

rainfall field against smoothed, larger-scale, satellite-

derived or reanalyzed estimations; (iii) that the regimes

(MJO) significantly discriminate rainfall variability

over the whole island except the north (only over the

northwest); and (iv) that for both fields the results

seem to be additive (i.e., in agreement with Table 1

that the redundancy between the two partitionings

seems to be negligible). Local-scale effects associated

with land–sea contrasts, the topography (and derived

variables: slope, exposition, . . .), or surface properties

(albedo, land-use, . . .) seem to play a predominant

role in local-scale rainfall. High-resolution climate

modeling could help detail associated processes and

mechanisms.

4. Conclusions and discussion

This work investigates local-scale rainfall variability

over Madagascar, and its embedment in larger-scale

recurrent atmospheric configurations, as inferred by

regional convective regimes on the one hand and the

phases of the MJO defined over the whole tropical belt

on the other hand. To that end, 28 rain gauge records are

extracted from an original database of daily rainfall data

measured in situ over Madagascar, the Réunion Island,

Mayotte, and the Scattered Islands.

Our results show (i) for both regimes and MJO, a

general consistency between regional-scale features of

Malagasy rainfall variability (e.g., longitudinal or lat-

itudinal gradients, side oppositions) and large-scale

moisture flux and/or convective configurations such as

inferred from reanalyses; (ii) some local features (e.g.,

slopes or sea breezes) likely to produce significant

rainfall anomalies that modulate the above-mentioned

patterns (TTT and MJO) at fine scales; and (iii) a sig-

nificant influence of TTT over Madagascar and the

neighboring islands. The latter point, although consis-

tent with large-scale fields and, therefore, rather in-

tuitive, was not specifically discussed in previous work

(e.g., Fauchereau et al. 2009; Hart et al. 2013). It could

nevertheless be important for the region for operational

weather prediction. Wet conditions over Madagascar

prevail during occurrences of regimes 6–7 (i.e., the ma-

ture and decaying phases of TTT systems that often

succeed the early stage materialized here by regime 5).

On average, the occurrences of such systems over

southern Africa and the Mozambique Channel can thus

be seen as precursors of Malagasy wet spells, especially

over the southern part of the island. (iv) Regional and

local effects of theMJO are weaker on average, and only

concern the northwest of Madagascar and the north of

the Mozambique Channel. Additional complexity may

be introduced by the diversity of large-scaleMJO events

themselves (Pohl and Camberlin 2014), likely to

strongly modulate their effects on local rainfall.

This work is a first step to document rainfall variability

at regional and local scales. The amount of variance

explained by our regimes and by the MJO remains,

however, rather weak (up to 30%–35% according to re-

analyses, but only 6% according to rain gauge records,

when both influences are combined). This suggests that

local effects play a major role, and that other climate

phenomena modulating regional variability, in addition

to those discussed here, should be included in future an-

alyses. Equatorial Rossby waves, for instance, could have

significant effects onMalagasy rainfall by modulating TC

genesis (Bessafi and Wheeler 2006). Madagascar and

neighboring regions also correspond to the region where

ENSO effects on rainfall change sign (seasonal dryness in

southern Africa during El Niño years, contrasting with

wet conditions over equatorial East Africa). The data-

base used for this work could help document this transi-

tion at the finescale, the role of surface topography on

atmospheric flows and associated anomalies, and possibly

the contrasting effects of the ENSO flavors.

TABLE 1. Contingency table between classes of OLR and phases

ofMJO. Boldface values are overrepresented and the others values

are underrepresented. Italics denote 95% significance according to

Neu’s test.

Convective regimes

1 2 3 4 5 6 7 S

MJO phase 1 28 13 31 18 19 23 21 153

2 25 36 35 30 19 21 28 194

3 20 49 45 48 23 28 26 239

4 50 26 41 21 35 20 11 204

5 45 11 26 17 24 21 25 169

6 63 5 28 17 40 30 23 206

7 69 18 25 17 44 27 35 235

8 25 23 20 11 39 28 33 179

S 325 181 251 179 243 198 202 1579
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