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Abstract

The role of an active phase of the Madden–Julian Oscillation (MJO) on the evolution
of a mesoscale convective systems (MCS) leading to a tropical depression is investi-
gated in the South-West Indian Ocean during the Dynamics of the Madden–Julian Os-
cillation (DYNAMO) field experiment, with a numerical limited-area atmospheric model.5

A mesoscale vortex is followed in the low-troposphere from the initiation of the active
MJO phase. It is shown that the interaction of the vortex with the Equatorial jet asso-
ciated with the MJO plays an important role on the vortex development. As the vortex
encounters the southern part of the low-level jet, it undergoes intensification that is
explained by the barotropic conversion of kinetic energy from the low-level jet to the10

vortex.

1 Introduction

Tropical cyclogenesis remains a worldwide scientific challenge that is important for fore-
casting applications on many time ranges: for daily forecasts, seasonal forecasts and
climate projections. Necessary environmental ingredients for cyclogenesis have been15

known since the work of Gray (1968). Under such conditions, some of the mesoscale
convective systems (MCS) that evolve for several days may develop, interact, or merge
(Ritchie and Holland, 1997) and eventually lead to cyclone formation (Simpson et al.,
1997). The sufficient conditions for cyclogenesis are still an open scientific question,
and they should be looked for in the synoptic-scale environment and in the life cycle20

and structure of the MCS (Kerns and Chen, 2013).
Many studies have been arguing that the early stage of cyclone formation is stochas-

tic to some extent, but the large-scale environment of the MCS may also determine the
organisation of convection (Ooyama, 1982; Simpson et al., 1997; Tory et al., 2007) and
favour cyclogenesis or not. Studying the development of MCS in relation to their envi-25

ronment is thus critical to understand and to forecast cyclogenesis and also to assess
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the predictability of cyclogenesis. For instance, in the North Atlantic ocean, easterly
waves over North Africa play a critical role on the development of MCS and on cyclo-
genesis by vortex initiation (Sall et al., 2006; Arnault and Roux, 2010). In other ocean
basins, synoptic-scale environments are different and their interaction with MCS should
take other paths.5

The South-West Indian Ocean is the third most active cyclone basin of the world,
with more than 10 tropical storms on average per year (Neumann, 1993). However
few studies have addressed the role of environmental conditions on cyclogenesis in
this basin. Bessafi and Wheeler (2006) studied the link between large-scale equato-
rial waves and cyclogenesis. They revealed that active phases of the Madden–Julian10

Oscillation (MJO, Madden and Julian, 1994) are favourable to cyclogenesis. The re-
cent statistical study of Duvel (2015) emphasized that the initiation of cyclones during
a MJO active phase is favoured by unstable meridional shear. The present study aims
at studying the early stages of a cyclogenesis in the South-West Indian Ocean dur-
ing an active phase of MJO and at identifying the role of the synoptic environment15

on a MCS formation that leads later to a tropical cyclone. To this end, a particular
MCS development observed during the Dynamics of the Madden–Julian Oscillation
(DYNAMO) field experiment is considered, and is studied with a numerical limited-area
atmospheric model. The boundary conditions of the simulation benefit from additional
atmospheric observations made during DYNAMO.20

The article is organized as follows. The case study and the numerical model are
presented in Sect. 2. Section 3 details the evolution of the simulated MCS and of its
environment, before undertaking an energetic budget analysis of the interaction of the
MCS with its environment in Sect. 4. The main findings are summarized in a brief
conclusion.25
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2 The case study and numerical simulations

The tropical cyclone Regional Specialized Meteorological Centre (RSMC) of La Réu-
nion monitored the second tropical depression of the cyclone season from the 3 to
the 14 December 2011. The environmental conditions of the pre-formation were typ-
ical of cyclogenesis of the early season in the South-West Indian Ocean. Infrared5

images from geostationary satellite MeteoSat 7 (not shown) reveal that large-scale
convection developed from the 21 November around the Equator during the initia-
tion of an MJO active phase in the Indian Ocean (MJO analysis available at http:
//www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt). This large-scale con-
vective event lasted several days during the DYNAMO experiment (Zuluaga and Houze,10

2013). Dedicated observations during the experiment were collected in near-real time
and assimilated in numerical weather prediction models. As a consequence, the oper-
ational Integrated Forecast System (IFS) from the European Centre for Medium-Range
Meteorological Forecasts (ECMWF) assimilated supplementary radiosonde measure-
ments at four stations (the corners of the red polygon on Fig. 1) at least four times15

per day. Images from Meteosat 7 show that the cyclone separates from the large-scale
convection environment from the 30 November, around latitude 10◦ S and longitude
75◦ E. In order to study the role of the MJO active phase on the formation of the cy-
clone, a simulation was run with the Meso-NH numerical model (Lafore et al., 1998)
between 20 and 30 November 2011, with initial and lateral boundary conditions taken20

from ECMWF operational analyses.
The case study was simulated with a version of Meso-NH having a horizontal grid

spacing of 8 km. The vertical grid has 70 levels up to 27 km with spacing from 40 m (bot-
tom) up to 600 m (top). A sponge layer was applied from 23 to 27 km in order to dampen
the upward-propagating gravity waves generated by convection. The domain covered25

the DYNAMO region with an area of about 2400km×1600km as shown in Fig. 1. The
time step for advection was 16 s. The physical parametrizations included the represen-
tation of turbulence following the turbulent energy closure of Bougeault and Lacarrère
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(1989). Sub-grid moist convection was described with a mass-flux scheme (Bechtold
et al., 2001). Resolved clouds evolved following the mixed-phase microphysical de-
scription of Pinty and Jabouille (1998) including a subgrid cloudiness diagnostic of
Chaboureau and Bechtold (2005). The radiative transfer processes were accounted for
with the ECMWF longwave and shortwave schemes (Gregory et al., 2000). The sea-5

surface temperature is imposed from ECMWF analyses and turbulent surface fluxes
over oceans are diagnosed using the ECUME scheme (Belamari and Pirani, 2007).

In order to locate the origin of the depression, vortex tracking has been performed
on the Meso-NH outputs every 3 h at 850 hPa from the 3 December backward in time.
On the 3 December 18:00 UTC, the vortex centre is given by RSMC La Réunion best-10

track. At previous times, the vortex centre is identified as the closest vorticity relative
minimum which value is below −0.5 × 10−3 s−1 (the vorticity in a cyclone is negative
in the Southern Hemisphere). This procedure that has been applied recursively allows
to follow the vortex back until the 21 November (Fig. 1), corresponding to the MJO
initiation. The vortex track moves towards the North-West and then to the North-East15

until the 23 November. At this time, the vortex enters rapidly the DYNAMO domain
(red box in Fig. 1) by its west side. From 24 to 29 November, the vortex stays in the
DYNAMO domain with a slow displacement. On the 30 November, the vortex goes
out of the DYNAMO domain toward the south before being monitored by RSMC La
Réunion. During its lifetime, the vortex is associated with various phases of intense20

convection, that are captured by the Meso-NH simulation. Meteosat infrared images
confirm the existence of several isolated MCS in the domain of interest.

A validation of the simulated evolution of the vortex may be done using surface
ocean winds from the OSCAT scatterometer. The 10 m wind simulated by Meso-NH
and observed from OSCAT data (Purna et al., 2014) are compared in Fig. 2. Meso-25

NH produces a maximum 10 m wind speed of 26 ms−1 centred at (3◦ S; 76◦ E) the 28
November 2011 at 18:00 UTC (Fig. 2a). At that particular time, the OSCAT scatterom-
eter measured a maximum surface wind speed of 24 ms−1 centred at (6◦ S; 76◦ E)
(Fig. 2b). This confirms that the intensity is well simulated even if the vortex centre is
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located ∼ 300 km too north in the simulation. Since no OSCAT swath is available before
this time over the vortex centre, the validation of the whole predicted track between the
20 and 29 November is not possible.

3 Evolution of the MCS and of its environment in the simulation

From the Meso-NH numerical simulation, the evolution of the vortex strength can be5

described. Figure 3 shows the evolution of the maximum simulated vorticity between
the 23 November and the 30 November at 4 levels: 850, 700, 500 and 200 hPa. The
vortex centre is known from the tracking at 850 hPa described in Sect. 2. Upper level
vorticity values are obtained at the locations straight up to the vortex centre at 850 hPa,
which are close to the vortex centres at the upper levels when they exist.10

The strength of the vortex at 850 hPa evolves with time, with successive phases
of intensification and weakening. The values of vorticity at 700 hPa are close to and
well correlated to the ones at 850 hPa, revealing that the vortex structure remains at
least as up as 700 hPa during all the period. On the contrary, vorticity values at 500
and 200 hPa are not well correlated to the vortex strength at lower levels and they15

remain generally weaker. Three phases of vortex intensification at low levels have been
identified, revealing different behaviours across the vertical levels:

– a phase of moderate intensification that begins on the 23, at 850, 700 hPa and
to a less extent at 500 hPa, followed by a rapid increase at all levels on the 24,
around 12:00 UTC, which is consistent with a convective burst of the MCS,20

– a short phase of moderate intensification around the 25, that is present up to
700 hPa, and also at 500 hPa to some extent,

– a long phase of slow intensification at all levels from the 27 until the 29.

Keeping in view that convection and diabatic processes could be important in the vortex
intensification, the role of the environment on the evolution of the MCS intensity is25
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investigated. An active phase of the MJO is associated with a large-scale easterly jet
in the low-troposphere that propagates slowly towards the East (Madden and Julian,
1994). The MJO remains generally active in the Indian Ocean during a time-period
of 10 days. It is thus relevant to investigate the role of this low-level jet on the vortex
intensification. To conduct such an analysis, each model variable ε at time t is split into5

an environment value plus an anomaly part:

ε(t) = ε(t)+ε′(t) (1)

where ε(t) is an average-state solution of the model computed over 10 days centred
at instant t and ε′ is the residual perturbation field. A 10 day low-pass filter has been
chosen for the environment in order to have the best representation of the equatorial jet10

structure associated with the MJO. Figure 4 shows the extension of the low-frequency
jet at 850 hPa, showing the most intense horizontal gradients of the jet, where interac-
tion may be favoured, around the latitudes 4 to 6◦ S. The MCS vortex evolves around
these latitudes during two periods (Fig. 1): the first one during the 24 November, and
the second one during the 27th. It is worth noting that these periods also correspond to15

two of the phases of intensification identified in Fig. 3. Figure 4 focuses on the evolution
of the vortex with the jet during the first period of interaction, as it evolves southward
out of the low-level jet, in the area where the horizontal wind gradient is the strongest.
However, further diagnostics are needed to understand the interaction of the MCS with
the jet.20

4 Energetics of the low-level cyclone

The jet–vortex interactions are examined more precisely through an energy budget
analysis. Although initially developed for the large-scale circulation under the adiabatic
assumption, the Lorenz (1955) cycle proved to be useful to understand environment-
anomaly interactions in a large range of contexts (Arbogast, 2004). It has been indeed25
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applied to study the intensification of African Easterly Waves and the possible subse-
quent cyclogenesis over North Atlantic in relation to their environment (Norquist et al.,
1997; Hsieh and Cook, 2007). For a similar purpose, Arnault and Roux (2010) used
such an approach on the outputs of a mesoscale numerical simulation.

The energetics analysis decomposes atmospheric fields into an anomaly and an5

environment components as described in Sect. 3. We focus on the diagnosis of kinetic
energy within a 2◦ ×2◦ box (Fig. 4) around the MCS vortex centre at 850 hPa. The
evolution equation of the kinetic energy of the perturbation K’ can be written as:

dK ′

dt
=

1
2

du′2

dt
= CB +CI +Ax (2)

where10

CB = −K ′
(
∂u
∂x

+
∂v
∂y

)
−
(

u′2 − v ′2

2

)(
∂u
∂x
− ∂v
∂y

)
−u′v ′

(
∂u
∂y

+
∂v
∂x

)
(3)

is the barotropic conversion (Lorenz, 1955), which represents the transfer of kinetic
energy from the environment (i.e. the large-scale jet) towards the kinetic energy of the
perturbation (i.e. the box around the vortex at 850 hPa), and

CI = −
R
T
T ′ω′ (4)15

is the internal conversion, which represents the transfer of potential energy of the per-
turbation towards kinetic energy. The term Ax is not computed here: it accounts for
geopotential fluxes, diabatic terms and fluxes at the box boundaries (Arbogast, 2004).
Since it can reach quite large values, it will not be possible to close the budget.

To understand the vortex energetics at 850 hPa, the vorticity and various terms of Eq.20

(2) (except Ax) are examined at that level (Fig. 5). The time periods when the vortex
encounters the southern part of the jet, on the 24 and on the 27 November, are high-
lighted (shaded grey areas in Fig. 5). These time periods of vortex intensification are
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consistently preceded (roughly by a 6 h time lag) with positive tendencies of the pertur-
bation kinetic energy. During the first period (on the 24), the contribution of barotropic
conversion to the increase of kinetic energy reaches high positive values, which is also
the case for internal conversions. These conversions get back to negative values af-
terwards. Barotropic conversion reaches again sustained positive values on the 27,5

when again the vortex encounters the jet and intensifies. Both phases are associated
to a transfer of kinetic energy from the jet to the vortex, showing that the large-scale jet
plays a significant role in enhancing vorticity through barotropic conversion (Arbogast,
2004). After the 27, the slow vortex intensification is associated with sustained positive
barotropic and internal conversions. The negative kinetic energy tendency cannot be10

explained by these conversion terms and could be due to adiabatic terms and energy
redistribution along the vertical.

It is relevant also to note that during the short period of intensification of the 25
November, as the vortex remains far away from the jet, barotropic and internal conver-
sions have low values.15

5 Conclusions

Tropical cyclones are important weather hazards and their genesis needs to be better
understood, in order to improve their prediction. The present study aims at describing
the life cycle of a MCS during an active phase of the MJO, leading to a cyclogenesis in
the South-West Indian Ocean. A numerical simulation of the atmosphere was run with20

the limited-area Meso-NH model and the environmental influence on the vortex growth
has been examined in details using energetic diagnostics. The main conclusions are:

– the vortex undergoes a complex evolution, with phases of intensification and ver-
tical development, followed by phases of stagnation;

– the main phases of intensification occur when the vortex approaches (and inter-25

acts with) the large-scale Equatorial jet typical of the MJO structure;
4927
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– the large-scale jet plays a critical role on the vortex intensification through
barotropic processes in the low troposphere.

This study emphasizes the specific role that the Equatorial jet associated with an active
phase of the MJO has on the early stages of a cyclogenesis. This is an important result
for the predictability of cyclogenesis since it is very likely that such a large-scale jet may5

be more predictable than small-scale unorganized convection.
As a perspective, it would be interesting to assess whether the dynamical processes

shown for this particular MCS also apply to cyclogenesis situations in the South-West
Indian Ocean. For example, the tropical cyclones Anja in 2009 and Benilde (Duvel,
2015) in 2011 seem to have undergone a similar evolution during their early stages.10
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Figure 1. Evolution of the position of the vortex centre of a MCS simulated by Meso-NH from
21 to 29 November 2011 every 3 h (red dots linked by the black curve). The corners of the red
quadrangle are the stations from which supplementary radiosondes were launched during the
DYNAMO experiment. The domain of the Meso-NH simulation is displayed as a black rectangle
in the upper-right panel.
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Figure 2. 10 m wind speed simulated by meso-NH (top) and observed by scatterometer OSCAT
(bottom) on the 28 November 2011 at 18:00 UTC.
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Figure 3. Evolution of the maximum of the absolute value of vorticity of the vortex identified in
Fig. 1 at 4 levels: 850, 700, 500 and 200 hPa between the 23 November at 12:00 UTC and the
30 November 2011 at 00:00 UTC.
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Figure 4. 10 day mean of zonal wind (colors; > 0 ms−1: toward east) and relative vorticity
anomaly (black contours, isolines 1.10−4 s−1, shown only below −1.10−4 s−1) at 850 hPa on
23 November at 15:00 UTC (top), 24 November at 03:00 UTC (middle) and 24 November at
15:00 UTC (bottom) simulated by the Meso-NH model. The black square (2◦ ×2◦) is the one
used for energetic budget; it is located at each instant around the vortex centre.
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Figure 5. Time evolution of absolute value of vorticity (blue line), tendency of the kinetic energy
of the perturbation K ′ (green line), internal (black line) and barotropic conversion (red line)
of the perturbation in a 2◦-side box centred on the vortex centre at 850 hPa during 7 days in
November 2011. The grey boxes represent the periods when the vortex is embedded in the
southern part of the large-scale jet.
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