Suitability of remote sensing for dust
storm detection and quantification in

Sahelian Africa

Wimala van lersel

= Universiteit Utrecht







Suitability of remote sensing for dust
storm detection and quantification in
Sahelian Africa

MSc Thesis

March 2014

Author: Wimala van lersel
Student number: 3717968

E-mail: w.k.vaniersel@students.uu.nl

First supervisor: Geert Sterk
Second supervisors: Steven de Jong

and Maarten Zeylmans van Emmichoven

MSc Programme: Earth Surface and Water
Faculty of Geosciences
Department of Physical Geography

Utrecht University



Abstract

Wind erosion is one of the main soil degradation processes that play a role in
desertification in Sahelian Africa. Development in remote sensing techniques during the
last decade has increased its potential for desertification assessment. The purpose of
this study was to develop an empirical method to quantify wind erosion with satellite
imagery for dryland areas in Sahelian Africa. Firstly, dust storms in the Sahel region
were identified on the available InfraRed Imager of the Meteosat Second Generation
instrument (SEVIRI-MSG) images in 2013. Additionally, the storms had to be recorded
by at least one Aerosol Robotic Network (AERONET) observation station in the Sahel.
Secondly, the relation between Aerosol Optical Thickness (AOT) and dust concentration
at ground level was determined. Since dust concentration measurements were only
available for 2006, AOT was used a proxy for dust concentration. Thirdly, the statistical
relation between brightness temperature (BT) and AOT measured in-situ was
determined and eventually the relation between BT and dust concentration was
obtained. Finally, the empirical method was applied on two SEVIRI-MSG images. Two
linear regression equations were developed to describe dust concentration in months
February-March of the dry season at two measurement stations in the Sahel. Poor
relations were found for the early rainy season months. Application of the obtained
equations on two SEVIRI-MSG images revealed unrealistic dust concentrations, which
could not be validated with currently available ground data. Another important
conclusion was that the dust storms causing most wind erosion problems, which occur
in the early rainy season, are often not detectable on the SEVIRI-MSG images because
their signal is blocked by the cloud of the thunderstorms above it. Therefore,
quantification of annual wind erosion with the obtained equations without inclusion of
these events will lead to significant underestimation of sediment transport.
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1. Introduction

11 Desertification in Africa

The importance of land degradation among global issues is enhanced because of its
impact on world food security and quality of the environment (Eswaran et al., 2001). In
a general sense, land degradation in the Earth’s drylands is referred to with the term
“desertification”. Drylands can be defined based on the aridity index, which is defined as
the average annual precipitation divided by the potential evapotranspiration (UNEP,
1997). Drylands have an aridity index of 0.05-0.65 (UNCCD, 2011), thus excluding hyper
arid regions like the Sahara. In the process of desertification, dryland areas become
significantly less biologically productive (WMO, 2010). Desertification is experienced on
33% of the global land surface and affects more than one billion people, half of whom
live in Africa (Eswaran et al., 2001). Dregne and Chou (1992) estimated that 73% of the
land surface in Africa is degraded due to desertification processes. Agricultural yield
reduction in Africa due to past soil erosion may range from 2 to 40%, with a mean loss of
8.2% for the continent (Eswaran et al., 2001). Moreover, Africa is sensitive to climate
change, because of its extreme climates (Jones et al., 2013). Africa also has less resilience
to cope with these changes due to its developing status and low financial resources
(UNCCD, 2011).

1.2 Large scale assessments

An accurate estimation of the area of desertified land and quantification of the occurring
desertification in Africa is still lacking. This is due to the complexity of the desertification
phenomenon: its multi-disciplinary causes, which are often interacting with each other
(Geist, 2005). Up till now, actual area of desertified land has at best been investigated
qualitatively in 1992 with The Global Assessment of Soil Degradation (GLASOD), which
assembled the expert judgments of many soil scientists to produce a world map of
human-induced soil degradation. The GLASOD has been much criticized, but it is by far
the best representation of global soil degradation available up to now (WMO, 2010).

Satellite remote sensing has been used extensively in attempts to monitor
desertification (WMO, 2010). During the Global Assessment of Land Degradation and
Improvement (GLADA) remotely-sensed normalized difference vegetation index (NDVI)
has been used as a proxy for net primary production (NPP), which is expected to
decrease during the process of desertification (Bai et al., 2008). However, the GLADA
results have been criticised for its methodological problems (Wessels, 2009; Vogt,
2011). For example, the regression performed between NDVI and NPP was based on a
large number of pixels across the globe at a single moment in time. Therefore, it does not
test the ability of NDVI to predict NPP on over time on annual basis, instead it merely
shows a strong relationship between NDVI and NPP across the globe.



To get more insight in the process of desertification and its status in Africa, it will be
essential to explore methods to quantify it on a continental scale. Satellite remote
sensing data may be useful for this purpose: it may give quantitative information for
model parameters to simulate desertification and erosion processes or it may even
deliver direct information on loss of soil (Lantieri, 2006). From literature can be
concluded that the main indicators of desertification are non-climate related vegetation
degradation and increased occurrence of soil degradation processes (Symeonakis and
Drake, 2004). Remote sensing can be useful for the measurement of these indicators, for
example by determining the vegetation cover and monitoring large scale soil
degradation features.

Development in remote sensing techniques during the last decade has increased its
potential for desertification assessment (Lantieri, 2006). Temporal resolution up to 15
minutes provided by geostationary Spinning Enhanced Visible and InfraRed Imager of
the Meteosat Second Generation instrument (SEVIRI-MSG) offers new opportunities to
monitor highly dynamic features on the Earth’s surface and in the atmosphere
(EUMETSAT, 2004). One of the new possibilities is the detection of erosion processes
creating features of kilometre scale, like dust storms as a form of wind erosion.

1.3  Wind erosion processes

Wind erosion is one of the main soil degradation processes that play a role in
desertification (WMO, 2010). According to Oldeman (1994) wind erosion is the main soil
degradation process in the African dryland areas, affecting 186 million ha. In drylands
often the erosivity of the wind as an eroding agent is high, due to lack of a significant
vegetation cover, and the erodibility of the soil is high, due to low organic matter
content. Therefore, the African drylands are often prone to severe forms of wind
erosion.

Jones et al. (2013) describe three types of wind erosion processes: suspension,
saltation and surface creep. During suspension fine particles less than 0.1 mm in size are
moved parallel to the surface then upward into the atmosphere by strong winds,
returning to the ground only when the wind subsides or with precipitation. Even though
suspended particles make up only a minority of the total movement of soil by wind, they
can travel up to thousands of kilometres. In saltation particles bounce short distances
along the surface, dislodging additional particles with each impact. The bouncing
particles, ranging in sizes from 0.1 to 0.5 mm, usually remain within 30 cm of the
surface. This process accounts for 50 to 90% of the total movement of soil by wind.
Larger soil particles roll and slide along the ground surface during the process of surface
creep, often aided by impacts of saltating particles.

Unfortunately, wind erosion does not leave many clear detectable landscape features
like for example water erosion does with gullies. However, because of the threshold
velocities needed to initiate particle movement most particle transport takes place
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during short, intense dust storms (Sterk, 2003). These dust storms take place on a
spatial scale of several kilometres. In addition, dust storms originating from the hyper-
arid regions like the Sahara also form a source of dust particles for drylands if deposition
takes place (WMO, 2010).

1.4  Large scale dust quantification with thermal infrared radiation

Research in the field of detecting dust storms with remote sensing has taken a large leap
forward in recent years (Shao, 2008). This is among other things due to the role of the
dust particles in aerosols, which are colloids of fine particles or droplets in air or
another gas (Hinds, 1999). Aerosols are important in climate research because of their
effect on radiation (Xu et al., 2011; Knippertz and Todd, 2012; Schepanski et al., 2012;
Akhlaq et al., 2012). In order to obtain dust concentrations from satellite images Zhang
et al. (2006) composed an algorithm to calculate dust column density from variables,
which could be obtained from aerosol optical thickness (AOT), which is a proxy for dust
loading (Marticorena et al, 2010), and particle effective radius retrieved from the
satellite images. The algorithm was developed with Moderate Resolution Imaging
Spectroradiometer (MODIS) images from the Gobi desert. The dust algorithm works
with the specific properties of dust particles in 8.5 um, 11 pm and 12 pm of the thermal
infrared radiation (TIR). The so-called brightness temperature (BT) of these channels
does not show typical behaviour, because of its substantial dependence on the surface
temperature. However, the brightness temperature difference (BTD) between 11 and
8.5 um and between 12 and 11 um wavelengths can be used to correct for this
background signal of the desert surface and to help discriminate between dust and other
objects. However, they also mentioned that their results required validations with in situ
measurements. Unfortunately, no information on validation of their results is available
in literature.

Li et al. (2007) used the same algorithm by Zhang et al. (2006) to monitor and
quantify a dust event over the Sahara. Because they used images of the SEVIRI-MSG their
dust algorithm worked with the TIR bands at 8.7 pm, 10.8 pum and 12.0 pm, comparable
to the 8.5 pm, 11 um and 12 pm channels of MODIS. Li et al. (2007) used a similar
radiation transfer model as Zhang et al. (2006) to simulate transfer of the specific TIR
wavelengths through dust clouds and link these to images of the SEVIRI-MSG. They
concluded from their case study that the evolution of a dust storm is well depicted
quantitatively by SEVIRI-MSG. Its high temporal resolution and good spectral coverage
from a geostationary perspective offer a unique observational capability. Again, no
validation with in-situ measurements of dust concentrations was performed. It will be
challenging to develop a method to compare satellite observed dust storms with ground
data. Although they are scarce, in-situ measurements of AOT and dust concentration
from the Sahel region are available. The Aerosol Robotic Network (AERONET) of sun-
photometers offers a ground-based aerosol monitoring system, which is also present in
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North Africa. In addition, dust concentration has been directly measured at the so-called
“Sahelian Dust Transect” (SDT). This is a set of three stations deployed along the main
transport pathway of Saharan and Sahelian dust towards the Atlantic Ocean
(Marticorena et al., 2010).

Quantification of the remotely sensed dust storms could contribute to the
assessment of soil and nutrient losses due to wind erosion in Africa. A method to obtain
dust concentrations from satellite images would be to find an empirical relation
between the radiation delivered by the images and dust concentrations measured in-
situ.

1.5 Objectives

The general objective of this study was to develop an empirical method to quantify wind

erosion with satellite imagery for dryland areas in Sahelian Africa on the basis of in-situ

measurements. More specific objectives to achieve this were:

1. To identify dust storms in the Sahel region on the available MSG images in 2013,
which are also recorded by at least one AERONET observation station in the Sahel.

2. To determine the relation between aerosol optical thickness and dust concentration,
both measured at observation stations at ground level.

3. To explore the relation between TIR measured at the top of the atmosphere and
aerosol optical thickness measured in-situ and eventually dust concentration.

4. To develop an empirical method from the above-mentioned relations to derive
lateral dust concentrations from the SEVIRI-MSG imagery.



2. Materials and Methods

2.1 Study area

In the Sahel (Figure 1), soils are sandy often with poor fertility, lacking phosphorus,
nitrogen and humus, and have low water retention capacities (Koala and Bielders,
1997). These characteristics make soils susceptible to wind erosion. Wind erosion can
become a problem whenever the soil is loose, dry, bare, or nearly bare, and the wind
velocity exceeds the threshold velocity for initiation of soil particle movement (Sterk &
Goossens, 2007). In the Sahel, winds that exceed the threshold wind velocity for soil
particle movement may occur during two distinct seasons (Sterk, 2003). During the dry
season (October-April) the area is subject to strong trade winds, called the Harmattan.
These winds can cause dust storms of country or even continental scale and may reach
high altitudes up to 5 km (Shao, 2008).

The most important wind erosion period in the Sahel is during the early rainy
season (May-July) (Sterk, 2003), when the Inter-Tropical Convergence Zone (ITCZ)
moves northward compared to its winter position. South-westerly monsoon winds bring
warm, moist air, leading to an unstable atmosphere and formation of thunderstorms
(Shao, 2008). They may even occur as groups called squall lines consisting of a
longitudinal extension of approximately 300-500 km (Tetzlaff and Peters, 1986). The
internal flow within the thunderstorms can lead to the formation of dust storms at the
land surface with a :
longitudinal extension
of approximately 5 km
and much larger in the

case of a squall line. The
dust storms are usually
of short duration, from
a few minutes to one

hour, but may result in : , - 75 7]

Rt

soil particles (Sterk, U . g (Alpﬁ)ft')
2003; Shao 2008). They : AT s
can reach altitudes of : .

several 100 m (Tetzlaff

high transport rates of

and Peters, 1986). Figure 1. Africa with Sahel region shaded blue. In zoom window measurements
Ground data used Stations Cinzana (Mali), Banizoumbou (Niger) and Zinder Airport (Niger).

for this study was collected at the measurements stations in Cinzana (13°16’40” N,
050°56’02” W), Banizoumbou (13°32°27” N, 02°39'54” E) and Zinder Airport (13°46’37”
N, 08°59°24” E) (figure 1).



2.2 Ground data

In order to attain an empirical method to quantify wind erosion by dust storms, a data
set of TIR satellite imagery with brightness temperatures of the dust storms and
databases with ground data of these storms were necessary. For the current study only
images from 2013 were available. Daily mean dust concentrations from the SDT are
online accessible for 2006-2008 via the online data base of the African Monsoon and
Multidisciplinary Analysis (AMMA) project (AMMA, 2013a). Daily mean and point
measurements of AOT are available online at the AERONET website from 2001 up to
today for three stations in the Sahel (Figure 1) (AERONET, 2013). Since the imagery data
and ground data are from different time periods with no overlaps, but AOT data is
available for 2000-2013, AOT was used as a proxy for both dust concentration and
brightness temperature from the images.

2.2.1 Dust concentration

AMMA is an international project to improve knowledge and understanding of the West
African Monsoon and its variability (AMMA, 2013b). The AMMA project includes in-situ
measurements of dust concentrations at locations in West Africa and in the Gulf of
Guinea. They provide online accesses to their data base for the research community
(AMMA, 2013b). It includes a data set called AE.Dust_ST, consisting of daily PM10 dust
(d<10 pm) concentration measurements performed with the Tapering Element
Oscillating Microbalance (TEOM) 1400a method (Manticorena et al., 2010). More
precisely, PM10 means particulate matter which passes through a size-selective inlet
with a 50% efficiency cut-off at 10 pum aerodynamic diameter. Measurements from two
stations in West-Africa were used: Cinzana (13°16’48” N, 05°55'48” W) and
Banizoumbou (13°32'24” N, 02°39’36” E) (Figure 1). Dust concentration is expressed as
the daily mean concentration (pug m-3). Data is accessible for the period 2006-2008, with
exact dates differing between the stations. For this study the data for 2006 was used. In
addition, sub-daily scale (5 min) PM10 measurements for 2006 were made available
upon request by the Laboratoire Interuniversitaire des Systémes Atmosphérique (LISA)
for the stations Cinzana and Banizoumbou (Figure 1).

2.2.2 Aerosol optical thickness

The AErosol Robotic NETwork (AERONET) program is a federation of ground-based
remote sensing aerosol networks established by NASA and PHOTONS (AERONET, 2013).
However, it does not provide dust concentrations directly. Aerosol Optical Thickness
(AOT) is the degree to which aerosols prevent the transmission of light by absorption or
scattering of light. The AOT is defined as the integrated extinction coefficient over a
vertical column of unit cross section, where extinction refers to the intensity of light
(AERONET, 2013). AOT is calculated as the negative logarithm of the fraction of
radiation that is not scattered or absorbed on a path, and is therefore a dimensionless
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quantity. High AOT indicates a large quantity of aerosols, and thus a significant amount
of absorption and scattering of radiation. Low AOT indicates clearer air with fewer
aerosols and increased transmission of radiation.

AOT measurements are performed at four different wavelengths: 440 nm, 670 nm,
870 nm, and 1020 nm (Holben et al., 2001). This study used the AOT measured at a
wavelength of 440 nm, because according to Rajot et al. (2008) there is a good
correlation between dust concentrations measured at the surface (PM10) and AOT at
440 nm. However, no quantified relation was given by Rajot et al. (2008).

Since aerosol particles may be all kinds of particles in the atmosphere, a certain AOT
value can also be caused by other particles than mineral dust (Li et al., 2013). For
example, fine carbonaceous particles are seasonally produced by biomass burning in the
Sahel region (Rajot et al., 2008). The size distribution of aerosols can be estimated from
AOT (-), typically from 440nm to 870nm. The first derivative of AOT with wavelength in
logarithmic scale is known as the Angstrom parameter (a);

_ dInA0OT _ InAOT;, —InAOT,, 21
- dlnd InA;—Ina, (2.1)

where «a is the Angstrom parameter (-) , AOT is the aerosol optical depth (-), and A is the
wavelength (nm). This parameter can be calculated from two or more wavelengths
using a least squares fit. The occurrence of the carbonaceous particles could be
estimated by the Angstrom Exponent between 440 and 870 nm (a440-870), which is
relatively high for the carbonaceous particles due to their small size and relatively low
(a440-870 < 0.4) when the quartz grains dominate the aerosol mass (Holben et al., 2001).
Values of as40-870 > 2.0 indicate fine mode particles (e.g., smoke particles) dominate the
aerosol mass (Eck, 1999).

Another disturbing factor can be water vapour in the atmosphere, because humidity
increases the AOT due to more water uptake by the aerosols (Myhre et al,, 2007). The
determination of total column water vapor or precipitable water (cm) by AERONET uses
three channels: 675nm, 870nm, and 940nm. For more details on the calculation of
precipitable water from AOT measurements see Schmid et al. (2001). In order to check
for the disturbing effect of water vapour in the atmosphere on the AOTa440
measurements, the relation between precipitable water (cm) and AOT was investigated.
Precipitable water was obtained from the AERONET database.

AOT time series are easily accessible for around 40 stations divided over Africa. In
the Sahel the stations in Cinzana, Banizoumbou and Zinder Airport (figure 1) have AOT
data from 2000-2013 (Holben et al, 1998). Measurements are performed with an
automatic sun and sky scanning spectral radiometer at variable times of the day and are
available as point data and as daily mean values (AERONET, 2013).



2.3 The imagery data set

2.3.1 Data source

The satellite images for this study were acquired by the geostationary Spinning
Enhanced Visible and InfraRed Imager of the Meteosat Second Generation instrument
(SEVIRI-MSG). The European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT), which owns this system and other comparable instruments, is
an intergovernmental organisation created through an international convention agreed
by a current total of 26 European Member States. EUMETSAT operates a system of
meteorological satellites monitoring the atmosphere, ocean and land surface, which
deliver weather and climate-related satellite data, images and derived products
(EUMETSAT, 2010). An extra advantage of the EUMETSAT data and products is that they
are provided via environmental data providers like the so-called GEONETCast data
network (EUMETSAT, 2007). GEONETCast comprises a global network of data
dissemination systems that share environmental data and derived products to a world-
wide user community in near real-time (Kraaijenbrink, 2012).

The potential of GEONETCast data in geo-related research, in combination with the
inexpensiveness of a receiving unit led to the instalment of a GEONETCast receiver by
the Utrecht University Faculty of Geosciences in 2011. The current study is performed at
this faculty. Although the received data did not seem to be below expectations, there
were issues that withhold a direct use of the data by geo-researchers at the faculty.
Those are described and partly remedied by Kraaijenbrink (2012).

The GEONETCast data products currently received by Utrecht University originate
from multiple satellites (Kraaijenbrink, 2012). However, determined by the currently
active licenses, the data with the largest spectrum of products is broadcasted by
EUMETSAT. It comprises raw and derived data that originates from the Meteosat Second
Generation (MSG) (EUMETSAT, 2004). A list with some of the available products is
presented by EUMETSAT (2013). Especially the MSG image data was of interest for this
study, because of its high temporal resolution (15 minutes) in combination with its
geostationary position, acceptable spatial resolution (3x3 km) in relation to the
kilometre scale at which dust storms occur, and thermal infrared (TIR) bands to observe
dust storms at night.

2.3.2 Pre-selection of images with EUMETSAT RGB Dust product

In order to select the correct time frame to detect a dust storm on the images a manual
pre-selection process was performed with the EUMETSAT MSG Dust product
(Benincasa, 2012). The EUMETSAT MSG Dust product is a RGB composite based upon
infrared channels IR 8.7, IR 10.8 and IR 12.0 of the SEVIRI-MSG. It is designed to monitor
the evolution of dust storms over deserts during both day and night. The RGB composite
is produced using the following SEVIRI-MSG channels: IR12.0-IR108 (on red), IR108-IRs7
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(on green); and IR108 (on blue). It is the relative low value of the IRi08-IRs7 of dust
clouds compared to desert sand which results in a relative lack in green, thus leading to
a magenta/pink colour for dust clouds. Dry land looks from pale blue during daytime to
pale green during night-time. Thick, high-level clouds have red-brown tones and thin
high-level clouds appear as nearly black. Emissions and subsequent transport of
regional scale individual dust events can be detected by their magenta/pink colour and
followed in the RGB composite pictures. This was used in the pre-selection process.

The brightness temperature difference (BTD) between 10.8 and 8.7 um and
between 12.0 and 10.8 um wavelengths are used to correct for the background signal of
the desert surface and to help discriminate between dust and other objects (Zhang et al.,
2006; Li et al., 2007). The BTD12.0-108 value is the optimal to discriminate dust from
other objects like clouds. This is because the value of BTD120-108 is positive for dust
clouds and negative for water/ice clouds due to a different absorption of the two
wavelengths. The BTD10s-8.7 is optimal to discriminate between the background signal of
the desert because the emissivity in 8.7 pm of small quartz mineral particles (0-45 pum)
in the desert dust is much larger than the emissivity of sand-sized quartz particles (125-
500 pm) resulting in relatively small BTD10.8-87 values for dust storms (Lensky and
Rosenfeld, 2008). The RGB combination used in the MSG dust product exploits this
difference in emissivity of dust and desert surfaces. Because emissivity is measured in
TIR it uses the temperature difference between the hot desert surface and the cooler
dust cloud during day time. During night time this difference in temperature, and
therefore emissivity, becomes smaller and it becomes more difficult to discriminate the
dust storms from the desert surface.

2.3.3 Retrieving MSG imagery

The MSG images are only a small part of the total information received. The MSG images
are provided in .hrit file format, which is not readable by common imaging process
software, like ERDAS Imagine and ENVI. Therefore, the files were first converted to ENVI
raster files accompanied by an ASCII header file (.hdr). This file type was chosen because
further analysis was done in ENVI. In this file type the latitude-longitude grid was put on
the image correctly and in degrees. This is necessary to locate the ground data
measurement stations at a later stage. To convert these unreadable .hrit files to the ENVI
file type the user interface MSG Data Retriever (appendix I) provided by ILWIS
(Lemmens et al., 2009) was used. The next step was to create images during the selected
time frames with the MSG Data Retriever interface using the channels IR 8.7, IR 10.8 and
IR 12.0 with an interval of 15 min. The details on how this was performed can be found
in appendix L.



2.3.4 Retrieving the BT from images

The images retrieved from GEONETCast were processed and each channel expressed in
brightness temperatures (K). The RGB band combinations described above could be
produced with the ENVI software for the manually selected spatial and temporal subset.
To obtain brightness temperatures during a dust storm, the pixel values of the bands
BTD12.0-108; BTD10s-87 and BT1os of the pixel (3x3 km) where the ground measurement
station is located were stored per time step (15 min) in an ASCII file. These values were
compared with the AOT values of the same temporal subset of the considered ground
station.

2.4 Relation between BT and dust concentration

24.1 BT as proxy for AOT

An empirical relationship between the BT measurements from space and in-situ dust
concentrations was derived. The first step was to determine a relation for the in-situ
measured AOT and the BT from the three channels, which were already calculated into
the bands BTD12.0-108; BTD10.s-87 and the original BT10s. This was done by a multiple
linear regression analysis, with AOT being the dependent variable and the three BT
bands as independent variables.

In addition, a principal component analysis (PCA) was applied for a couple of dust
storms to investigate which BT band is mainly responsible for the appearance of the
dust storm in the band combination BTD12.0-108 (on red), BTD1os-s7 (on green) and
BT10.s (on blue). This PCA was done in ENVI with the spatial subset of just the magenta
coloured dust storm in the RGB image. Details on how the eigenvalues of the principal
components and their eigenvectors could be obtained are given in appendix II.

2.4.2 AOT as proxy for dust concentration

As mentioned in section 2.2.2, no quantified relation between dust concentrations
measured at the surface (PM10) and AOT440 was given by Rajot et al. (2008). Therefore,
in this study the daily and sub-daily PM10 measurements were used with
simultaneously measured AOT in a linear regression to determine such relation. The
linear regression was done for seasonal and monthly scale, focussing on the seasons in
which dust storms mainly occur in the Sahel (section 2.1).
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2.4.3 Dust concentration from brightness temperature

Finally, the relation between brightness temperature and AOT and the relation between
AOT and dust concentration were combined in an equation to calculate PM10 (pg m-3)
dust concentration directly from brightness temperature. This equation was applied on
all pixels of a dust storm on 18-03-2013 and on 24-06-2013 to derive the mass of
suspended dust per pixel. This was done with the Band Math function in ENVIL. The range
of calculated values, obtained from the statistics of the spatial subset of the dust storms,

was compared with in-situ observed dust concentrations of dust storms in 2006.
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3. Results

3.1 Detected dust storm events

Two dust storms in March and four storms in May matched the data sets of MSG images
and ground based AOT (table 1). Events were not taken into account if no increased AOT
(>1.0) was measured. The coordinates of the pixel (3x3 km) in which the measurement
station was located is also given. Dust storms with simultaneous recording of increased
AOT were detected at the Cinzana and Zinder Airport stations. The dust storms events
had to be quantified with AOT measurements, because no in-situ dust concentrations
were available for the period for which the dust storms were detected on MSG images.

An example of the RGB Dust image of the storm on 18-03-2013 at 12:00 is given in
Figure 2. The six selected dust storms were used to obtain the brightness temperatures,
as explained in section 2.3.4.

Table 1 Selected dust storms from EUMETSAT MSG Dust product by Benincasa (2012)

Date Time Station Coordinates of station pixel (WSG-84)
18-03-2013 08:00-13:00 Zinder 1347°21.3”N,858 0.8" W
23-03-2013 08:00-16:00 Zinder 1348°9.19”N, 859 15.95" W
08-05-2013 08:30-23:00 Zinder 13 47°56.82” N, 8 58’ 47.15" W
09-05-2013 00:00-22:00 Zinder 13 47°56.82” N, 8 58’ 47.15" W
24-05-2013 07:30-14:00 Cinzana 1318 31.62” N, 556’ 35.56” E
31-05-2013 10:30-13:00 Cinzana 1317’ 24.43”"N,557'1.91"E

Figure 2 RGB Dust image of the 18-03-2013 event at 12:00. Overview image is taken from the EUMETSAT
MSG Dust product by Benincasa (2012). Zoom window is the RGB composite in ENVI used for analysis. For
bothframes R: IR12_0- IR10_3, G: IR10,3-1R3,7, B: IR10.
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3.2 Relation between dust concentration and AOT (2006)

3.2.1 Disturbance of AOT due to carbonaceous particles and water vapour

As a first step, it was evaluated how the AOT values are disturbed by other factors than
soil derived dust. It was assumed that AOT is mainly affected by mineral dust particles
when aa40-870 < 0.4. For larger values, AOT is probably influenced by carbonaceous
particles. The biomass burning activities generating these carbonaceous particles
generally occur from November to March (Ogunjobi et al., 2008). Figure 3 shows that in
the months February-July most of the time the a440-870 is below 0.4. It can therefore be
expected that quartz grains dominate the aerosol mass in these months, which is
corresponding to the main wind erosion periods in the Sahel (Sterk, 2003). Thus, AOT in
the period February-July was included in further analysis (marked red in Figure 3) and
AOT of October-January was excluded. The high values in July and August cannot be
explained by biomass burning, because these do not take place during the rainy season.
The phenomenon which caused those peaks in @440-870 remains unclear.

1.6

§5§ I (]
T

1-1-2006  2-3-2006  1-5-2006 30-6-2006 29-8-2006 28-10-2006 27-12-2006

Figure 3 Daily mean Angstrom exponent for 2006 in Cinzana, Mali. All values below line a<0.4 indicate
quartz grains dominated the aerosol mass. The red marked period February-July was included in further
analysis of AOT.

During the rainy season from May-July the AOT signal may have been disturbed due
to high concentrations of water vapour in the atmosphere. Precipitable water in the
AERONET database represents the amount of water vapour in a vertical column of
atmosphere. Simultaneous point measurements of AOT440 and precipitable water were
used to investigate the suggested relation. Figure 4 shows there is no clear relation
between the amount of precipitable water and AOT 440.

The months February-July fall within the two dust storm seasons discussed in
section 2.1. For further analysis of the dry season dust storms the months February-
April were taken into account and for the early rainy season the months May-July.
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Figure 4 AOD 4y plotted against precipitable water from May-July in Banizoumbou, Niger

3.2.2 Relation daily mean AOT and PM10 in dry season

For the dry season the daily mean AOT440 and PM10 data of Cinzana are plotted in
Figure 5. The site in Banizoumbou showed similar results, except it had missing data in
the months June and July. Figure 5 shows that there might be some correlation expected
between AOT and PM10 in the dry season, because the line of the PM10 follows more or
less the same pattern as the AOT. However, from mid-April onwards AOT and PM10
each start to follow a different pattern: peaks occur in the AOT which are not reflected in
the PM10 measurements.
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Figure 5 Daily mean PM10 and AOT for the dry season (February-April) of 2006 in Cinzana, Mali
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3.2.3 Relation daily mean AOT and PM10 in early rainy season

For the early rainy season the daily mean AOT440 and PM10 data of Cinzana are plotted
in Figure 6. The figure shows that the change in pattern from mid-April onward in
Figure 5 continues. In the early rainy season peaks often occur in the AOT which do not
appear in the dust concentration measurements. Overall, high daily mean AOT values
have been observed in this season, while relatively low daily mean dust concentrations
have been measured. The relatively short duration of the dust storms in the early rainy
season in combination with low dust concentrations during the rest of day, may have led
to generally low dust concentrations when daily means are calculated. The short
duration is due to the sudden arrival of the thunderstorm and the heavy rain often
followed by these dust storms which causes partial deposition of raised dust (Sterk,
2003). On the other hand, for a high correlation between dust and AOT also low daily
mean values for the AOT would be expected. Manticorena et al. (2010) explain that dust
originating from the Sahara and Sahelian regions can be transported at different
altitudes. For example, during summer, mineral dust emitted in the Sahara is
transported across the North Atlantic Ocean above the denser Marine Boundary Layer
within the Saharan Air Layer (SAL). Because AOT measurements are done over the
entire depth of the atmosphere they are also able to detect dust particles in high air
layers like the SAL, while ground measurements with dust filters can only measure up to
a few meters above ground level and are therefore not able to detect dust in high air

layers.
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Figure 6 Daily mean PM10 and AOT for the early rainy season (May-July) of 2006 in Cinzana, Mali
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For the periods where a high correlation was expected based on Figure 5 and Figure
6 and based on the Angstrom Exponents (a440-870 <0.4) a linear regression between AOT
and PM10 was performed. This resulted in the implementation of the regression
analysis on the months February, March and April, which are only dry season months.
The results of the regression are shown in Figure 7 and the corresponding regression
equations are:

Cinzana: PM10 = 635.64 AOT — 140.24 (R? = 0.76) (3.1)
Banizoumbou: PM10 = 668.02 AOT — 197.94 (R? = 0.78) (3.2)
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Figure 7 Linear regression of PM10 and AOT 4o daily means from Banizoumbou (left) and Cinzana (right)

3.2.4 Relation sub-daily AOT and PM10 in early rainy season

Use of daily mean PM10 and AOT data gives poor results for the early rainy season. This
may be due to the short duration of the dust storms in this season in combination with
low dust concentrations during the rest of day, which leads to generally low dust
concentrations when daily means are calculated. The exclusion of the early rainy season
months May-July from the linear regression was attempted to be solved with PM10 data
collected every 5 minutes. Because of the irregular character of the time of measurement
of the AOT in the AERONET database, these 5 minute PM10 data were expected to have
high potential to coincide with AOT measurements.

The time series of the 5 minute PM10 data for Cinzana are shown in Figure 8 for the
dry season (Jan-April) and in Figure 9 for the early rainy season (May-July). Note the
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different scales on the y-axis of Figure 8 and Figure 9. The 5 minute data for
Banizoumbou showed similar results accept for missing data in June and July. Figure 9
shows that in the early rainy season the highest dust concentrations were measured.
The Harmattan storms have approximately a factor ten lower dust concentrations than
the storms during the early rainy season. In the dry season the largest peak in dust
concentration occurred in March, which lasted for a couple of days. The high peaks in
dust concentration in the early rainy season last only for a maximum of a few hours. The
difference in duration and peak concentrations reflect the typical differences between
the dust storms of the two seasons (Sterk, 2003).
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Figure 8 PM10 5min dust concentrations during dry season for Cinzana

A dataset with simultaneous 5 minute PM10 data and AOT measurements for 2006
was prepared for Banizoumbou. Unfortunately, PM10 data for June and July were
missing and therefore only data for May is presented (Figure 10). Apparently, the dust
concentration peaks in the 5 minute PM10 data most of the time did not coincide with
the peaks in AOT. Measurements of AOT were sometimes done just before or just after a
dust storm or the storm occurred during night time, when no AOT measurements were
performed.
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Figure 9 PM10 5min dust concentrations during early rainy season for Cinzana
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Figure 10 AOT and PM10 5 minute dust concentrations, May 2006, Banizoumbou, Niger
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Nevertheless, a linear regression was performed on the sub-daily data from
February-May. The results are shown in Figure 10. Measurements could only be
included in the linear regression if both an AOT and PM10 observations were available.
It can be observed that most high dust concentrations (PM10 > 1000 ug m-3 ) with
related high AOT values (>2) were measured in March. Only two peak dust
concentrations could be included in May, because other peaks in dust concentration
were not recorded in the AOT measurements. The same missing data for AOT during
peak dust concentrations occurred in the 5 minute PM10 data of Cinzana in May-]July.
Moreover, in Figure 11 the linear regression is calculated for March and May separately.
The highest correlation (R% =0.78) between AOT and dust concentration was found for
March, similar to the relations between daily mean PM10 and AOT measurements in the
dry season (equations 3.1 and 3.2). This is mainly due to the simultaneous
measurements of AOT and dust concentration during peak concentrations. In February
and April simultaneous measurements of high dust concentration and high AOT were
scarce, therefore regression coefficients in these months are low; respectively 0.39 and
0.61. For the early rainy season dust storms in May the R? is 0.11. This is probably due to
the fact that most high values of AOT (> 2.5) measured in May do not correspond with
high dust concentrations, which causes a poorer regression for this month. As already
explained, this may be due to the detected dust in the SAL with AOT measurements,
while PM10 only measured up to a few meters above the ground.
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Figure 11 PM10 vs. AOT44o for point measurements January - May 2006 per month in Banizoumbou
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3.3 Relation between AOT in-situ measurements and BT

As mentioned in section 3.1, of all dust storms observed in the RGB images only two
storms could be selected in March and five storms in May, which crossed one of the
ground measurement stations. For some storms a complete time series of AOT
measurements was available for the whole duration of the storm and for some only a
few point measurements (table 2).

Table 2 Selected dust storms from EUMETSAT MSG Dust product. In total 139 simultaneous observations of
AOT and brightness temperature.

Storm No. available Range of AOT Range of BT11 Range of BT11-s Range of BT12-11
date observations \{alues () - (K) : (K) ; (K)
min max min max min max min max
18-03 2 1.31 3.20 29299 309.73 2.97 5.64 -0.71 1.52
23-03 14 1.42 2.48 294.15 305.96 1.83 4.41 -0.80 1.11
07-05 25 0.44 057 29793 31948 4.38 6.63 -3.30 -0.28
08-05 12 0.51 2.44 288.09 319.06 0.30 6.63 -3.57 -0.14
09-05 24 1.30 1.59 300.87 316.94 3.76 5.80 -0.62 1.46
26-05 40 1.00 2.67 273.37 304.79 -1.80 3.71 -3.98 -0.54
31-05 22 0.74  3.27 267.86 303.14 -2.32 2.62 -6.43 -1.47
Overall 139 0.44  3.27 267.86 319.48 -2.32 6.63 -6.43 1.52
3.3.1 Multiple linear regression with brightness temperature and AOT

In total 139 simultaneous observations of AOT and brightness temperature could be
included in the multiple linear regression (table 2). This resulted in the following
regression equation (R? = 0.69):

AOT = —7.01 + 0.032 BTy; — 0.354 BTD,;_g + 0.245 BTD;,_44 (3.3)

P-values of the separate t-tests of the regression coefficients were all found to be <
0.005. Thus, it appears that all of the brightness temperature bands are of significant
value to obtain the AOT from the images.

3.3.2 Principal Component Analysis of the dust storm representation with bands
BTDi120-108, BTD19g-87 and BT108

A Principal Component Analysis (PCA) is used to identify how much each band
contributes to the RGB representation of a dust cloud, with BTD12.0-10.8 on red, BTD10.8-8.7
on green; and BT10.s on blue. From the eigenvalues of the first two principal components
(Table 3) it was expected to find which bands have the largest contribution to displaying
the magenta coloured dust storms. This can be found in the eigenvector values of the
first two principal components. In the PC score column for each image is given how
much each principal component explains of the dust storm representation with bands
BTD12.0-108 BTD10s-87 and BT108. The PC loadings column shows how much each BT
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band explains within these principal components. It is found that all three bands have a
significant contribution to each RGB dust storm representation. Therefore, no
simplification can be made by excluding one or two of these three variables to represent
the brightness temperature for these dust storms. It is noteworthy that in March the PC
loadings of BTD12.11 in the first PC are highest and in May the BTD11.s8 and BTD1; are
dominant in the first PC. For the second PC the contribution of BTD12-11 also shows large
differences between storm in March and May. It remains unknown what causes these
effects.

Table 3 Results of principal component analysis

storm time PC score PC loadings (%)
date PC value (%) BTD12-11 BTD11-8 BT11
18-03 8:00 1 2.062 68.7 40 31 29
2 0.633 211 0 45 55
3 0.305 10.2 60 24 16
13:00 1 2.084 69.5 59 34 7
2 0.548 18.3 2 33 65
3 0.369 12.3 38 34 28
08-05 7:45 1 1.885 62.8 13 41 46
2 0.899 30.0 84 15 1
3 0.215 7.2 4 44 52
10:45 1 1.907 63.6 6 47 47
2 0.943 31.4 94 4 2
3 0.149 5.0 0 50 50
09-05 12:00 1 1.960 65.3 26 39 35
2 0.680 22.7 69 4 27
3 0.360 12.0 5 57 38
3.4 Relation between BT and dust concentration
3.4.1 Relation between BT and dust concentration

To obtain the relation between BT and dust concentration, the relation with AOT as
proxy for the brightness temperatures (equation 3.3 with R? = 0.69) was substituted
into the relations for dust concentration from AOT (equation 3.1 with R? = 0.76 and 3.2
with R? = 0.78). This resulted in the following equations for Cinzana and Banizoumbou:

Cinzana: PM10 = 20.34 BTy, — 225.02 BTD;,_g + 155.73 BTD;,_4; — 4596.08 (3.4)
Banizoumbou: PM10 = 21.38 BT,; — 236.47 BTD,;_g + 163.66 BTD;,_,; — 4880.62  (3.5)

The coefficients of both equations are comparable. When dust concentrations were
calculated for both stations with the same values for the three brightness temperature
coefficients (Table 4), they differ up to approximately 10 pg m-3, while the calculated
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PM10 values range between 750-900 pg m-3 for both stations. Thus, both equations
obtained only a difference of maximum 0.15 % for the same storm.

Table 4 Comparison of outcome of equations 3.4 and 3.5. Difference is calculated as Cinzana-Banizoumbou.
Brightness temperatures were taken from the 23-03-2013 dust storm observed over Zinder Airport.

BT11 BT11-8 BT12-11 Calculated PM10 Difference
(K) (K) (K) Cinzana (K)  Banizoumbou (K) (K) (%)
294.15 1.83 -0.80 849.54 843.56 5.97 0.7
295.55 2.01 -0.34 909.53 906.61 291 0.3
296.56 2.21 -0.56 850.36 844.44 5.92 0.7
297.68 2.44 -0.25 870.57 865.69 4.88 0.6
300.75 3.16 -0.12 792.56 783.73 8.84 0.11
305.96 4.41 0.75 750.20 739.24 10.96 0.15
305.96 4.41 1.11 806.82 798.75 8.08 0.10
3.4.2 Application on dust storm images of 2013

The relation found for Banizoumbou has been applied on the dust storm at 23-03-2013
in Figure 2 to investigate the range the calculated dust concentrations. The dust
concentrations varied from -648.5 to 1137.1 pg m-3 within the dust cloud. The negative
values are unrealistic, but also the maximum value is relatively low for a Harmattan dust
storm, considering the measured values up to 4000 pg m-3 in 2006 (Figure 8). However,
if this dust storm may already have been in a dissipating phase at 12:00 a maximum
concentration of 1137.1 pg m-3 is still acceptable.

Even though the empirical relations are limited in its application outside the dry
season, is has been tested on one of the dust storms detected in the early rainy season.
The selected storm occurred on 24-06-2013 at the border of Niger and Mali (Figure 12),
moving from south-east to north-west. Its dust concentration per pixel was calculated
from the image at 04:00 AM with the relation obtained for Banizoumbou (equation 3.5).
Dust concentrations in the dust storm cloud varied from 800-1300 pg m-3. It must be
noted that validation of the result was not possible, due to lack of dust concentration
ground data. Although the calculated dust concentrations are realistic values for a dust
storm in general, they are approximately a factor 10 lower if compared with the
measured PM10 values in 2006 (Figure 9). This may be explained by the fact that such
high dust concentrations have not been measured in the months February-April on
which equation 3.5 is based. Extrapolation towards early rainy season dust storm is
clearly not applicable.
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Figure 12 RGB Dust image of dust storm on 24-06-2013 at 04:00 at the border of Niger and Mali. Again the
overview image is taken from the EUMETSAT MSG Dust product by Benincasa (2012). Zoom window is the
RGB composite in ENVI used for dust calculation. For both frames R: IR120- IR108 G: IR108-1Rs7, B: IR10.
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4. Discussion and conclusions

4.1 Ground data

The relation between AOT and dust concentration measured at observations stations at
ground level was determined for two important dust storm seasons. A good relation was
obtained for Harmattan dust storms (R > 0.75), because of high dust concentrations
lasting for multiple days. Due to the relatively constant dust concentration the
correlation between AOT and PM10 for the daily mean and 5 minute data hardly
differed. The obtained correlation coefficients are higher than those found by Deroubaix
et al. (2013), which were 0.27-0.40. They investigated the capability of the aerosol index
(AI) derived from the ozone monitoring instrument (OMI) to represent PM10. However,
the relation between AOT and PM10 found in this study holds only for the period where
AOT is not disturbed by carbonaceous particles due to biomass burning. In 2006 this
only applied to February, March and April in the Harmattan season and May-July in the
early rainy season. These selected periods are confirmed by Rajot et al. (2008). They
found, also based on Angstrom exponent measurements, that the coarse mineral dust
dominated the overall aerosol in the Sahel during February-July in 2002-2007.

Atmospheric water was also expected to disturb the AOT measurements, especially
during the rainy season. However, this was probably not the case since no relation
between precipitable water and AOT440 was found. This is in accordance with Holden et
al. (2001), who reported that AOTs00 and precipitable water (cm) showed no significant
correlation at the Mauna Lea Observatory on Mauna Lea, Hawaii. On the other hand,
Myhre et al. (2007) found an increase in cloud cover, used a proxy for atmospheric
water, with AOT even in regions with relatively hydrophobic aerosols, such as dust
aerosols. However, their analysis was partly based on MODIS satellite data and they
noted it cannot be ruled out that MODIS interpreted dust as clouds.

A poor relation between AOT and dust concentration was obtained for the early
rainy season storms (R% = 0.11), mainly due to gaps in the AOT measurements. These
measurements were only performed during daytime, while many of the dust storms in
this season occur during the night (J.L. Rajot, personal correspondence, 2013). In
addition, the measurements were done at irregular time steps due to the dependence on
the position of the sun in the sky and they were not adapted to detection of dust emitted
by convection. The dust events are too short in duration and peak concentrations are
often missed. Even if measurements are done during such a storm, data are often
rejected because AOT is too variable and too high and is often considered as a cloud (J.L.
Rajot, personal correspondence, 2013).

Shortcomings in the PM10 data are in the first place the occurrence of negative
values, which are unrealistic. They may occur due to water absorbed on the dust when
the filter becomes overloaded during the rainy season (J.L. Rajot, personal
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correspondence, 2013). These values are averaged out when mean values are calculated
over a longer period (15 min, 1 hour or daily). Since the empirical relations in this study
are based on daily mean PM10 values, the calculated dust concentrations will hardly be
influenced by these negative values. However, it may be more realistic to consider that
for these measurements dust concentrations are close to zero. Actual missing data occur
when the filters are changed, but it is endeavoured to avoid changing filters during dust
events.

Regrettably, no data on dust concentration for 2013 in the Sahel were available for
this study. If this would have been the case, real-time coupling of satellite detected dust
and in-situ measured dust could have been performed, possibly resulting in a better
relation between brightness temperatures and dust concentration.

4.2 Identify dust storms

Dust storms recorded by at least one AERONET observation station were identified on
the available MSG images from 2013. This was performed with the RGB Dust product
band combination, with BTD120-10.8 on red, BTD108-87 on green and BT10.s on blue. Dust
storms can be recognized by their magenta to purple colour. Since TIR gives the
temperature of objects on or above the land surface it can be used to separate cool
dust/water/ice clouds from the warmer land surface. The advantage of the TIR channels
for dust storm detection is that they also provide information during night-time (Hao et
al., 2007; Wald et al., 1998), because it is radiation emitted by the earth itself and not
reflected solar radiation. However, during night-time the temperature of the earth
surface drops and the differences between objects become less pronounced. In addition,
the earth surface is constantly adapting its temperature due to change in received solar
radiation, which is varying over the day and over the seasons. This external factor
influencing the TIR channels leads to a change in the appearance of dust storms over the
day in the RGB band combination with BTD12.0-10.8 on red, BTD108-87 on green and BT10.8
on blue. This results in a change from a magenta to a purple colour of the same storm. It
makes automatic but also manual identification of the dust storms difficult. In addition,
other objects like high mountainous areas may appear in the same colours as dust
storms, but dust storms can be separated from these objects by their moving, dynamic
character (Meteorological Education, 2013)

Moreover, the use of the single bands IR12., IR10.8 and IRg7 bands (K) is not ideal for
the detection of the dust storms, because it is very time consuming to calculate the
BTD12.0-10.8, BTD10.8-87 and BT10.8 bands manually for every 15 min time frame. It would
be easier and faster and less sensitive to errors if the EUMETSAT RGB Dust product is
directly available for analysis. For the identification phase it would have been too time-
consuming to create an RGB image for every 15 min for 6 months, therefore the online
animation by Benincasa (2012) was used. However, this is a compressed version (.gif) of
the original images, thus spatial and spectral information is lost, which is the reason why
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the raw data images were still required. In addition, the temporal resolution was
reduced to 1 hour instead of 15 min, which will have resulted in non-detectability of
storms with a lifetime of less than 1 hour.

4.3 Brightness temperature and AOT

To explore the relation between TIR temperature measured at the top of the atmosphere
and dust concentration, AOT was used as a proxy for dust concentration, because no
dust data from 2013 were available. Equation 2.3, which was derived from the multi
linear regression analysis, was reasonably accurate (R2 = 0.69). It confirms that the use
of AOT as proxy for dust concentration is not optimal and it would have been be better
to use images and in-situ dust concentrations of the same period.

The analysis of the separate brightness temperature and brightness temperature
difference coefficients in equation 3.3 and principal component analysis confirm that all
three are of significant importance to calculate AOT and therefore dust concentration
(equation 3.4 and 3.5). Thus, this study, but also Li et al. (2007) and Zhang et al. (2006)
correctly selected all three of these bands for analysis.

An important shortcoming of the imagery data for the detection and quantification
of storms during the rainy season is the presence of large thunderclouds which block the
signal of the dust storm below the cloud. Even though the dust storms are present as a
‘wall’ in front of the storm the cloud often covers the dust storms due to its anvil shape
covering an area of tens to hundreds of kilometres at the top part. The only radiation
which passes through clouds is microwave radiation (Imm-1m wavelengths), but
unfortunately this also passes through atmospheric dust and can therefore not be used
for dust storm detection. Additionally, as mentioned in section 4.2, the format (.hrit) in
which the data is delivered results in an extra step in obtaining the images of the dust
storms (appendix I). On the other hand, an advantage of this extra step is that there is
more control on the type (digital numbers/radiance/temperature), spatial size and
included channels of the generated images. In addition, the raw image digital numbers
can be immediately transformed into reflectance/temperature values (appendix I).

The geostationary position of the satellite is a great advantage for detecting dust
storms lasting less than two days, which is a common return time for polar orbiting
satellites. The geostationary position becomes problematic for areas further away from
the equator due to imbalance between pixel shape and actual ground surface
represented by the pixel. Due to the curvature of the earth the ground area that every
sensed pixel represents varies. Below the sensor (nadir) the pixel size is optimal, but it
increases exponentially when moving to off nadir positions (Kraaijenbrink, 2012). Thus,
close to the equator, which is the case for the Sahel, this effect is relatively small and was
therefore neglected in this study.
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4.4 Dust concentration and brightness temperature

To directly derive lateral dust concentrations from the SEVIRI-MSG imagery empirical
equations 3.4 and 3.5 were developed for respectively Cinzana and Banizoumbou. For
those equations values of BTD12.0-10.8, BTD10.8-8.7 and BT10.8 obtained from a SEVIRI-MSG
image can be used to calculate PM10. However, there are restrictions to the application
of this empirical relation. Firstly, it is only applicable to the months February and March
of the Harmattan season due to the interference of carbonaceous particles in the AOT
signal from November-January. It is unclear what the influence of carbonaceous
particles is in the final empirical relation, because role of AOT is not directly included
anymore. If the relation is directly determined from satellite images and PM10
measurements of the same time period, it may hold for the entire Harmattan period
including November-January. Secondly, the relation did not work for the early rainy
season storms. As explained, this is mainly due to missing data in the AOT
measurements. Thirdly, the relation holds only for the region from which data was
abstracted and is therefore restricted in terms of spatial generalisation. This is
confirmed by the outcome of the application of equation 3.5 on the 24-06-2013 dust
storm (see section 3.4.2). This is not expected to be improved easily due to the scarce
amount of ground stations measuring dust concentration. It may already be difficult to
make reliable calculations for the part of the Sahel further east of Banizoumbou, due to
local different composition of the dust or off nadir effects in the images. Therefore, it
seems still questionable to make one single equation for the whole Sahel.

On the other hand, the western part of the Sahel (west of Banizoumbou) seems to be
represented quite well by either equation 4 or 5, since they lead to quite similar results
differing up to 10 pg m-3 for similar input values. However, the application of equation
3.5 on a nearby dust storm during the Harmattan season resulted in unrealistic dust
concentrations, which could not be validated with currently available ground data. The
BTs of the dust cloud probably have been outside the range of BTs on which the
equation was based, leading to low, even negative, dust concentrations.

Ultimately, most wind erosion problems occur during the early rain season, when
wind erosion takes place due to the presence of large thunderstorms. Unfortunately,
these dust storms are often not detectable on the SEVIRI-MSG because their signal is
blocked by the cloud of the thunderstorms above it. It can already be seen from the
ground data that in this period extremely high dust concentrations are measured.
Therefore, quantification of annual wind erosion with satellite images without inclusion
of these events will lead to significant underestimation. However, the developed method
may already be used to get a first estimate for eroded and deposited dust quantities in
the Harmattan season.
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Appendices

Appendix I - MSG Data Retriever

The MSG Data Retriever interface is shown in figure Al. The different settings for
this study are discussed in this appendix. From the ‘Satellite’ drop down list the MSG2
satellite was specified at all times. These settings refer to the regular MSG 9 situated at 0
degree (scanning the whole field of view of MSG at 15 minutes temporal intervals). For
the ‘Date / Time range’ settings the preselect time frame during the pre-processing
phase (section 2.3.2) is filled in. The repeat interval was set at the minimum of 15
minutes. Since time series were produced the box Multiple Times in one File was
checked for ‘Series’ and per MSG channel such a time series was produced. Conversion of
original digital values to Temperature was selected for ‘Conversion’ in order to obtain
direct TIR temperatures.

" _l\."leteus.a'l Second Generation Data Retriever E@E |
File Help
Satellite
Mz G2 |
Diate f Time range (ILTC) Channels ¥ Use hounding box
B ‘13-03—201 3 j|n1 - IF_0a7
Ta: |13-03-2m 3 j|23:30 | :2—1 gg
RFepeat Interval (min): 15 - %5006
[1+1s008
. IR_01E
Series []1R_033
[~ Multiple Channels in one File [ 062
¥ Multiple Times in one File: ETQKMD_E?;‘S
I Coreeersion EEF_‘}LM
" Qriginal DM Walues
| 8 bits Values
" Radiometric (mi m2{srf(om-11-1) Sort
I | Badiometric (W/m2/stfum) Files: |—3 Lat | &M | 24N (WGS & =1 e e
+ Reflectance / Temperature (K) ME: T3 Lon | 184 | 44E 1984) b-od
1
Outaut I~ lgnore Erars
Format: |ENVI hdr Labelled j Projection: |LatLan - [~ Show Console
File prefix: ™ Simple Filename [ Fixel size:
Execute
I Folder: | Browse...
Exit
Show cormmand line ‘ #

Figure A1 MSG Data Retriever interface

For the ‘Channels’ IR 120, IR_108 and IR 087 were selected, needed to calculate
BTD12.0-108 , BTD10s-87 and BTio0s in a later stage with the ENVI software using Band
Math. The bounding box was set al Lat 6N; 24N and Lon 18W; 44E.

Settings for the output were ENVI format file and a Lat/Lon projection to get the
right georeferencing for the image.
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Appendix II - Principal Component Analysis in ENVI

This appendix gives the stepwise obtaining of the contribution of the brightness
temperature bands to the principal components of a dust storm image.

1.

10.
11.

Open ENVI

Open the RGB Dust image with layers BTD12.0-10.8, BTD10.8-87 and BT1os.

Perform principal component analysis: Transform > Principal Component >
Forward PC rotation > Compute new statistics

Check “Correlation Matrix” instead of “Covariance Matrix” , because there is a
large difference in Kelvin between BTD and BT.

Save the forward rotated file and the statistics file (.sta)

Save the given eigenvalues from the ENVI plot to a .txt file; these represent the PC
score.

Open the statistics file: Basic tools > Statistics

In the new window: File > Save current covariance to image. A new file as
[Memory] with Covariance, Correlation and Eigenvector as layers appears.
Calculate the contribution of the bands with: Basic Tools > Band Math and fill in:
(b172)*100 with b1 linked to the Eigenvector layer of [Memory]

Load the obtained [Band Math] band

Abstract the contribution of the bands per PC with:

Tools > Profiles > X Profile.

The profile of the top row shows the contribution on the y-axis (%) and bands on
the x-axis for the first PC.

The second row for the second PC and the third row for the third PC.
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