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ABSTRACT

The squall line of 21-22 August 1992, documented during the HAPEX-Sahel campaign, is simulated using the regional
atmospheric model (MAR). The simulated results are compared to observational data. The aim of this work is both to
test the capacity of this model to reproduce tropical disturbances in West Africa and to use this model as a meteoro-
logical one. It allows simulating high moisture content in the lower layers. The MAR simulates well updrafts whereas
downward currents are neglected. This result may be due to convective scheme used to parameterize the convection in
the model. The forecast of stability indexes used to define violent storms shows that the model is able to reproduce the
squall line. Despite some differences with the observational data, the model shows its ability to reproduce major char-

acteristics of the mesoscale convective disturbances.
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1. Introduction

The climate in West Africa is characterized by high vari-
ability over a wide range of scale. The most striking ex-
ample is the transition from a wet period during 1950-
1968 to a period of rainfall deficit from the early 1970s
[1,2]. The drought caused starvations and destabilized the
local economy based on agricultural resources. At this
effect, numerous studies were undertaken to both es-
tablish the cause and to identify the main mechanisms of
the climate variability in that region. For instance, some
studies [3,4] demonstrated that the main cause of the
interannual variability of the rainfall was related to the
number of convective systems. These disturbances rep-
resent extreme weather events in the Sahel region where
they account for more than 90% of the rainfall [5]. For a
better study of these phenomena, a tool seems necessary
to specifically address the major processes and integrate
information from a large scale. Regional climate models
seem well suited for this experiment.

Some studies of the extreme weather events using reg-
ional climate models were successfully conducted. For
instance, the simulation of the African wave disturbances
during 8-15 August 1988 [6] showed that the dynamics
and the physics of the model used seems to be more im-
portant than the lateral boundary conditions. The extreme
events of temperature, storm and thunderstorms in Be-
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lgium, and the precipitations over the Lake Victoria in
the Central Africa were also investigated [7] with the
regional atmospheric model (hereafter MAR). The fi-
ontal systems, the development and the deepening of the
depressions were reproduced successfully during the ev-
ents of winter 1990 in Europe. The refinement of the hor-
izontal resolution of the model improved the repre-
sentation of low pressure systems characterized by rapid
intensification. The model also helped to simulate the
temporal evolution of the estimated amount of the rain-
fall in Belgium at different horizontal resolutions of
about 10 km, 25 km and 50 km. In the case of the Lake
Victoria in Central Africa, the MAR allowed to quali-
tatively study the patterns of the convective parame-
terization. It represented well the diurnal cycle of the
cloudy disturbance and the rainfall over the lake. It also
highlighted the role of land and lake breezes and that of
the katabatic and anabatic winds. In the West Africa case,
several works were undertaken with this regional climate
model. The study of Ramel et al. [8] showed that MAR
reasonably well reproduced the monsoon jump which is
associated with the shift of the Saharan heat low between
the Sahelian and the Saharan areas. Vanvyve et al. [9]
studied the internal variability of the model illustrated by
the difference between two 1-year simulations and their
initial conditions. This analysis showed a concomitant
increase between the signal due to internal variability and
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the averaging period or spatial scale. This occurred more
rapidly for variations in precipitation, which appeared
essentially random, than for dynamical variables, which
showed some organisation on larger scales. Ramel [10]
also used MAR to simulate the main features of the West
African rainfall regime. He showed that the simulated
rainfall was in agreement with observation for time
scales larger than 3 - 5 days. Despite the good results
obtained with the model, the simulated moisture was
more important in the lower layers than the observations.
Moufouma-Okia [11] explained this difference by the
errors of the large-scale lateral forcing due to the input
ERA-40 reanalyses.

In this work, the squall line during 21-22 August 1992
documented during the HAPEX'-Sahel experiments [12]
is simulated with MAR. This model is implemented in
the laboratory of atmospheric physics and fluids me-
chanic at the University of Cocody (Cote d’Ivoire)
through a Belgian cooperation. The study aims to repr-
esent extreme events which are squall lines for the tro-
pical region of West Africa. The originality of this work
is to represent sub-grid phenomena with a climate model.
That will allow to analyze the behaviour of the model
and to determine its limits and abilities to reproduce such
atmospheric disturbances. The analysis of the behaviour
of the model at the meteorological scale will constitute a
preliminary step to use this climatic model as a meteoro-
logical one. To that effect, the duration of the model in-
tegration which does not exceed 4 days allows taking
into account the deep convection in the climate simu-
lations.

In the first part of the simulation analysis, the chara-
cteristics of the selected squall line are studied. We des-
cribe this disturbance through the cloud coverage, the
barotropic and baroclinic instabilities of the African eas-
terly jet and both the vertical profiles and the currents in
the squall line. In the second part of the investigation, a
study of the impact on the environment is undertaken.
Studies of a set of stability indexes allow determining the
probability and the intensity of the development of the
convection and evaluating the associated weather pheno-
mena at the synoptic scale.

This manuscript is outlined as follows: An overview of
the model description and the data sets are presented in
the second section. The early simulation of the squall line
is described and discussed in the third section. A conclu-
sion is provided in the last section.

2. Materials and Method

2.1. Overview of the Description of the Regional
Atmospheric Model

MAR [13] is a hydrostatic model in which the vertical

'Hydrologic Atmospheric Pile Experiment
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coordinate ¢ is the normalized pressure used to better
represent the topography. MAR is forced by the Eur-
opean Centre for Medium-range Weather Forecast (EC
MWF) reanalyses. Various schemes are used to perform
prognostics variables which are given by the Equation (1).

F, = —(1/p*)
x[a(p*u'_w')/axm(p*v'_w')/ay + 8(6'_1;/')/80

This equation gives the unresolved processes that are
the hydrological cycle, the turbulent transfers, the con-
vection, the radiative and the dissipation processes. In
Equation (1), w represents the prognostic variables and u,
v and @ are respectively the water vapour, the liquid wa-
ter and the ice. The advection terms are calculated from
the primitive equations discretized by the numerical “leap
frog” and the semi-lagrangian schemes. The dynamic
relaxation scheme [14,15] pulls the prognostic variables
towards the large scale fields. At the top of the model,
the damping layer [16,17] is used to minimize the reflec-
tions. The hydrological cycle of MAR [18] is based on
the Kessler scheme [19-21] whereas the Bechtold scheme
[22] is used to parameterized the sub-grid convection.
This mass flow scheme is a one-dimensional cloud mo-
del proposed by Kain and Fritsch [23], in which the con-
vection is triggered by local instability and the precipi-
tant cloud is represented by vertical currents. The cou-
pling between the convection scheme and the micro-
physics of the model allows to take into account the de-
trainment of cloudy water and the prognostic ice in the
simulation of the precipitations at the grid scale. The
closing of the convection scheme is based on the avail-
able convective potential energy (hereafter CAPE).

For our experiments, the model is forced with ERA-40
reanalyses of the ECMWF on the lateral edges with a
regular recall each six hours. It is initialized on 19 Au-
gust 1992 at 00:00 UT considered as a spin-up. The cal-
culations are integrated over 4-day period until 23 Au-
gust 1992 on a 40 km horizontal scale.

(1
J

2.2. Observational Data

The Meteosat-4 images are used to study the squall line
over West Africa. This dataset is available in 3-hour time
intervals at full spatial resolution (10 x 10 km) in the
infrared channel. The input data used to initialize the
model are from the ERA-40 fields of the ECMWF re-
analyses [24]. Synoptic sounding data from the station of
Niamey (2.16°E; 13.47°N) come from the database stored
at the University of Wyoming [25]. The bad sounding
data during 21 august at 00:00 UT and 22 August con-
strained us to use only those obtained during 21 August
1992 at 12:00 UT.
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3. Results

3.1. Location of the Squall Line

Satellite images and simulated cloud coverage: The
characteristics of the squall lines (SL) over West Africa
were studied for the first time by Houze [26] in the Gulf
of Guinea during the GATE® experiments and later by
Roux [27] in the north of Cote d’Ivoire during COPTS1°.
Using satellite images, Desbois et al. [28] studied the
displacements of a SL between Tchad and Senegal and
Laing et al. [29] estimated the rainfall contribution of a
convective cluster in the Sahel. SLs are the more violent
phenomena which caused 90% of the Sahel rainfall [4,5].
The passage of a SL is marked by an abrupt jump of the
pressure followed by a rapid change in the direction of
the wind. Finally, a decrease of the temperature, an in-
tensification of the wind and strong precipitations are
observed [30]. On a satellite image, SLs are easily spot-
ted because 1) they have a sharper border line on their
western edge, and 2) they move westward in West Africa
[31]. Following these both criteria, the SL of 21 August
1992 is studied using the Meteosat-4 images over the
West African region. This date is used according to the
available synoptic sounding data.

The left panels on Figure 1 present the 3-hourly evo-
lution of the cloud coverage from 12:00 UT to 21:00 UT
in the Meteosat-4 images. A SL is observed in the
north-western region of Nigeria at 6°E - 13°N. The size
of the atmospheric disturbance increased when moving
westward in the successive images. At 21:00 UT, the SL
covered some regions of Benin, Burkina Faso, Mali, Ni-
ger and Nigeria. The right panels on Figure 1 illustrate
the simulated water concentration from the non-preci-
pitating cloudy water and cloudy ice at 9000 m level.
Two convective clusters participated by merging to the
initiation and the development phases of the SL observed
in the north-western region of Nigeria at 6°E - 13°N (see
left panel). The first cell is simulated in the northern area
of the Jos plateau around 7°E - 9°E; 10°N - 12°N, and the
second one around 8°E - 10°E; 17°N - 18°N over the Air
mountainous region. The simulated SL seemed to be

shifted eastward when comparing with the satellite image.

That is explained by the 30-minutes lag between the
model outputs and the satellite images. This time step,
used for the deep convection adjustment in the Bechtold
scheme, is necessary to remove the CAPE from the mesh
grid. It corresponds also to the displacement of the dis-
turbance between two grids.

The 650 hPa Horizontal wind and pressure fields:
Figure 2 illustrates the 650 hPa wind vectors and pre-
ssure fields (shaded area) at 12:00 UT during 21 August
%(Global Atmospheric Research Program) Atlantic Tropical Experiment

on the East Atlantic.
*Tropical Major Convection, in Korhogo in the North of Cote d’Ivoire.
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1992. The simulated cyclonic area, at 5°E - 15°E; 10°N -
16°N in the Northern region of Nigeria, is coincident
with the position of the SL at this date (see Figure 1).
Strong westward flow which corresponds to the African
easterly jet (AEJ) is noted towards 16°N. A disturbance
embedded in the flow is localized ahead the cyclonic area
between 5°W - 0°E; 16°N - 20°N. This phenomenon,
called easterly wave, is a disturbance of the wind field at
650 hPa. It plays an important role on Africa and on
tropical Atlantic climate. It promotes and/or organizes
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Figure 1. (Left) The 3-hourly evolution of the cloud coverage
at (a) 12:00 UT; (c) 15:00 UT; (e) 18:00 UT and (g) 21:00 UT
of the Meteosat-4 images. The red circle shows the studied
squall line. (Right) The water concentration (g-kg ') from
the non-precipitating cloudy water and cloudy ice at 9000 m
level simulated by the MAR at (b) 12:00 UT; (d) 15:00 UT; (f)
18:00 UT and (h) 21:00 UT.
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Figure 2. The 650 hPa wind (m's”; vector) and pressure (hPa,
shaded) fields simulated by the MAR at 12:00 UT during 21
August 1992.

the convection that is a favourable environment for the
birth and the development of the SLs and sometimes for
the tropical Atlantic cyclones [32,33]. The simulated
pressure field showed the talweg of the easterly wave
which coincided with the wind disturbance. Note that the
talweg is a depression in which the isobars form a “V”
and the pressure decreases when moving to the concavity.
The SL position, which is also coincident with the mini-
mum pressure was previously analysed by Reed et al. [34]
and by Barnes and Sieckman [35]. These authors argued
that rapid SLs formed and reached their mature phase
ahead of the talweg whereas slow SLs are observed at the
rear of it.

3.2. Barotropic and Baroclinic Instability in the
African Easterly Jet

Figure 3 shows the altitude-latitude diagram of the si-
mulated potential vorticity (PV) and zonal wind along
7.5°S - 25°N, averaged between 5°W - 10°W. Three vor-
tices representted by positive PV are noted. The first one
extended from the surface up to 6000 m at 15°N of lati-
tude. It is located in the vicinity of the AEJ core that co-
incides with the negative PV [36]. A less intense second
vortex is localized around 13°N from 1000 m to 7000 m.
The third one is as intense as the first vortex and is noted
at 10°N from 4000 m to 8000 m. Reversal signs of PV,
marked by a northward succession of negative and posi-
tive values of PV, are simulated on the AEJ area between
10°N to 20°N [37]. Such result is a condition for baro-
tropic and baroclinic instabilities [38].

3.3. Vertical Profile and Currents in the SL

Figure 4 illustrates the vertical cross-section of the zonal
water content (shaded area), the zonal cloud structure
(isolines) and the vertical motions of the wind (arrows) in
the simulated SL during 21 August 1992 at 15:00 UT.
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Figure 3. The altitude-latitude diagram of the simulated pot-
ential vorticity (PVU, isoline) and zonal wind (m-s_l, shaded)
along 7.5°S - 25°N, averaged between 5°W - 10°W.
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Figure 4. Vertical cross-section of the zonal water content
(g-kg_l; shaded), the zonal cloud structure (isolines) and the
vertical motions of the wind (U, W x 100; vector) in the
simulated SL during 21 August 1992 at 15:00 UT.

This time is related to the merging of the two cells ob-
served at 12:00 UT. The vertical component of the wind
is multiplied by a factor of 100 to better represent the
upward current. Such calculations are performed to take
into account the vertical acceleration that is neglected by
the hydrostatic model.

The SL anvil is more developed in the front side than
in the rear side between the vertical levels 10,000 -
16,000 m. The water content extended from the surface
to 12,000 m and is composed by two cells localized ap-
proximately at 6000 m. This zone represented the area of
perturbation and precipitations [39]. The convective and
the stratiform regions could not be differentiated because
of the compact and confused shape of the SL.
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Strong convective scale and mesoscale updraft curr-
ents are noted between 300 km and 600 km at the horiz-
ontal scale. Those currents exist above both cells of wa-
ter content from the surface up to 15,000 m. No down-
ward currents are practically noted, excepted those in

front of the cloud at 300 km into the layer 2000 - 6000 m.

The dynamic organization of the squall line indicates an
eastward flow around 2000 m and a westward one above
4000 m. This opposite direction of the flows creates a
vertical wind shear in front of the SL. The interaction
between the updraft current in the SL and the wind shear
engenders eddies which support the vertical currents in-
side the squall line.

An undulation is simulated inside the levels 10,000 m -
14,000 m, at the horizontal scale of —200 km to 200 km,
and indicates the presence of gravity wave. The turbulent
phenomena shown by the wind roll at the top of the at-
mospheric boundary layer are also simulated between
2000 m and 4000 m. The configuration of the atmos-
phere in the lower and the middle layers is the character-
istic of a Kelvin-Helmoltz wave. This last instability
generally occurs at the interface between the atmospheric
boundary layer and the free atmosphere. It generates
gravity waves whose trapping involves the release of the
convection.

Figure 5 shows the vertical cross-section of the dif-
ference between the potential temperature at 15:00 UT
and at 00:00 UT. The difference is also used to illustrate
the perturbation into the SL. In the immediate environ-
ment of the cloud, two characteristics of the difference of
the potential temperature are simulated. The first one
occurs in the lower layers from the surface up to 4000 m
and, presents negative differences below and in front of
the SL. This difference reaches —4°K between 200 Km
and 600 km. That means a decreasing of the temperature
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Figure 5. Vertical cross-section of the difference between the
potential temperature (Kelvin) at 15:00 UT and at 00:00 UT.
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due to the cold density current [40] which stretches to the
ground and forms a divergent flow. The second chara-
-cteristic, at the top of the cloud, indicates a positive dif-
ference due to the heating of the water vapour condensa-
tion. Others succession of cold and heat layers due to the
intrusion of air are simulated above 14,000 m.

3.4. Impact of the Squall Line on the
Environment: Analysis on Niamey Station

It is known that convective events impact on synoptic sit-
uations which could be the large-scale vertical velocity,
the moisture convergence in the lower layers and the
atmospheric instabilities [41]. A diagnostic study of such
situations includes the analysis of the static instability
using sounding data and thermodynamic diagrams. This
section aims to determine 1) the probability and the in-
tensity of the development of the convection and 2) to
evaluate the associated weather phenomena at the synop-
tic scale.

3.4.1. Sounding Data from Observation and
Simulation at Niamey

Figure 6 shows the sounding profile at 12:00 UT at the
station of Niamey (2.16°E; 13.47°N) for the simulated
data (top panel) and for the observation (bottom panel).
Some differences are observed between the condensation
level (LCL), the convective condensation level (CCL),
the free convection level (LFC) and the thermal level (EL)
of both type of data (Table 1). Those levels indicate the
different characteristics of the development of an atmos-
pheric particle from the lower layers to the upper layers.
The profiles of the specific humidity (Figure 7) of the
ERA-40 reanalysis (dashed short line), the simulation
(solid line) and the sounding (dashed long line) explain
the difference noted between the observation and the
simulation of the LCL, the CCL and the LFC. ERA-40
reanalyses and simulation data are higher than that of the
observation from the surface up to 875 hPa and to 750
hPa successively. Note that the specific humidity is re-
lated to the mixing ratio. This last parameter allows to
determine the wet adiabat from which the atmospheric
particle rises from LCL to EL. Thus, when the mixing
ratio is high, the positioning of the different levels lowers
for the same profile of temperature.

The observational EL is above the simulated level.
Moreover, the wet adiabat is shifted rightward when com-
paring it with the observation. This is explained by the
important moisture simulated in the lower layers. Mou-
fouma-Okia [11] showed that this moistening in MAR is
influenced by the moisture field of ERA-40 reanalyses
that is introduced each six hours by the model. Thus, the
model inherited the errors of the large-scale lateral forc-
ing due to that input data. Diongue et al. [42] also found
similar behaviour for moisture for other analyses with
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Figure 6. The sounding profiles at 12:00 UT at the station of
Niamey (2.16°E; 13.47°N) for the simulated data (a) and for
the observation (b). The condensation level (LCL), the con-
vective condensation level (CCL), the free convection level
(LFC) and the thermal level (EL) are by black filled circles.
The state curve (red), the dewpoint (green), the moist adia-
batic (black), the wet bulb (blue) and the CAPE (shaded
area) are represented.

Table 1. Different characteristic levels from sounding (OBS)
and simulation (MAR) at Niamey during 21 August 1992 at
12:00 UT.

MAR Simulation and Observation

FYE wpa) 0B (vPa) MA?{i-f(f;;esn Eﬁpa) lefgggc?m)
LCL 915 856 59 500
ccL 825 734 91 900
LFC 788 674 114 1000

EL 751 184 33 1600
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Figure 7. The profile of the specific humidity from sounding
(dashed long line), ERA-40 reanalyses (dashed short line)
and simulation (solid line) at Niamey during 21 August 1992
at 12:00 UT.

ERA-15. To overcome this problem, the authors used the
corrected input data in their mesoscale model to avoid
spurious absolute and conditional convective instabilities.
Such analyses were not undertaken in the case of our
experiment, since the first objective of this work was to
test the ability of MAR to reproduce mesoscale phenomena.
However, it would still be better if the vertical repartition
of moisture is improved. This will be done in a coming
work.

3.4.2. Stability Indexes of Forecast of Storms

The probability of the atmospheric disturbance occurrence
is evaluated by studying several stability indexes during
21 August 1992. There are performed at 12:00 UT at the
station of Niamey (2.16°E; 13.47°N) by using simulated
and observational sounding data (see Figure 6) (Table
2).

The CAPE: The simulated CAPE (2232 J-kg) is
higher than the observation (942 J-kg™"). When looking at
the thresholds given by the abacus, the model indicates a
moderate instability of the atmosphere that allows moder-
ate storm. In the case of the observation, the atmosphere
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Table 2. Stability Indexes from sounding (OBS) and simu-
lation (MAR) at Niamey during 21 August 1992 at 12:00 UT.

Simulation and Observation

Indexes
MAR OBS
CAPE (J-kg™") 2232 942
CIN (J-kg ™) -36 -259
LI -52 42
CIN 33 28

with marginally instability is related to the presence of
thunderstorm with low intensity. The comparison of both
soundings (see Figure 6) reveals that the shape of the
simulated CAPE is larger and longer than that of the ob-
servation. This means a more developed SL, stronger
updrafts and a more favourable environment to create
heavy precipitations. Let us also note that MAR overes-
timates the power of the event. This overestimation is due
to the Bechtold scheme in which the CAPE is calculated
with the potential temperature without additional up-
drafts. That method induces greater value of the CAPE
than with a classical method in which the virtual tem-
perature is used.

The convective inhibition index: The convective inhi-
bition index (CIN) is known as the energy needed by an
atmospheric particle to reach the LFC. The CIN behaves
like a lid and is an indicator of the violent areas of ascent
within the cloud. The simulated CIN (=36 J-kg ') identi-
fies a moderate inhibition that makes possible the devel-
opment of SL and thunderstorm. For the observational
data, the CIN (259 J-kg ') is lower than 200 J-kg'. This
last threshold corresponds to a null probability for the
development of a storm.

The lifted index: The lifted index (LI) is an indicator
of the rising of the air mass [43]. When the temperature
of an atmospheric particle is higher than that of the envi-
ronment, it evolves rightward of the ambient air on a
thermodynamic diagram. On the SkewT diagram, LI is
determined with the mixing ratio of the first wet layers
above the ground and with the surface temperature. It is
calculated as the difference between the air temperature
at 500 hPa and that determined with the LCL through a
SkewT diagram. LI is —5.2 and —4.2 for the simulation
and the observation respectively. The model LI indicates
a higher atmospheric instability with a risk of violent
storm whereas the observation shows a moderate risk.

The KI index: The KI index [44] is a useful tool to
diagnose the convective potential. It takes into account
the vertical distribution of the moisture at 850 hPa, the
depression of the dewpoint at 700 hPa which reflects an
intrusion of dry air at mid-altitude and the vertical gradi-
ent of the temperature between 850 hPa and 500 hPa. It
does not require a thermodynamic diagram for the calcu-
lation. The simulated KI (~33) indicates a high probabil-
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ity ranged between 60% and 80% for the development of
a storm. In the case of the observation, the KI index
reaches 28 and the probability (40% to 60%) is low.

4. Conclusions

The aim of this work was to analyze the ability of the re-
gional atmospheric model (MAR) to both represent and
reproduce the atmospheric disturbance over West Africa
characterized by the scarcity and/or the space and time
discontinuities in the data. The analysis of the behaviour
of the model at the meteorological scale constitutes a
preliminary step to use this climatic model as a meteoro-
logical one. MAR was forced with the ERA-40 reanaly-
ses and a squall line documented during the HAPEX-
Sahel experiment was simulated. Various data, such as
sounding and meteosat-4 images were used. The lack of
sounding data during 20, 22 and 23 August 1992 cons-
trained us to study only the squall line during 21 August
1992 at 12.00 UT and at 15:00 UT. The simulated squall
line seemed to be shifted eastward when comparing with
the satellite image. That was explained by the 30-minutes
lag between the model outputs and the satellite images.

The horizontal wind field at 650 hPa showed that
MAR reproduced and integrated the disturbances at the
synoptic scale. The simulated zonal wind and a north-
ward reversal signs of potential vorticity (PV) exhibited
three vortices. The reinforcement of the PV gradient
sign-reversal on the AEJ area is a characteristic of that
West African region. The organized convection in that
region influences the barotropic and baroclinic instabili-
ties. The model neglected the downdrafts within the
cloud except those in front of the squall line. Only the
updrafts were well simulated.

The analysis of soundings showed lower simulated
characteristic levels than in the observation. The moi-
sture simulated by MAR could be responsible of such
difference. The stability indexes were dependent on the
moisture of the lower layers and explained the higher
simulated indexes than the observations. Such situation
helps in intensifying the stormy pattern of the simulated
disturbance.

Despite some differences with the observational data,
MAR showed an ability to reproduce the major charac-
teristics of the mesoscale convective disturbances. The
present simulation brings opportunities in both studying
mesoscale systems and converting a climate model into a
meteorological one. That could be a valuable tool to
study climate change impacts on the West African coun-
tries by simulating recent weather phenomena and to
forecast new events. However, corrected input data have
to be used in the model to improve the simulation and the
understanding of the West African climate. Such initia-
tives, which represent an extrapolation of the model, are
encouraged to better explain the observed phenomena
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and to increase our warning capacity for severe weather
conditions in that region. That is the focus of the program
Young Team Associated to IRD (JEAI) named Littoral,
Oceanic and Climate Analysis at the North of the Gulf of
Guinea (ALOC-GG) and financed by the French Institute
of Research and Development (IRD).
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