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[1] This work aims at assessing the capability of passive remote-sensed measurements such
as aerosol optical depth (AOD) to monitor the surface dust concentration during the dry
season in the Sahel region (West Africa).We processed continuousmeasurements of AODs and
surface concentrations for the period (2006–2010) in Banizoumbou (Niger) and Cinzana (Mali).
In order to account for the influence of meteorological condition on the relationship between
PM10 surface concentration and AOD, we decomposed the mesoscale meteorological fields
surrounding the stations into five weather types having similar 3-dimensional atmospheric
characteristics. This classification was obtained by a clustering method based on nonlinear
artificial neural networks, the so-called self-organizing map. The weather types were
identified by processing tridimensional fields of meridional and zonal winds and air
temperature obtained from European Centre for Medium-Range Weather Forecasts
(ECMWF) model output centered on each measurement station. Five similar weather types
have been identified at the two stations. Three of them are associated with the Harmattan
flux; the other two correspond to northward inflow of the monsoon flow at the beginning or
the end of the dry season. An improved relationship has been found between the surface
PM10 concentrations and the AOD by using a dedicated statistical relationship for each
weather type. The performances of the statistical inversion computed on the test data sets
show satisfactory skills for most of the classes, much better than a linear regression. This
should permit the inversion of the mineral dust concentration from AODs derived from
satellite observations over the Sahel.

Citation: Yahi, H., B. Marticorena, S. Thiria, B. Chatenet, C. Schmechtig, J. L. Rajot, and M. Crepon (2013), Statistical
relationship between surface PM10 concentration and aerosol optical depth over the Sahel as a function of weather type,
using neural network methodology, J. Geophys. Res. Atmos., 118, 13,265–13,281, doi:10.1002/2013JD019465.

1. Introduction

[2] Desert aerosols are primarily emitted by wind erosion
in arid and semiarid regions of the globe. They represent a
major fraction of the global emissions of natural aerosols
(50% according to Andreae [1995] and 37% according to
Ramanathan et al. [2001]). The north of Africa, including
the Sahara desert and the semiarid regions of the Sahel, is
considered as the world’s largest source of mineral dust
[Prospero et al., 2002].
[3] Emissions of desert dust are primarily controlled by

meteorological conditions, either directly by the wind velocity
or indirectly through the influence of precipitation on soil

moisture and vegetation cover [Brooks and Legrand, 2000;
Prospero and Nees, 1977]. For example, a continuous increase
in dust atmospheric load has been observed during the periods
of drought that occurred during the 1970s to the 1980s, in
the Sahel [N’Tchayi Mbourou et al., 1994]. The mineral dust
cycle is composed of three phases: emissions from the source
areas, atmospheric transport, and deposition. The aerosols are
deposited either partly in the generation region or outside, dur-
ing the transport phase in which they can be advected several
thousand kilometers away from their sources. Because of their
relatively short lifetime and the geographic location of sources,
desert aerosols are heterogeneously distributed [Andreae et al.,
1996], inducing a strong variability of their effects. In North
Africa, desert aerosols are an important source of nuisance
due to huge reductions of visibility during dust storms that impact
aerial and terrestrial transport [e.g., Pauley et al., 1996] and air
quality [e.g.,De Longueville et al., 2009]. In the Sahel, mineral
dust is suspected to play a role in the occurrence of meningitis
epidemics in the Sahelian “Meningitis Belt”. Thomson et al.
[2006] suggest, for example, that excess dust in late autumn,
prior to the seasonal peak of meningitis, may increase its inci-
dence and could have a predictive value for epidemic forecast.
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[4] The evaluation of the different impacts of desert
aerosols requires the quantification of the atmospheric dust
content especially near the source areas. Such quantification
requires taking into account the strong variability of the dust
atmospheric contents induced by weather conditions which
affect emissions, transport, and deposition of these aerosols.
The variability of desert aerosol atmospheric content can be
documented and analyzed by in situ observations, remote
sensing, and modeling approaches.
[5] Remote-sensing techniques allow documenting the

atmospheric dust load over a large spatial and temporal scale.
However, up to now, retrieving aerosol content over bright land
surfaces is challenging. Over the arid and semiarid regions
of West Africa, the information available from spaceborne
remote-sensing techniques was limited until recently, to semi-
quantitative indicators such as the absorbing aerosol index
(AAI) initially developed for observations from the Total
Ozone Mapping Spectrometers [Herman et al., 1997;
Torres et al., 1998] and now available from the recent
Ozone Monitoring Instrument observations, or those such as
the infrared different dust index (IDDI) derived from
Meteosat observations [Legrand et al., 2001]. The AAI is
known to be sensitive to the aerosol layer altitude [Torres
et al. 1998; Hsu et al., 2004] while the IDDI is sensitive to
the variability of the water vapor content during the composi-
tion period. More recently, Hsu et al. [2004, 2006] developed
an algorithm to derive the AOD (atmospheric optical depth) at
490 nm from Moderate Resolution Imaging Spectroradiometer
measurements, the so-called deep blue AOD. Comparisons
with ground-based AOD measurements reveal a regional de-
pendence in the performance of the “deep blue AOD” with
significant variations in the slopes of the regression between
the retrieved and measured AOD [Shi et al., 2011].
[6] AOD retrieval over land has also been developed,

taking advantage of the multiangle viewing capability of
the Multiangle Imaging Spectrometer (MISR) instrument
and specifically validated over desert locations. But, because
of a limited swath width, MISR data do not provide daily
coverage on a continental scale. Ground-based remote
sensing by Sun photometers gives access to the columnar
extinction of solar radiation by atmospheric aerosol:
the aerosol optical depth (AOD). The Aerosol Robotic
Network (AERONET), a Sun photometer network (http://
aeronet.gsfc.nasa.gov/, provides near-real-time observa-
tions of the aerosol spectral optical depth and sky radiance
and derived parameters such as particle size distributions, sin-
gle-scattering albedo, and complex refractive index in several
stations. Since 1994, 14 stations have been installed in West
Africa by the PHOTONS component of the AERONET net-
work, with different periods and durations of observations.
They have made it possible to establish the seasonal cycle
of the AOD in different stations of West Africa [Holben
et al., 2001; Ogunjobi et al., 2008]. Whatever the technique,
i.e., spaceborne or ground-based observations, aerosol indexes
or AOD retrievals provide a measurement or a proxy of the
total column atmospheric dust load. As a result, for some appli-
cations, such as the evaluation of desert dust impact on air
quality and health, using the AOD as a proxy of the surface
concentration may be a critical issue.
[7] Moreover, an analysis of the variability of the atmo-

spheric dust content based on the AOD can mask some vari-
ability due to the altitude of the dust transport.

[8] Typically, in the Sahara and Sahelian regions in summer,
mineral dust emitted from the Sahara is transported across
the North Atlantic Ocean above the Marine Boundary Layer
within the elevated Saharan Air Layer (SAL), as shown
by Prospero and Carlson [1972] and further supported by
lidar measurements performed offshore western Africa
[Karyampoudi et al., 1999; Immler and Schrems, 2002] and
on the West African coast [Léon et al., 2009]. In Senegal on
the northwest African coast from January 2006 to September
2008, the maximum AOD was observed in summer and
corresponded to a maximum in the top altitude of the dusty
SAL between 2 and 6 km [Léon et al., 2009]. An additional
low-level layer of increasing depth was observed from late
summer to fall. Severe dust storms are systematically observed
in spring (March) but with a lower vertical development
(maximum extinction below 1.5 km) and a stronger impact on
the ground-level mass compared to summer [Léon et al.,
2009]. Similar trendswere evidenced over theAfrican continent
using 3year measurements of the Cloud-Aerosol Lidar with
Orthogonal Polarization instrument on board the CALIPSO
satellite [Cavalieri et al., 2010]. From 2006 to 2008, analysis
of lidar profiles overpassing the stations of Banizoumbou
(Niger) and Cinzana (Mali) showed the succession of low dust
layers (below 3km) from November to March and elevated
(>3km) dust layers from May to October. Apart from this
typical seasonal contrast in the altitude of the Saharan dust
plumes between summer and winter, almost nothing is known
about the variability at the intraseasonal scale, and in particular
during the dry season (October–May), where surface con-
centrations are the highest. Because of this variability in the
altitude of the dust layers, the relationship between the surface
concentrations and the AOD is not obvious and may depend
on the location and on the meteorological context.
[9] The objective of the present work is to study the meso-

scale meteorological field (~500 km) surrounding two stations
during the Sahelian dry season, the most critical period for
health impact studies, and to determine its influence on the
relationship between the surface concentrations and the AOD
for desert aerosols through the use of statistical methods.
[10] Establishing a relationship between aerosol surface con-

centrations and AOD relevant in a large variety of situations is
a difficult task for several reasons [Yahi et al., 2011]:
[11] 1. The sensitivity of the relationship to meteorological

conditions,
[12] 2. The different spatial and temporal sampling for AOD

and surface concentrations, and
[13] 3. The fact that remotely sensed measurement of AOD

yields an integrated quantity for thewhole atmospheric column
whereas the surface concentration is measured close to the
ground level.
[14] In order to investigate the influence of meteorological

conditions on the relationship between dust surface concentra-
tion and AOD, our strategy was to decompose the mesoscale
meteorological situations into a reduced number of weather
types [Brissoli et al., 2001; Vautard et al., 1990]. For each of
the identified weather type, the relationship between dust sur-
face concentration and AOD was investigated. To perform this
statistical analysis, a homogeneous data set of observations and
output of a numerical weather prediction model analysis has
been set up for the dry seasons from 2006 to 2010. In particular,
we used time series of aerosol surface concentrations recorded
at two Sahelian stations, namely Banizoumbou (Niger) and

YAHI ET AL.: WEATHER TYPES AND MINERAL DUST CONTENT

13,266

http: //aeronet.gsfc.nasa.gov/
http: //aeronet.gsfc.nasa.gov/


Cinzana (Mali) deployed in the framework of the African
Monsoon Multidisciplinary Analysis (AMMA) International
Program. The paper is articulated as follows: Section 2
presents the database of ground observations and meteorolog-
ical fields. Section 3 describes the methodology employed to
define the weather types, the results obtained during the
2006–2010 dry seasons, and a discussion on the validity of
the classification in terms of atmospheric processes. Section
4 analyzes the results provided by the decomposition in clas-
ses and studies the seasonal and interannual variability of the
data set. Section 5 presents the relationships between the
AOD and the surface concentrations estimated for the different
weather types and a statistical retrieval of the surface dust
concentrations from the AOD measurements. The last section
is devoted to a summary of the results and a conclusion.

2. The Data

[15] The geophysical data set used for the statistical analysis
gathers different parameters which were measured at regional
and local scales. Three kinds of data were used: meteorological
fields from the European Center fromMedium-RangeWeather
Forecast (ECMWF), in situ meteorology, aerosol concentra-
tion, and AOD measurements.

2.1. In Situ Measurements

[16] In the present study, we used in situ measurements of
surface concentration and AOD from two of the three stations
of the so-called Sahelian Dust Transect [Marticorena et al.,
2010]: the stations of Cinzana (Mali, 13.28N, 5.93W) and
Banizoumbou (Niger, 13.54N, 2.66E) (Figure 1). This network

was deployed in the frame of the AMMA (African Monsoon
Multidisciplinary Analysis) International program and has
been fully operational since January 2006. The third station
of this network (M’Bour, Senegal) was excluded from the
analysis due to a lower recovery rate of the surface concentra-
tions and also because of its localization on the Atlantic coast
that induces peculiar local meteorological conditions. The
instrumentation of the stations is fully described inMarticorena
et al. [2010] and briefly reminded hereafter.
2.1.1. Aerosol Surface Concentrations
[17] Atmospheric concentrations of particulate matter smaller

than 10μm (PM10) were measured using a Tapered Element
Oscillating Microbalance (1400A from Thermo Scientific)
equipped with a PM10 inlet [Yahi et al., 2011]. This instrument
allows the measurement of particulate concentrations ranging
from a few micrograms to a few grams per cubic meters. It has
been shown that this instrument is able to provide relevant
measurements with a limited cost in terms of maintenance.
In terms of sensitivity, the detection limit of the instrument is
about 0.06μg/m3 for an hourly sampling time. For the two sta-
tions, all measurements have a nominal data acquisition time
of 5min. The annual recovery rate for PM10 concentrations
ranges between 92 and 99% for the two stations. In the present
study, hourly mean concentrations have been computed from
the 5min measurements. For the selected period (dry seasons,
i.e., October to May 2006 to 2010), our data set includes
10,825 hourly data for Banizoumbou (Niger) and 10,208 for
Cinzana (Mali).
2.1.2. AERONET Ground-Based Measurements
[18] The stations of Banizoumbou and Cinzana are equipped

with a Cimel Sun photometer from the AERONET/PHOTONS

Figure 1. Location of the two experimental sites over West Africa and views of the aerosol sampling
stations of Banizoumbou (Niger) and Cinzana (Mali).
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network (http://aeronet.gsfc.nasa.gov/). A full description of
the instrument and the retrieval procedure can be found in
Holben et al. [1998].
[19] The aerosol optical depth (AOD) quantifies the extinc-

tion due to aerosol integrated over the whole atmospheric
column. According to Holben et al. [2001], the uncertainty
on the AOD retrieved from AERONET Sun photometers
on the field is mainly due to calibration uncertainties, which
were estimated between 0.01 and 0.02, depending on the
wavelength. AERONET Sun photometers are equipped with
different channels allowing computing the spectral depen-
dence of the AOD, i.e., the Angström exponent α. This spec-
tral dependence is sensitive to the aerosol size. Desert dust is
characterized by micron and super micron particle size
modes and thus exhibits very low α (close to 0), while α
values higher than 1 are observed when the aerosol mass size
distribution is dominated by submicron particles [Holben
et al., 2001].
[20] For the two stations, we used the level 2 (quality

controlled) AOD measurements, automatically made between
05 h and 18 h at three different wavelengths (430 nm, 760 nm,
870 nm). From the individual measurements, we computed
2989 hourly means for Banizoumbou (Niger) and 2294 for
Cinzana (Mali) at the three wavelengths during the observa-
tion period (dry seasons 2006–2010).

2.2. Meteorological Fields

[21] In this work, we use the meteorological fields pro-
vided by the ECMWF analyses obtained by integrating the
T106L31 model for the period 2006 to 2010. We extracted
3-D fields of air temperature (T) and meridian and zonal
(U, V) wind components at nine pressure levels (1000, 925,
850, 700, 500, 400, 300, 250, 200 hPa), at a spatial resolution
of 0.5° over the selected domain (5°N–25°N and 25°W–10°E)
with a 3 h time step (00.00, 03.00, 06.00, 09.00,12.00 ,15.00,
18.00, and 21.00 UTC). For the five dry seasons of the years
2006 to 2010 (October to May), this corresponds to 9727 3-D
meteorological fields.

3. Methodology

[22] For each station, we have classified the 3-D meteoro-
logical fields into a limited number of categories, the so-called
weather types. This classification clusters the similarities in
the 3-D meteorological parameters in a mesoscale domain
(450 km×450 km) centered at each station. For each weather
type, the relationship between the PM10 concentration and
the AOD is expected to be simplified since the variability
of the meteorological field is reduced and consequently its
impact on the PM10-AOD relationship. The methodology is
detailed in Yahi et al. [2011].
[23] The 9727 meteorological fields corresponding to the

dry seasons from 2006 to 2010 have been clustered into a huge
number of prototypal meteorological situations by using a
self-organizing map (SOM). This number was reduced by
using a hierarchical ascendant classification (HAC).
[24] SOM is an unsupervised classification method made

of a competitive neural network structured in two layers
[Kohonen, 2001] suitable for clustering large data set, denoted
L in the following. The first layer (or input layer) receives
the data (here the meteorological fields). The second one is a
two-dimensional (10 × 10 in the present case) neuron grid.

Each neuron of the grid captures data of L which are similar.
The neuron grid summarizes the information contained in
the multivariate learning set D (D being the 9727 meteorolo-
gical situations). Each neuron j is associated with a referent
vector Wj (0< j≤ 100) that has the dimension of the data and
is statistically representative of L. The neuron grid presents a
topological ordering, which means that similar situations of
L are mapped onto neighbor regions on the SOM map, while
dissimilar patterns are mapped further apart. The number of
neurons (100 here) determines the granularity of the mapping,
which in turn is responsible for the accuracy and the generali-
zation capabilities of the SOM map. The reference vectorsWj

are determined from L, through a learning process [Kohonen,
2001], by minimizing a nonlinear cost function.
[25] The large number of subsets provided by the SOM

map permits to take into account the complexity of the input
data set. However, it may prevent the synthesizing of some
meteorological information embedded in L. To counteract
this difficulty, this large number of subsets is aggregated into
a smaller number of categories based on the similarities of the
subsets. We extracted a few pertinent “weather types” from
the subsets by clustering subsets having similar statistical
properties, expecting that the “weather types” can be associ-
ated with common meteorological characteristics. For that,
we used a hierarchical ascendant classification [HAC; Jain
and Dubes, 1988] using the Ward distance for the intraclass
similarities. We aggregated the 10 × 10 neurons into five sta-
tistically significant types. The number of types has been
selected choosing the most significant discriminative parti-
tion with respect to the dendrogram (or hierarchical tree) of
the HAC.
[26] Technically, for each station (Banizoumbou and

Cinzana), we applied the SOM algorithm to the vectors
representative of meteorological situations (vertical profiles
of temperature, zonal, and meridional wind components).
The problem was to characterize the input vector of SOM
that represents a meteorological situation. The desert aerosols
do not only depend on the local meteorological situation
but also on the mesoscale meteorological situation, i.e.,
scales are of several hundred kilometers. In the present study,
we have considered that pertinent mesoscale meteorological
information is embedded in an area of 450 km× 450 km
((A2) area in Figure 2) centered on the ground stations
(Cinzana and Banizoumbou).
[27] For that purpose, we subsampled the 3-D meteorolo-

gical fields on 17 grid points around the stations (blue cells
in Figure 2, and the two red cells correspond to the location
of the two stations).
[28] These seventeen cells allowed us to take into account

the local as well as the mesoscale weather situations, (the
nine cells around ground stations). Each input vector of
the meteorological map is thus composed of three vertical
profiles of atmospheric parameters (temperature, meridional,
and zonal wind components at nine vertical levels) at each of
the seventeen grid meshes (Figure 2). The 459 (9 × 3 × 17)
components of the input vector of SOM are output of
ECMWF forecast model analysis. Following Yahi et al.
[2011], we decided to fix the SOM dimension to 10 × 10, pro-
viding a highly discriminating representation of the learning
set, L. The learning set was thus clustered into 100 subsets.
At each of the two stations, the SOM algorithm was applied
to the meteorological data set to produce a two-dimensional
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SOMmap (denoted SOM-B for Banizoumbou (Niger) station
and SOM-C for Cinzana (Mali) station) with 10× 10 neurons
providing 100 typical meteorological situations representative
of the five dry seasons 2006–2010 periods. This initial clas-
sification was then reduced into a limited number of groups

using a hierarchical ascendant classification (HAC) (see
Figure 3). The number of groups, or weather types, was
selected choosing the most significant discriminative partition
with respect to the dendrogram of the HAC, which is the
highest level of significantly different classes’ distributions
at the significance level of 95% using a Kolmogorov test
[Saporta, 1990]. This test was applied at each significant
cutting level of the dendrogram defined by the “rule of the
elbow”, corresponding to the levels where there is a significant
change of the aggregation index, based on the intraclass vari-
ance with the Ward distance metric. Five different weather
types were finally selected for each station.

4. Analysis of the Classification in Weather Types

4.1. Seasonal Variability

[29] For the two stations, the statistical analysis of the
atmospheric fields, done by processing the meteorological
data set from the ECMWF on a mesoscale domain surround-
ing the stations, (Figure 2) leads to the identification of five
weather types. These weather types are denoted WTBX
(X = 1…5) for Banizoumbou and WTCX (X = 1…5) for
Cinzana. At each of the two stations, the five weather types
differ both in terms of atmospheric fields of temperature and
wind at different levels.
[30] The Sahel is characterized by the succession of two

contrasted weather regimes: the Harmattan, characterized
by northeasterly flow, mostly blows during the winter and
defines the dry season, while in summer, due to the northward

Figure 3. Schematic representation of the method and the structure of the SOMi map (i= 1 for
Banizoumbou, Niger, and i= 2 for Cinzana, Cinzana). The network comprises two layers: an input layer
used to present the observations and an adaptation layer for which a neighborhood constrains is defined
(distance d between neurons and a neighborhood function). Each input vector (X ) of SOMi is thus consti-
tuted by 17 vertical profiles of atmospheric parameters (temperature, meridional, and zonal wind compo-
nents at nine vertical levels) at each of the17 grid meshes (Figure 2). The 459 (9 × 3 × 17) components of
the input vector of SOMi are output of the ECMWF forecast model analysis. Each neuron i of the map is
fully connected to the input layer. It is associated with a group that is represented by a reference vector
rv which is represented by the weights of the connection to the input layer. The neurons are clustered in
classes by a hierarchical ascendant classification.

Figure 2. Representation of the grid mesh of the ECMWF
atmospheric model and the specificmeshes (blue squares) used
for determining the weather types at the two stations. The large
red squares correspond to the Cinzana and Banizoumbou areas
where we studied the profiles of temperature, meridional, and
zonal wind components.
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displacement of the Intertropical Convergence Zone, the Sahel
is exposed to the southwest moist flow of the African
monsoon. Moist convection that develops in this monsoon
flow provides most of the precipitation in the Sahel [Mathon
et al., 2002]. The rainy season associated with the African
monsoon lasts from May to October [Lebel and Ali, 2009].
In Banizoumbou and Cinzana, the precipitations are much less
frequent and intense in May and October, which mostly cor-
responds to transition periods characterized by the passage
of the intertropical discontinuity (discontinuity between the
Harmattan and the monsoon flows at the ground level). In this
study focused on the so-called dry season, we have selected
the period between October and May that includes the core
of the dry season (November to March) and the transition
periods (April, May, and October) between the Harmattan
and the monsoon regimes. The weather types identified are
thus expected to be mainly associated with the Harmattan
regime. This is confirmed by inspecting the wind direction
and the temperature at the ground level determined from
the ECMWF meteorological fields. In Banizoumbou, three
weather types (WTB3, WTB4, and WTB5) are characterized
by east-northeast surface winds, i.e., wind sectors typically
associated with the Harmattan flow. Weather types WTB4

and WTB5, respectively, correspond to high-mean wind
velocities (4.27 and 3.52m s�1) (Table 1). They are associated
with lower surface temperatures (25°C and 24°C) compared to
the southern weather types (32°C and 31°C). Weather type
WTB3 exhibits an intermediate temperature (29°C) and a
lower wind velocity, which could indicate a transition between
the south weather types WTB1 and WTB2 associated with
wind directions corresponding to the monsoon flow. WTB1
corresponds to moderate (2.06m/s) west-southwest winds
(230°) and to the highest mean temperature (32°C) among
the five weather types. WTB2 corresponds to east-southeast
winds (110°) but with very low wind velocity (0.58m/s) and
a slightly lower temperature (31°C) than for WTB1.
[31] The different weather types also differ by their occur-

rence time during the dry season. Figure 4 presents the average
relative monthly occurrence of each weather type at the two
stations for the five dry seasons studied. This figure highlights
typical temporal patterns in the succession of the weather
types during the dry season. As summarized in Table 2, in
Banizoumbou, the first two weather types of the two stations
(WTB1 and WTB2) are more frequently recorded at the end
(May) and the beginning of the dry season (October). The last
three weather types (WTB3, WTB4, WTB5) mainly occur
in the core of the dry season (from November to March):
WTB4 is mainly observed in December (28%), WTB5 in
January (34%), and WTB3 in March (23%) (Table 2).
[32] In Cinzana, weather type WTC1 corresponds to a

south-southwest wind (212°) and to the highest mean
temperature (31°C) among the five weather types (Table 1).
The four other weather types are characterized by northeast
surface winds.
[33] Weather types WTC2 and WTC3 correspond to the

east-northeast winds. They are associated with intermediate
surface temperatures (28°C and 26°C).
[34] Weather type WTC2 exhibits an intermediate temper-

ature (28°C) and a lower wind velocity, which could indicate
a transition between the south weather types WTC1 and the
three other weather types.
[35] Weather typesWTC4 andWTC5 respectively correspond

to mean wind velocities (3.2 and 2.m s�1) (Table 1). They are

Table 1. Characteristic of the Weather Types for Each Station From
the Observations

Weather
Types

Temperature
at 2m (°C)

Mean Wind Speed
(m/s) at 10m

Mean Wind Direction
(°) at 10m

Station of Banizoumbou (Niger)
WTB1 32 2.06 230
WTB2 31 0.58 118
WTB3 29 2.08 68
WTB4 25 4.27 61
WTB5 24 3.52 31

Station of Cinzana (Mali)
WTC1 31 1.27 212
WTC2 28 1.54 76
WTC3 26 2.4 67
WTC4 24 3.2 40
WTC5 26.5 2 21

Figure 4. Percentage occupied by the months of the dry season (October to May) for each weather type.
Each weather type is represented by a pie chart (see the color legend representing each month).
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Table 2. Percentage of Occurrence of Each Weather Type in Winter (November to March) and Months of Maximum Occurrence of Each
Weather Type and Their Associated Percentage (See Figure 4)

Banizoumbou Cinzana

Percentage of Occurrence
in Winter

Month of Maximum Occurrence and
Percentage of Occurrence (%)

Percentage of Occurrence
in Winter

Month of Maximum Occurrence and
Percentage of Occurrence (%)

WTX1 9 May (42) 3 May (49)
WTX2 15 October (36) 49 October (36)
WTX3 72 March (23) 86 December (27)
WTX4 84 December (28) 93 December (23)
WTX5 97 January (34) 85 January (21)

WTB1

WTB2

WTB3

Figure 5. Mean (left) temperature and (right) wind maps obtained in the Banizoumbou (Niger) area at the
ground level for the five weather types. The colors indicate the wind and temperature intensity (see the scale
at the right of the cartoons).
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associated with lower surface temperatures (24°C and 26.5°C)
compared to the southern weather types WTC1 (31°C).
[36] The different weather types at Cinzana have a similar

occurrence time during the dry season and comparable per-
centage of occurrence as the weather types in Banizoumbou
(Table 2). The highest occurrence for WTC1 is in May and
for WTC2 in October. The three Harmattan weather types
(WTC3, WTC4, and WTC5) mainly occur between December
and March (Figure 4): 62% of WTC3 situations are ob-
served between November and January, with a maximum
in December (Table 1). WTC4 is mainly observed between
December and February (65%), with a maximum occurrence
in December and January (23% each). WTC5 is observed
between January and March, with a similar occurrence during
these three months (21 to 20%).
[37] Based on their respective timing and main characteris-

tics, the three Harmattan weather types identified in Cinzana
can thus be paired with those observed in Banizoumbou:
WTB3 andWTC3 are the main weather time at the beginning
of the dry season, i.e., from November to January. Then
WTB4 and WTC4 become dominant, while WTB5 and
WTC5 are the major weather types occurring in the core of
the dry season (from January to March). A general temporal
frame of these weather types can thus be established on the
intraseasonal scale, with some overlap between the periods
of occurrence of the different weather types: the WTB2 and
WTC2 mainly occur in October, corresponding to the transi-
tion from the monsoon to the Harmattan regime. Once the
Harmattan regime is installed, WTB3 and WTC3 dominate
during the first phase of the dry season (November–December)

before it is progressively replaced by WTB4/WTC4
(December to February), and then by WTB5/WTC5 (January
to March). The end of the dry season is characterized by the
northward progression of the monsoon flow. WTB1 and
WTC1 become progressively dominant from April to May.
[38] For each station, the weather types also differ in terms

of mesoscale pattern, as illustrated by the map of mean meso-
scale fields of surface winds and temperatures presented in
Figure 5 for Banizoumbou and Figure 6 for Cinzana. The
three weather types associated with the Harmattan flow in
Banizoumbou are characterized by similar spatial surface
wind patterns (Figure 5) but with significant differences
in mean wind intensity. The intensity of the surface winds
in the domain studied (Figure 5) decreases from WTB3 to
WTB5 and WTB4. WTB4 is associated with the highest
surface winds, which are located south of the Aïr Mountain,
in the westward path of the Bodélé Depression region
(Chad), known as the most active dust source of the Sahara
[Prospero et al., 2002; Washington et al., 2006]. Assuming
that the surface wind minimum and the shift from southwest
to northeast in the direction of the surface winds permit to
locate the intertropical discontinuity (ITD; Flamant et al.,
2007), it appears that the ITD occupies a northernmost
position for WTB3 than for WTB5 and WTB4 (Figure 5).
For these three Harmattan weather types, the Banizoumbou
station is located at the northern edge of a zone of high temp-
erature, whose maximum is situated south of 10°N, cor-
responding to a temperature gradient between the gulf of
Guinea and the Sahel which is typical of the transition between
the Harmattan and the monsoon flow. Further analysis at the

WTB4

WTB5

Figure 5. (continued)
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synoptic scale would be required to fully understand the
meteorological context leading to these different weather types
inside the Harmattan regime.
[39] At the end and also at the beginning of the dry season

(May and October), a region of high temperature is observed,
with two local maxima, respectively, located around 15°N–
17°N and 2°W–4°E and around 16°N–18°N and 6°E–8°E,
the station of Banizoumbou being located at the southern
edge of this high-temperature area (Figure 5). The location
of this high-surface temperature zone and the period of its
occurrence suggest that WTB1 andWBT2 are associated with
the West African Heat Low (WAHL). Indeed, the climatology
(1984–2001) of the WAHL shows that in May, the core of
the WAHL is located south of the Aïr Mountain (18°30N
and 8°30N; Lavaysse et al., 2010). It is associated with a
weak Harmattan flow allowing the monsoon flow to progress
northward over the continent especially in May [Lavaysse

et al., 2010]. During the wet season, the WAHL moves
toward the Sahara (and is thus referred to as the Saharan
Heat Low). In October, the maximum of the WAHL takes a
position similar to that observed in May, i.e., southwest of
the Aïr Mountain before moving eastward to reach the south-
west of the Darfur (Sudan). The displacement of the WAHL
at the beginning and at the end of the dry season seems
connected to the displacement (incursion or retreat) of the mon-
soon flow over the north of Niger and Mali, reflected by the
WTX1 and WTX2. For WTB1, the station of Banizoumbou
seems to be located south of the ITD, clearly inside the mon-
soon flow. On the contrary, for WTB2, the ITD appears as
located almost at the station level so that the station can still
be submitted to a weak Harmattan flow.
[40] The spatial pattern of surface winds and temperature at

Cinzana (Figure 6) confirms the similarities between the
weather types indentified in Cinzana and in Banizoumbou.

WTC1

WTC2

WTC3

Figure 6. Mean (left) temperature and (right) wind maps obtained in the Cinzana (Mali) area at the
ground level for the fives weather types. The colors indicate the wind and temperature intensity (see the
scale at the right of the cartoons).
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At Cinzana, as in Banizoumbou, weather typeWTC1 is asso-
ciated with the highest surface temperature of the five
weather types, and the local wind direction is similar to that
of Banizoumbou WTB1. Although the local mean wind
direction differs from the one recorded in Banizoumbou
(E-NE instead of S) (Table 1), the mean mesoscale wind
pattern associated with WTC2 is similar (Figure 6) to that of
WTC2 and WTC1 (Figure 6). However, for WTC1, the ITD
seems to be located at the same latitude as Cinzana or slightly
north, while for WTB1, Banizoumbou was clearly located in
the monsoon flow. For WTC2 as well as for WTB2, the
stations are located on the ITD or slightly south and are sub-
mitted to a weak Harmattan flow. The last three weather
types (WTC3, WTC4, and WTC5) are characterized by lower
mean surface temperatures than for WTC1 and WTC2. They
present similar characteristics in terms of surface winds and
surface temperature patterns as WTB3, WTB4, and WTB5
in Banizoumbou.
[41] Figures 7 and 8 present the mean vertical profiles of

the wind at the two stations for the different weather types.
The three Harmattan weather types present a maximum
of the zonal wind peaking westward at 925 hPa both in
Banizoumbou and Cinzana. This maximum is also evidenced
on the meridional wind component for WTB3, WTC5, and
WTC4. Even if less intense, this maximum is also obvious
in meridional wind for WTC1 and WTC2. It does not appear
for WTB1 and is very weak for WTB2. This feature typically
reflects the presence of a nocturnal low-level jet (NLLJ).
Over the Sahara and the Sahel, the NLLJ is observed both
in the dry and wet season, originating either from the north-
east during the dry season and from the southwest during
the wet season [Parker et al., 2005; Washington and Todd,
2005]. Over the Sahel, the wind velocity of the Sahelian

NLLJ is maximum at around 05 UTC at 400m above the
ground, with wind speed up to 15ms�1 [Lothon et al., 2008].
The LLJ has been identified as a major meteorological fea-
ture for dust emission in the Bodélé Depression (Chad) and
more generally over the Sahara [Schepanski et al., 2009]. In
our analysis, a strong LLJ appears as associated to the three
Harmattan weather types identified at Banizoumbou and
Cinzana. The two weather types associated with the monsoon
flow do not exhibit such a clear peak in zonal winds at low
altitude.WTB2 andWTC2 have amaximum zonalwind compo-
nent at 850hPa but exhibit a smoother decrease in wind velocity
with height up to 500 hPa (level 5). The mean profile of zonal
wind is similar for WTC1, but with lower winds. On the con-
trary, WTB1 is characterized by relatively high eastward winds
above the surface that still may reflect the presence of a LLJ.
[42] All these considerations confirm that similar weather

types have been identified in Banizoumbou and Cinzana,
particularly during the Harmattan regime.
[43] In the following section, we examine the interannual

variability of the weather type decomposition. Owing to the
similarity of the weather types in Banizoumbou and Cinzana,
we only present the results obtained for Banizoumbou.

4.2. Interannual Variability

[44] The monthly occurrence of the different weather types
for the five years studied at Banizoumbou is shown in
Figure 9. The main characteristics of the seasonal pattern
established from Figure 4 are still visible; however, this time
series highlights a significant interannual variability. The
weather type distribution can differ from one year to the
other, and some anomalies can be distinguished either in
the relative occurrence of a given weather type or in terms
of change in the timing of the different weather types.

WTC5

WTC4

Figure 6. (continued)
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[45] The time series of the occurrence of the weather type,
which has been identified in Banizoumbou, confirms the pre-
dominance of a specific weather type at each stage of the dry
season, as already shown in Figure 4. However, it also high-
lights a strong interannual variability in the relative occurrence
of the different weather types at some specific time periods.
[46] For the Harmattan weather types, the interannual

variability is very high. WTB4 appears as a major weather
type from November to February, but with noticeable ex-
ceptions. In 2006, Harmattan period is dominated by weather
type WTB5 in January, February. In winter 2008–2009,
WTB4 only occurs in December with quite short occurrences.
During that period, we observe an unusual important WTB3
transition period at the beginning (November) and at the end
of winter with important occurrences in February and March
and an abrupt switch to WTB1 in April. The winter 2009–
2010 is dominated by weather type WTB4 from November
to March. For that winter, we observe an important presence
of WTB3 in February and March. Quite a strong variability
from month to month and from year to year is observed for
WTB3 compared to WTB5 and WTB4.
[47] Since the different weather types appear as associated

with specific mesoscale meteorological conditions, further

investigation on the relation between these mesoscales situa-
tions and the synoptic meteorological context should be
developed to explain this strong interannual variability in
the occurrence of the weather types during the dry season.

5. Relationship Between AOD and PM10

Surface Concentration

[48] Since the meteorological situations classified in each
weather types have similar characteristics, it is expected that
within each weather type, the relationship between surface
dust concentration and aerosol optical depth should be less
affected by the variability of the atmospheric variables. It
might thus be possible to develop a simple method for re-
trieving dust concentration from AOD for each weather type.

5.1. AOD and PM10 Relationship as a Function
of Weather Type

[49] For the five years studied, the PM10 measurements have
been matched with concomitant measured AOD, leading to
2995 synchronous collocated AOD and PM10 measurements

(a)

(b)

Figure 8. Vertical profiles of the (a) zonal and (b) meridional
components of the mean wind for the five weather types at
Cinzana in m/s.

(a)

(b)

Figure 7. Vertical profiles of the (a) zonal and (b) meridional
components of the mean wind for the five weather types at
Banizoumbou in m/s.
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for Banizoumbou and 2294 synchronous collocated measure-
ments for Cinzana. Figures 10 and 11 present the distribution
of the PM10 and the AOD for the complete data set and for the
different weather types.
[50] For the Banizoumbou station (Niger), the hourly PM10

concentrations and AOD range over several orders of magni-
tude (respectively, 2.8 to 461μg/m3 for PM10 concentrations
and 0.03 to 1.4 for AOD) for the whole data set (Figure 10).
This range is not significantly reduced when examining the
distribution in the different weather types. Differences appear
in the lower quartile (Q25), median, and upper quartile (Q75)
values of the distributions.
[51] Considering the PM10 concentration, WTB1 is associ-

ated with lower median and quartiles Q25 and Q75 (respec-
tively, 66.7, 38.5 and 111 μg/m3) than the other WTBs.
WTB4 is characterized by the highest median concentration
(139 μg/m3) and quartile Q75 (>300μg/m3) and tends to
have more extreme concentrations than the other WTBs.
WTB2, WTB3, and WTB5 have similar median PM10 con-
centrations and comparable quartile Q25 and Q75 values.
However, WTB3 shows much lower values (102, 54, and
215 μg/m3) than WTB2 and WTB4.
[52] For AOD, WTB4 is associated with lower median and

quartiles Q25 and Q 75 (respectively 0.31, 0.18 and 0.60)
than the other WTBs. WTB2 is characterized by the highest
median values and quartiles Q25 and Q75 (respectively
0.93, 0.41 and 0.60). WTB3 and WTB5 have similar median
concentrations and comparable quartile values Q25.
[53] Similar results (Figure 11) are obtained for the Cinzana

station (Mali). The hourly PM10 concentrations and AOD
range over several orders of magnitude (respectively, 3.7
to 422 μg/m3 and 0.05 to 1.15) for the whole data set
(Figure 11). WTC1 is associated with a lower median
and quartiles Q25 and Q75 (respectively, 67.9, 46.8, and
111 μg/m3) than the other WTCs. WTC4 is characterized
by the highest median concentration (142 μg/m3) and quar-
tile Q75 (>256 μg/m3) and tends to have much higher

concentrations than the other WTCs. However, WTC5 has
much lower values (83.2, 52.1, and 150 μg/m3) than the
WTC2 and WTC3.
[54] For AOD, WTC4 is associated with lower median and

quartiles Q25 and Q73 (respectively, 0.32, 0.20, and 0.50)
than the other WTCs. WTC1 is characterized by the highest
median values and quartile Q25 (respectively, 0.45, 0.32).
WTC2 is associated with the highest quartile Q75 (0.74) with
respect to the other WTCs.
[55] These results show that the decomposition in weather

types does not produce a classification in terms of PM10 con-
centration or AOD range.
[56] For the complete data set, the PM10 concentrations have

been plotted as a function of AOD in Banizoumbou and
Cinzana (Figure 12, upper left panel for each station). Despite
a general increasing trend of the PM10 concentration with
increasing AODs, the regression coefficient, R2, is relatively
low for the two stations (R2=0.47 for Banizoumbou, and
R2=0.48 for Cinzana). It shows that there is no simple signifi-
cant relationship between the surface dust concentration and
the AOD, which represents the vertically integrated dust load.

(a)

(b)

Figure 10. Statistical distribution of (a) PM10 (μg/m3) and
(b) AOD for the complete data set and for the different
weather types at Banizoumbou (Niger). The box represents
the lower quartile (Q25—lower bar), the median value (middle
bar), and the upper quartile (Q75—upper bar) of the studied
variable. The T lines delineate the 9th percentile (lower T)
and the 91th percentile (upper T) values, respectively.

Figure 9. Time series for the five years of study (2006–2010)
of the monthly occurrence of the different weather types at
Banizoumbou (Niger).
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[57] The PM10 and AOD measurements have been cate-
gorized into the five identified weather types. The PM10

concentrations have thus been plotted as a function of
the AOD for each of the five weather types identified and
for the two stations (Figure 12). Except for WTB1 and
WTC5, the correlations between the PM10 concentrations
and the AOD are higher than those obtained for the whole
data set. In Banizoumbou, the R2 coefficients are higher
(ranging from 0.58 to 0.79) for the weather types related
to the Harmattan regime (WTB3, WBT4, and WTB5) than
for those associated with a monsoon flow (R2 coefficient
being, respectively, 0.25 and 0.51 for WTB1 and WTB2).
For these two weather types, the PM10 distribution
(Figure 10) is biased toward low values (less than the
median value) while the distribution of the AOD is slightly
biased toward high values (higher than the median). This
suggests a decorrelation between the PM10 concentrations
at the ground level and the columnar atmospheric dust load.
In this case, the relationship between AOD and PM10 is not
expected to be linear, and the correlation does not present

any statistical significance (R2< 0.4). The R2 coefficient is
higher for WTB2 than for WTB1, suggesting that the atmo-
spheric column is more homogeneous for the latter weather
type. WTB1 corresponds to situations for which the stations
are submitted to the monsoon flow. In this case, different
aerosol types can be found in the surface monsoon layer
and in the elevated Sahara Air layer. This may explain
the poor correlation between the surface concentration and
the AOD. For the weather types related to the Harmattan,
the R2 correlation coefficients are significant for WTB4
and WTB5 (0.79 and 0.67). The lowest R2 is obtained for
WTB3 (R2 = 0.58).
[58] The same general comments apply to the results

obtained at Cinzana. However, the correlation coefficients
for the weather types related to the monsoon flow are higher.
Weather type WTC5, which represents situations with an
important percentage of small PM10 concentration values
(smaller than 151μg/m-3 (Figure 11)), shows a very small
linear R2 correlation coefficient.

(a)

(b)

Figure 11. Statistical distribution of (a) PM10 (μg/m3) and
(b) AOD for the complete data set and for the different
weather types at Cinzana (Mali). The box represents the
lower quartile (Q25—lower bar), the median value (middle
bar), and the upper quartile (Q75—upper bar) of the studied
variable. The T lines delineate the 9th percentile (lower T)
and the 91th percentile (upper T) values, respectively.

Figure 12. Relationship between the observed particulate
matters (PM10)Obs (μg/m3) and the AOD for the whole
studied period (upper left cartoon) and for each weather type
at the two stations.
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[59] These results suggest that, in most of the cases, a
specific and significant relationship can be found between
the surface PM10 concentrations and the AOD when taking
into account the differences in the regional meteorological
context described by the weather type classification.
[60] The relationships obtained for the different weather

types not only differ in terms of correlation but also in terms
of the slope of the linear regression. The linear regression
obtained for the different weather types in Banizoumbou
and Cinzana is plotted in Figure 13. We have excluded the
weather types in which the correlation coefficient is lower
than 0.5, i.e., corresponding to situations in which the linear
regression does not properly represent the relationship
between the two measurements (as in WTB1, WTC5). For
Banizoumbou, the slope of the regression is significantly higher
for WTB5 and WTB4 (respectively, 624 and 737μgm�3)
than forWTB3 andWTB2 (respectively, 385 and 313μgm�3).
Similarly, the two Harmattan weather types identified in
Cinzana have higher slopes than the weather types associated
with the monsoon flow. These differences imply that for a
given measured AOD, the corresponding surface PM10 con-
centration can vary by up to a factor two. As an example, an
AOD of 1.5 in Banizoumbou corresponds to a surface con-
centration of 522μg/m3 in WTB3, slightly lower in WTB2
(414μg/m3), and close to or higher than 1000μgm�3 in
WTB4 and WTB5 (respectively, 899 and 957μgm�3). In
Cinzana, the slope of the regression for the Harmattan weather
types ranges from 540μgm�3 for WTC3 to 700μg/m3 for
WTC4. It is close to 360μgm�3for WTC2 (and for WTB2)
and much lower for WTC1 (253μg/m3). These changes in
the relationship between the PM10 surface concentration and

the AOD can reflect differences in the depth of the dust layer
in the dust distribution inside the layer. During the dry season,
aerosol vertical profiles derived from lidar measurements in-
dicate the persistence of low-level transport for desert dust
[Léon et al., 2009; Cavalieri et al., 2010]. The temporal suc-
cession of the different weather type during the dry season
(WTX2, WTX3, WTX5, WTX4, and WTX1) suggests a pro-
gressive increase of the dust concentration at very low altitude
from the beginning to the core of the dry season. This can
either be due to a decrease in the thickness of the dust layer
or to an increase in the dust load. Both phenomena can be re-
lated to an intensification of the eastern LLJ, consistent with
the vertical profiles of wind velocity (Figures 8 and 9). At the
beginning and at the end of the dry season, the surface aerosol
layer is thicker, as illustrated by the wind profiles associated
with WTC1 and WTX2, which explain the lower slope of the
regression for these weather types.
[61] These results show that the surface concentrations

cannot be retrieved from the measured AOD without taking
the local and regional meteorological context into account.
In the following, we thus try to estimate the PM10 surface
concentration based on the AOD and the local meteorology.

5.2. Statistical Inversion

[62] As the relationship between the PM10 and the AOD is
not linear, we tried to model it by using dedicated SOM
maps. We determined ten different relationships using ten
SOM maps denoted SOMi,N (i= 1,2 denoting each station,
N=1…5 corresponding to eachweather type). For eachweather
type N, the inversion was done by associating AOD and
the local meteorology with the corresponding PM10 using a

Figure 13. Regression line between AOD and the PM10 for each weather type.

Table 3. Number of Collocated Data for Each Weather Type: (a) Banizoumbou (Niger) Station and (b) Cinzana (Mali) Station

(a)

Banizoumbou (Niger) SOM-W1 SOM-W2 SOM-W3 SOM-W4 SOM-W5
Learning set 416 362 456 606 383
Test set 139 120 178 201 127

(b)

Cinzana (Mali) SOM-W1 SOM-W2 SOM-W3 SOM-W4 SOM-W5
Learning set 319 423 327 345 309
Test set 106 142 108 114 106
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dedicated SOMi,Nmap. The inputs of the ten SOMi,Nwere the
AOD measurements at the three selected wavelengths, the
meteorological surface parameters from ECMWF at the grid
cell containing the station (east-west and north-south compo-
nents of the wind at surface and the surface temperature) at sta-
tion i. Since each piece of input data (which includes AOD
components) is associated with a PM10 concentration, each
neuron of SOMi,N has captured PM10 concentrations and can
be characterized by the mean of these captured PM10 concen-
tration. Each SOMi,N can thus be considered as modeling the
relationship AOD→PM10 for a specific weather type at a spe-
cific location. In order to have a good accuracy in the PM10 re-
trieval, we used 6 × 6 neuron SOMi,N maps. This number of
neurons is a compromise between the number of data we have
for obtaining a correct learning procedure (Kohonen, 2001)
and the accuracy of the relationship we look for.

[63] For each SOMi,N, Table 3 shows the number of collo-
cated data pairs (PM10 and AOD) used for the learning and
the test phases for each weather type for each station.
[64] The PM10 concentrations estimated by SOMi,N com-

pared to those measured for each weather type are presented
in Figures 14a and 14b for the two sites. The performances
of the statistical retrieval for each weather type computed
by each SOMi,N at Cinzana and Banizoumbou are shown in
the different cartoons of Figure 14; these are satisfactory for
most of the weather types. The correlation coefficients
between the measured and inverted PM10 concentrations
range from 0.27 to 0.85. The lowest correlation coefficients
are obtained for WTB1 (0.27), WTC1 (0.65), and WTC5
(0.52). For the other weather types, the correlations are
higher than 0.7 and higher than those derived from a linear
relationship, indicating that the statistical model is able to
capture most of the variability of the measured PM10 concen-
trations. The performances of the relationship AOD→ PM10

computed on the full database (by merging the partial
retrievals) are shown in the upper left cartoons of Figures 14a
and 14b. The inability of the method to retrieve the PM10 con-
centration from AOD measurements for weather type 1 in
Banizoumbou highlights the specific conditions associated
with this weather type in this location, for which local meteo-
rological conditions are characteristics of the monsoon flow.
This flow can bring other aerosol types (biomass burning, pol-
lution or biogenic aerosols) than dust to the station. In addi-
tion, Saharan dust can still be transported from the Sahara
but in high layers above the monsoon flow. For weather types
WTB2, WTB3, WTB4, and WTB5, the mean transport plays
an important role in the aerosol concentration, by advecting
aerosols from high dust productive areas such as the Bodélé
region. This persistent westward component of the wind fa-
vors the homogenization of the aerosol concentration on the
atmosphere column, as confirmed by the AOD distribution
for WTB2, WTB3, WTB4, and WTB5 (see Figure 10).
However, the difference in the slopes of the statistical relation-
ships suggests differences in the thickness of the dust layers
during the dry season for the different weather types.

6. Summary and Conclusions

[65] This work investigates the recurrent meteorological
situations recorded during the dry season in the Sahel for
the period (2006–2010) defined by the so-called weather
types and their influence on the relationship between passive
remotely sensed measurements of aerosol optical depth and
surface dust concentration. During the dry season, surface dust
concentrations in the Sahel are mainly related to Saharan dust
transport that takes place at low altitude. In such conditions, a
simple relationship can be expected between the columnar
dust amount and the surface concentration. By modulating
the depth and altitude of the dust layers and the intensity of
the dust emissions in the source regions, mesoscale meteoro-
logical conditions may impact this relationship.
[66] To isolate such influence, we have decomposed the

meteorological situations into weather types, each having
similar mesoscale characteristics, in terms of wind and tem-
perature profiles at each of the two measurement stations,
namely, those in Niger (Banizoumbou) and Mali (Cinzana).
To do this, we used a clustering method based on nonlinear
artificial neural network, the so-called SOM map, which

(a)

(b)

Figure 14. Scatterplot of the PM10 retrieval (measured
PM10 versus retrieved PM10 from AOD) for the learning set
and the test set for each weather types at the two stations
((a) Banizoumbou and (b) Cinzana) and for aggregating the
results of the different classes for the whole studied period.
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was combined with a hierarchical ascendant classification.
Five weather types have been identified at each station by
processing mesoscale fields of vertical profiles of meridional
and zonal winds and temperature, with a specific SOMmap at
each station, SOM-B and SOM-C. According to the weather
type, in situ measurements of mineral dust concentration and
aerosol optical depths collected between January 2006 and
December 2010 have been processed at the two ground
stations, in order to obtain quantitative information on the
mineral dust content and its variability over the Sahel.
[67] Three of the five weather types (WTX3, WTX4, and

WTX5) identified at the two stations are associated with
the Harmattan flux, i.e., the dominant synoptic flow over
the region in the dry season. The other two weather types
(WTX1 and WTX2) correspond to northward inflows of the
monsoon flow at the beginning or at the end of the dry
season, (i.e., after the retreat or the installation of the
monsoon regime). A general temporal pattern of succession
of these weather types can be established along the dry season.
After the end of the rainfalls, the WTX2 associated with
the monsoon flow occurs mainly in October and November.
Then the Harmattan flow becomes well established, and
a succession of WTX3, WTX4, and WTX5 is generally
observed from November to March. In March and April, the
two weather types associated with monsoon flow, and in
particular WTX1, prevail. Beside this general pattern, a large
interannual variability of the relative occurrence of the differ-
ent weather types is observed. Further analysis of the synoptic
context corresponding to the different weather types should
help in understanding this intraseasonal pattern and its inter-
annual variability. In particular, it would be interesting to test
the consistency of the identified Harmattan weather types with
the synoptic situations associated with the major dust episodes
recorded by meteorological stations in March and February
between 1983 and 2008 [Klose et al., 2010].
[68] For each weather type, we have examined the relation-

ship between the measured AODs and PM10 concentrations.
The highest surface concentrations and AODs are encoun-
tered for the Harmattan weather types. For these weather
types, the AODs are significantly correlated with the surface
PM10 concentrations (except for WTC5), but with large dif-
ferences in the slope of the regression. These differences in
the slope of the regression can be interpreted as changes in
the depth of the dust layer during the dry season. As an exam-
ple, for a given AODs, the corresponding surface concentra-
tions are higher for WTB5 than for WTB3. These results
should be confirmed by including in the analysis information
on the aerosol vertical profiles during the dry season. This
also suggests that the meteorological conditions must be
taken into account for retrieving PM10 surface concentrations
from AODs measurements.
[69] A remote-sensed retrieval of surface PM10 concentra-

tion has been performed by using a two-step procedure. First,
in order to minimize the effect of meteorological variables,
which are important, we clustered the meteorological situa-
tions in weather types having similar behavior by using
SOM-B and SOM-C. Second, for each weather type and at
each station, we used dedicated SOM maps (the SOMi,N

where i denotes the station, N the weather type given by
SOM-B or SOM-C) for retrieving the PM10 concentration.
The inputs of the SOMi,N are the measured AODs and the
local meteorological parameters, and the outputs are the

PM10 concentration. Except for WTB1 and WTC5, an
improved relationship AOD→ PM10 has been found for each
WT with respect to linear regressions applied for each
weather type. The performances of the inversion computed
on the test data sets show a strong improvement for most of
the classes, except for WTB1 and WTC5. The good perfor-
mances of this method should permit the inversion of the
mineral dust concentration from AODs derived from satellite
observations over the Sahel.
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