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ABSTRACT

This research studies the capability of the Weather Research and Forecasting model coupled with the Chemistry/
Aerosol module (WRF-Chem) with and without parametrization to reproduce a dust storm, which was held on 27th
June 2018 over Sahara region. The authors use satellite observations and ground-based measurements to evaluate the
WRF-Chem simulations. The sensitivities of WRF-Chem Model are tested on the replication of haboob features with
a tuned GOCART aerosol module. Comparisons of simulations with satellite and ground-based observations show
that WRF-Chem is able to reproduce the Aerosol Optical Depth (AOD) distribution and associated changes of haboob
in the meteorological fields with temperature drops of about 9 °C and wind gust 20 m-s '. The WRF-Chem Convec-
tion-permitting model (CPM) shows strong 10-meter winds induced a large dust emission along the leading edge of a
convective cold pool (LECCP). The CPM indicates heavy dust transported over the West African coast (16°W-10°W;
6°N-21°N) which has a potential for long-distance travel on 27th June between 1100 UTC and 1500 UTC. The daily
precipitation is improved in the CPM with a spatial distribution similar to the GPM-IMERG precipitation and maxi-
mum rainfall located at the right place. As well as raising a large amount of dust, the haboob caused considerable dam-
age along its route.
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1. Introduction

As a major contributor to global dust emissions,
the North African region plays an important role
in the Earth’s climate by scattering and absorbing
incoming solar radiation and changing the physical
properties of clouds . Dust particles can be used in
cloud formation as giant cloud condensation nuclei
which can affect the microphysics development of
clouds . The effect of mineral dust on the cloud
properties is to inhibit precipitation . However,
the role of Saharan dust on rainfall remains poorly
understood ™ since research works showed, on con-
trary, that dust could enhance the precipitation in
numerical weather prediction (NWP) models . Ko-
cha et al. " highlighted the necessity to couple the
NWP forecasting models with an aerosol module .
The utilization of a dust scheme in NWM could
contribute to improving the cloud cover in West
Africa "', In this region, the mesoscale convective
systems contribute the most to the precipitation
during the monsoon season . The total precipi-
tation is generated particularly up to 90% by the
convective storms in West Africa . The convective
storms generate downdrafts and cold pools over
dry dusty surfaces producing large dust storms "',
The haboobs are dust storms produced by the spread-
ing of evaporatively cooled air from thunderstorms
over the dusty area "'”. Several thunderstorms pro-
duce mesoscale convective systems when they merge
to create a continuous area of convective instability
that persists at least for several hours and produces a
continuous precipitation area """,

Finney et al. ""* have highlighted the limitation of
the Parameterized models (PM) due to their approx-
imations in the representation of the convection. Us-
ing two simulations with 12 km horizontal grid spac-
ing, one running with Parameterized and the other
with explicit convection, Birch et al. '"*! showed a
significant bias of the diurnal water cycle. The un-
certainties of the diurnal water cycle have induced an
increase in the northward advection of the moisture

113 1 B4

into Sahel "*'. Marsham et a showed that simula-
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tions of the West African monsoon explicitly resolve
moist convection with simulations which parameter-
ize convection with the UK Met Office Unified Mod-
el with 12 km grid spacing. By using the dust uplift
potential (DUP), which represents the dependency of
dust uplift on wind speed for an idealized land sur-
"I showed that haboobs are ab-

sent in models with parametrized convection. These
[16)

face, Marsham et al.

failures have been linked to systematic errors
On the other hand, several studies showed that CPM
can be helpful for improving rainfall ">'"'* by re-
ducing the biases of the diurnal cycle of simulated
precipitation, extreme precipitation, cloud cover, and
radiation "*. The explicit convection improves the
intensity of storms and the West Africa monsoon '**”.
Nevertheless, the meteorological features are not im-
proved in whole aspects of the CPM model '"**",
This study aims to examine the ability of WRF-
chem to reproduce a dust storm and the mesoscale
characteristics associated with the event, from 26 to
27 June 2018 over Western Africa, by using para-
metrized and explicit convection. The impact of dust
on solar radiation, 2-meter temperatures and changes
including precipitation is also studied using an addi-
tional simulation with no dust activation (NODUST).
The paper is organized as follows. Datasets,
model experiments and methodology are described
in Section 2. The satellite observations and ground
measurements are used to describe the synoptic
state of the event in Section 3.1. The evaluation of
simulated dust AOD is presented in Section 3.2. The
properties of the storm in the model simulations are
analyzed in Sections 3.3 and 3.4. The impact of the
dust on the radiative budget is investigated in Sec-
tion 3.5. Finally, the conclusion is given in Section 4.

2. Data and method

2.1 Observations

The moderate resolution imaging spectroradiom-
eter (MODIS) is a passive imaging radiometer that
measures reflected radiation and emitted thermal



Journal of Atmospheric Science Research | Volume 06 | Issue 02 | April 2023

radiation in 36 bands. The dataset is provided with
10 km as a horizontal resolution for a better compar-
ison with simulated AOD **. Cold pools can be dis-
criminated in the dust channels with dark color and
mineral dust with pink color ). The identification
of dust depends strongly on the column water vapor,
the lower tropospheric lapse rate, and dust altitude.
Dust is particularly masked when the water vapor
exceeds 25 mm ),

The moderate resolution imaging spectroradiom-
eter (MODIS) is a passive imaging radiometer and
measures reflected radiation and emitted thermal ra-
diation in 36 bands. Dataset are provided with 10 km
as horizontal resolution for a better comparison with
simulated AOD **. We use MODIS/Aqua level-3 at-
mosphere daily global product which overpass above
Western Africa in the afternoon.

The Infrared Atmospheric Sounding Interfer-
ometer (IASI) algorithm, which enables to retriev-
al of optical and microphysical properties of aer-

1 "is used to retrieve dust AOD during

osol types
the event.

The Visible Infrared Imaging Radiometer Suite
(VIIRS) deep blue Aerosol Optical Thickness (AOT)
layer is taken from the National Aeronautics and
Space Administration (NASA)/National Oceanic and
Atmospheric Administration (NOAA) Suomi National
Polar-Orbiting Partnership (Suomi NPP) satellite for
the daytime overpass. The imagery resolution is 2 km
at nadir, and the temporal resolution is daily ***”.

The Global Precipitation Measurement (GPM)
was launched on 27 February 2014 by NASA in
association with the Japan Aerospace Exploration
Agency (JAXA) to provide a higher spatiotemporal
resolution product for global precipitation between
60°S and 60°N ®. We use 24 h accumulated rainfall
from Integrated Multi-satellite Retrievals for Global
Precipitation Measurement (IMERG) version V06
with a 0.1° x 0.1° spatial grid.

The fifth generation of reanalysis from the Euro-
pean Center for Medium-Range Weather Forecasts
(ECMWF) ERAS is used to investigate the synoptic
situation preceding the initiation of the MCS. The
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ERAS dataset is provided at a 1-hourly time step and
is gridded to a regular latitude-longitude of 31 km

horizontal resolution and 139 pressure levels *”.

2.2 Model description and experimental setup

We use the WRF model version 3.7.1 coupled
with chemistry which enables the simulation of aer-
osols and trace gases with meteorological fields .
Both models are run from 15 to 29 June with one-
day spin-up. Daily mean AOD from 16 at 00:00 and
29 June at 23:00 in 2018 are computed boundary
conditions provided by NOAA/National Centers for
Environmental Prediction Final Analysis (NCEP-
FNL) with a horizontal grid spacing of 0.5° x 0.5°
and interpolated by WRF preprocessing system and
update every 6 hours. The simulation domain is cen-
tered in North Mali (1°W, 19°N) and contains 390 x
250 horizontal grid points with 9 km resolution and
51 vertical levels extending up to 50 hPa. The con-
figuration of the model uses the Goddard Global
Ozone Chemistry Aerosol Radiation and Transport
(GOCART) module ®" to simulate mineral dust
concentration PM10 and AOD. The Yonsei Univer-
sity (YSU) planetary boundary layer scheme ", the
Noah land-surface model **, the revised Mesos-
cale Model (MMS5) scheme "%, the Rapid Radiative
Transfer Model for Global models (RRTMG) for

shortwave Bl

and RRTM for longwave radiation
the Grell cumulus parametrization °”' and WRF
Single-Moment 5-class (WSMJ5) microphysics

schemes "

are used by the configuration (Table 1).
The aerosol feedback which provides a reduction in
downward solar radiation from aerosol scattering is
taken into account . The Parameterized (PM) and the
CPM models used the same configuration except that
cumulus (CU) parametrization is not activated in the
CPM model. A control simulation is also run to evalu-

ate the impact of dust in the 2 m temperature.

2.3 Model tuning

The sensitivity tests which consist to adjust the
coefficient of dust emission flux are performed with
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the GOCART aerosol module in both PM and CPM
models. In this study, the GOCART dust scheme
parametrization is tuned by calibrating dust emis-
sion to match observed AOD from AERONET (not
shown) and satellites retrieved AOD averaged in
the entire domain (Figure 1). For this purpose, the
coefficient C in Equation (1), which was originally

- BY'in version 3.7.1,

estimated to be 0.8 mg-s’*m
is adjusted to achieve the most agreement with
observed AOD “"*". The dust emission mass flux,

Fp (ng-m>-s™"), for a specific aerosol size group p

is defined as followed:

-

0

CSSy (Usom - Uy) i Usar > Ut

M

otherwise

where, C is a dimensional constant coefficient that
controls the magnitude of dust emission flux; S is the
source function that characterizes the spatial distri-
bution of dust emission; UI0m is the horizontal wind
speed at 10 m; Ut is the threshold velocity of wind
erosion, which depends on particle size and wetness;
and Sp is a fraction of mass emitted into size group p.

Table 1. Physical and chemical schemes used in the WRF-Chem simulations.

Simulation settings

Values

Domain size

Horizontal resolution

Vertical resolution

Time step for physics

Time step for chemistry

Physics options

Microphysics

Longwave radiation

Shortwave radiation

Surface layer

Surface land

Planetary boundary layer

Cumulus parametrization

Chemistry options

Chemistry

390 x 250 cells

9 km

51 levels up to 50 hPa

60 s

60 s

Used schemes

WSMS5

RRTM

RRTMG

Revised MM5

Noah and land surface model

YSU

Grell-3

Used schemes

GOCART simple aerosol scheme, no ozone chemistry
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Figure 1. Daily mean AOD observed by NASA Worldview (top panel), daily average simulated AOD are shown by the color shading and PM10
concentration in pig-m " are represented by the black contour respectively by WRF-Chem Parameterized (PM) model (middle panel), and WREF-
Chem Convection-permitting model (CPM) (bottom panel) on (a-b-c) 19 June 2018, on (d-e-f) 25 June, (g-h-i) on 26 June, and (j-k-1) on 27 June.

3. Results and discussion

3.1 Observations of synoptic situation

Figure 2 and Figure 3 show the evolution of the
synoptic-scale meteorology which has provided the
formation of the MCS. The synoptic situation for this
case study includes the mean sea-level pressure, the
position of the ITD defined by the 14 °C isotherm
of the 2 m dewpoint temperature, and the relative
humidity for Figure 2. Complementary information
for the synoptic situation is given in Figure 3 and is
based on the 200 hPa geopotential, 925 wind speed,
and 925 hPa streamlines. The description of the syn-
optic situation covers twelve days from 16 to 27 June
and uses the daily mean ERAS Reanalysis. Ten (10)
days before the event (16 June), a core of low pres-
sure of 1008 hPa (Figure 2a) is located over North
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Mali and four (04) days after central Mali with a
lower pressure of 1006 hPa (Figure 2b). This south-
ward transport of the core of low pressure brings
dry air masses from the northern Sahara to Sahel
region up to 12°N. On 24 June, the monsoon trough
is located further north involving a strong shift of
the Intertropical Discontinuity (ITD) ** to the south
of Algeria (Figure 2c¢). On 23 June (Figure 2d), the
ITD is almost zonal and located further north and the
low-pressure core is located over the Western Africa
coastal region. On the day of the event, the ITD is
still further north and strong contrast is observed in
the relative humidity between Sahara and Gulf of
Guinea. From 24 to 26 June, there is an anticyclone
characterizing by a high geopotential at the upper
level over boundaries between Algeria, Mali and
Mauritania and generating heavy dust emission over

the same area as shown in Figure 1. This produces
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a strong southward dust transport with high wind
speed at 925 hPa and the southward shift of the ITD
from south Algeria to northwest Niger (Figure 2e).
The thermodynamic properties of the cold pool
are studied at the time of detection of the cold pool
over Kayes and Matam (Figures 4e and 4f) *. The
haboob was detected at 0900 UTC over Kayes in
western Mali (Figure 4¢) and at 1000 UTC over

mean RELH (1000-500 hPa) & SLP 16062018
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Matam (Figure 4d) on 27 June. Sudden changes
are associated with the location of the MCS over
Eastern and Western Senegal both with a greater
decrease of the temperature of about 9 °C . The
maximum wind speeds are obtained about 1-hour
before the arrival of the MCS at the stations as al-
ready observed during the Fennec field campaign
by Allen et al. **).

d)
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Figure 2. Synoptic state before and during the establishment of the haboob in the western Africa region on (a) 16 June 2018, (b) 20
June, (c) 24 June, (d) 25 June, (e) 26 June, and (f) 27 June. The ITD from ERAS Re-Analysis is defined by the 14 °C isotherm of 2m
dewpoint temperature (dashed red line), mean sea-level pressure in hPa (dashed with line) and relative humidity (color shading).
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Figure 3. Synoptic state before and during the establishment of the haboob over the western Africa region on (a) 16 June 2018, (b) 20

June, (c) 24 June, (d) 25 June, (e) 26 June, and (f) 27 June. The ITD from ERAS Re-Analysis is shown over land (dashed blue line),
200 hPa geopotential (dashed red line), 925 hPa wind speed (green shading) overlain with 925 hPa streamlines (grey).
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Figure 4. ITD from ERAS (dashed red line), estimated 24 h accumulated rainfall from IMERG on (a) 26 June 2018, and (b) 27 June 2018.
Spinning Enhanced Visual and Infrared Imager (SEVIRI) red, green, blue (RGB) dust image (c) at 0900 UTC 27 June 2018, and (d) at 1000
UTC 27 June 2018. Dust is represented by magenta, deep clouds by red, midlevel clouds by orange, cirrus clouds by black, and surface by
blue, and white dots show the location of the synoptic station of Kayes (Mali) and Matam (Senegal). The synoptic measurement over Kayes
and Matam are respectively shown in (e) and (f). The near-surface temperature is shown by the red line, the wind speed by the black line,
and the sea-level pressure by the blue line.

64



Journal of Atmospheric Science Research | Volume 06 | Issue 02 | April 2023

3.2 Assessment of dust

To assess the aerosol integrated-column, we com-
pare AOD from both simulations PM and CPM with
the daily retrieved AOD from IASI and MODIS sen-
sors over West Africa (17°W-15°E; 9°N-30°N) between
16 June and 29 June 2018 (Figure Sa and Figure 1). In
General, the simulations conducted by a tuning factor of
1 mg-s”m " show a good replication of the magnitude
and temporal evolution of observed AOD. Between 16
and 21 June, the diurnal variability of observed AOD
is reproduced by simulations with a best agreement in
the CPM (Figure 5a and Figure 1). Both simulations
are in accordance with observations by capturing the
maximum retrieved AOD between 17 and 20 June and
minimum AOD between 22 and 29 June (Figure 5a).
Both models did not match the maximum value of re-
trieved AOD by satellites on 20 June. The increase ten-
dency of AOD on 25 June is also missed in simulations.
Figure 1 more details in the daily aerosol horizontal
distribution of simulated and observed AOD which
retrieved from Suomi NPP/VIIRS Deep Blue. The
horizontal distribution of AOD showed that both mod-
els are able to reproduce the spatial distribution with a
better accordance in the CPM. The shape of the dust

a)

plume is well replicated in the simulations with a max-
imum the PM10 concentration of 4000 ug-m located
over the maximum AOD values. On 19 June, the dust
emissions were apparent strongly activated with a con-
siderable contribution of Bodélé (Chad) dust source *!
and the Saharan dust source '’ located particularly
over southern Algeria, and northern Mali and Maurita-
nia. The magnitude of dust emission as shown by the
observations and simulations decreases after 19 June,
however the major dust contribution from sources cited
above is maintained. On 27 June, when the dust storm
occurs, the maximum PM10 isotherm of 2000 and
2400 pg-m respectively in PM and CPM were located
over southern Mauritania.

Figure 6 shows that emitted dust is strongly led
by the 10-meter winds which exceed largely the wind
threshold of 5.2 m's™' for desert dust emission “’, The
Outgoing Longwave Radiation (OLR) shows the evo-
lution of the MCS identified by the minimum values
less than 240 W-m > ). The MCS is clearly faster and
finer in the CPM than in the PM (Figure 6). The MCS
reaches the eastern boundaries of Senegal at 0000 UTC
(Figure 6a) and 0300 UTC (Figure 6d) respectively in
the PM and CPM models.

b) 2m Temperature MATAM (Senegal, 13°-15°N)
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Figure 5. (a) Time series of AOD area averaged over Western Africa (17°W-15°E; 9°N-30°N) observed by MODIS (solid black line with
stars) and IASI (solid black line with x signs) sensors, and simulated by the PM (dashed gray line with circles) and CPM (dashed gray line

with squares) models between 16 June and 29 June 2018. (b) and (c) represent the sub-daily evolution of the 2-meter temperatures respec-
tively over Matam and Podor with PM (dashed grey line), CPM (dashed black line), and observations (solid black line).
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Figure 6. Outgoing Longwave Radiation (OLR) in W-m ° respectively simulated by the PM at (a) 27 June 0000 UTC, (b) 27 June
0600 UTC, and CPM at (c) 27 June 0000 UTC and (d) 27 June 0300 UTC. 10-meter wind directions (arrow), and wind magnitudes
(color shading) respectively simulated by PM at (a) 27 June 0000 UTC, (b) 27 June 0600 UTC, and CPM at (c¢) 27 June 0000 UTC
and (d) 27 June 0300 UTC.
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3.3 Environmental properties of the MCS

Figure Sc shows that both simulations reproduce
the diurnal cycle of the surface temperature over the
eastern side and northern side of Senegal with a bet-
ter agreement with observation over Podor. Based on
the surface temperature, simulations show an abrupt
change related to the spreading of the MCS over
West Africa on 26 and 27 June 2018 (Figures Sb
and 4¢ and Figure 7) as observed in synoptic scale
(Figures 4c and 4d). The minimum temperature
shown by the observation at the detection time of
the MCS over Matam is obtained in the simulations
at 1200 UTC (Figure 5). Figure 7i-7p shows more
details on the changes in 2-meter temperatures (T2m)
induced by the MCS properties. By 2100 UTC on
26 June, significant dry air masses are located in the
aerosol transect """ over southern Algeria, northern
Mali, southern Mauritania, and northeastern Sene-
gal (Figures 7i and 7m). By 0000 UTC on 27 June,
a decrease of T2m of about 5 °C is noted on this
transect when the MCS merged with northeastward
convective cells (Figures 7j and 7n). When the
MCS is detected on the eastern side of Senegal and
the western side of Mali (Figures 6 and 7), a signif-
icant gradient of temperature greater than 10 °C is
obtained (Figures 7k and 70). By 1800 UTC on 27
June after the system spread away from West Africa,
the situation becomes drier on the northern latitude
12°N (Figures 71 and 7p).

The important transport of southwestward mois-
ture, which is associated with oceanic air masses and
powering the MCS on 27 June at 0000 UTC, is in
Figures 7b and 7f with precipitable water exceeding
50 mm. The cold pool is associated with 10-meter
wind exceeding 20 m-s' and the migration of the
ITD is located at northern Texte latitude 18°N during
the event. The monsoon surge shown by the south-
westerly wind direction at 925 hPa and the strong
northward progression of the ITD transport humidity
over the border of Mali-Algeria and Niger as already

highlighted in a previous case study **.
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3.4 Vertical profile of storm environment

Figure 8 shows the differences in the thermody-
namic structure preceding and associated with the
spread of the cold pool. The atmosphere became in-
creasingly moist, which is defined by the distance be-
tween the black and green lines, below 700 hPa when
the MCS arrived at Matam with a maximum humidity
located between 850 and 700 hPa in the PM model.
The atmosphere is generally well mixed with the west-
ward transport of air masses as shown in Figure 8 by
wind directions above 800 hPa. The moisture transport
is stronger in the PM than in CPM model (Figure 8), in
contrast to the wind surface which shows respectively a

magnitude contours of 11.5 m's ™' and 24 m's ™' (Figure
[12]

B

7). This result is in agreement with the founding
where authors showed that their Parameterized simula-
tion has got a greater moisture convergence than their
explicit model.

3.5 Impact of dust

In this section, we investigate the profile, T2m
temperature, and daily precipitation between the Pa-
rameterized and explicit convection in WRF-Chem.
On 27 June at 0000 UTC, the lowest atmosphere
between the surface and 2 km is dryer in the explicit
convection than in the model Parameterized (Fig-
ures 8a and 8c). After the event on 27 June, the PM
model showed heavy moisture between 850 hPa and
500 hPa (1.5 km to 3 km). The explicit convection is
quick dryer at this altitude and above and is similar
to the ERAS vertical profile (not shown).

On 27 June, the observation from GPM-IMERG
shows a spatial distribution of daily precipitation
over the western Sahel, with a maximum over north-
ern Burkina Faso, southern Mali, eastern Senegal,
western African coastal, northern Nigeria and south-
western Niger (Figure 9a). The Parameterized and
NODUST explicit convection models miss capture in
general the maximum rain over West Africa expected

in southeastern Senegal and overestimate the daily
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precipitation in Central Senegal (Figures 9b and 9d).
However, the explicit convection captures well the
spatial patterns of daily precipitation as shown by the
observations except in central Mali, and southwest-
ern Niger (Figures 9¢). Figure 10 shows the spatial
patterns of T2m temperature between dust and no-

a) PM Model (WRF-Chem 26062018 2100UTC

dust explicit models. This shows that airborne dust
clearly affects solar radiation by inducing a cooler
surface temperature before the event (from 26 June
2100 UTC to 27 June 0000 UTC). The atmosphere is
heated after dust plume transport over the Sahel on
27 June 1800 UTC (Figure 10d).

Figure 7. Precipitable Water Vapor (color shading) respectively simulated by the PM at (a) 26 June 2100 UTC, (b) 27 June 0000
UTC, (c) 27 June 0600 UTC, (d) 27 June 1800 UTC, and (e-h) by the CPM at the same time, and the ITD (dashed blue line) and 925
streamlines (grey). The 2 m surface temperature (color shading) respectively simulated by the PM (i-1), and the CPM (m-p) at the

same time.
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Figure 8. Skew-T diagram of simulated soundings over Matam (Senegal) respectively by the PM at (a) 27 June 0000 UTC, (b) 27
June 0600 UTC, and by the CPM at (c) 27 June 0000 UTC, and (d) 27 June 0300 UTC. Solid black and green show air and dew point
temperatures (°C), and black wind barbs show the simulated winds in knots.
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Figure 9. 24 h accumulated rainfall from GPM-IMERG (a), (b-d) accumulated modeled daily precipitation from respectively PM,
CPM and NODUST models on 27 June.
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Figure 10. The difference in 2-meter temperatures (color shading) between Dust and NODUST CPM simulations at (a) 26 June 2100
UTC, (b) 27 June 0000 UTC, (c¢) 27 June 0300 UTC, and (d) 27 June 1800 UTC.
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4. Conclusions

In this study, we have investigated the capability
of WRF-chem model to capture a dust storm and
the synoptic weather conditions that triggered a se-
vere dust storm in West Africa between 26 and 27
June 2018 accompanied by the first precipitation in
the early monsoon season. Observational data from
synoptic stations and satellite estimations showed a
typical characterization of a haboob event accom-
panied by a huge amount of dust mobilization along
the LECCP. The West African weather is clearly im-
proved in the CPM model with a better spatial pat-
tern of the daily precipitation similar to the distribu-
tion shown by the satellite observations. The explicit
convection model captures well the dust-generating
winds, which are enough underestimated in the Pa-
rameterized convection model. The strong 10-meter
winds have exceeded 20 m/s in the CPM model and
15 m/s in the PM model. These strong winds have
induced heavy dust emission along the Sahelian dust
transect and then impacted strongly the 2-m sur-
face temperatures in both models. However, surface
turbulence is better represented in the CPM than in
the PM models. The heavy dust emitted in the CPM
model has induced a strong gradient in the surface
temperature with warmer and cooler air masses re-
spectively onward and behind the MCS. The thermo-
dynamic features showed that the characterization
of haboob is matched in both simulations when the
MCS spreading from North Burkina merges with
small convective cells advected from central Mali on
the night of 27 June 2018 as well as showed in the
observations. The merging of the convective cells
was coinciding with a strong southwest transport of
air masses bringing moisture and then empowering
the MCS.
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