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Abstract

We present observations of tropospheric aerosol and water vapor transport over West
Africa and the associated meteorological conditions during the AMMA SOP-0 dry
season experiment, which was conducted in West Africa in January—February 2006.
This study combines data from ultra-light aircraft (ULA)-based lidar, airborne in-situ
aerosol and gas measurements, standard meteorological measurements, satellite-
based aerosol measurements, airmass trajectories, and radiosonde measurements.
At Niamey (13.5° N, 2.2° E) the prevailing surface wind was from the northeast bring-
ing dry dusty air from the Sahara desert. High concentrations of mineral dust aerosol
were typically observed from the surface to 1.5 or 2km associated with the Saharan
airmasses. At higher altitudes the prevailing wind veered to the south or southeast
bringing relatively warm and humid airmasses from the biomass burning regions to
the Sahel (<10°N). These elevated layers had high concentrations of biomass burn-
ing aerosol and were typically observed between altitudes of 2-5km. Meteorological
analyses show these airmasses were advected upwards over the biomass burning re-
gions through large-scale ascent, presumably driven by surface heating rather than
pyro-convection. Aerosol vertical profiles obtained from the space-based lidar CALIOP
onboard CALIPSO during January 2007 also showed the presence of dust particles
(depolarization ~30%, color ratio <0) at low levels (<1.5km) and biomass burning
smoke aerosol (depolarization ratio <10%) between 2 and 5km. CALIOP data indi-
cated that these distinct continental dust and biomass burning aerosol layers likely
mixed as they advected further south over the tropical Atlantic Ocean.

1 Introduction

The sub-Sahelian regions of West Africa are major a source of combustion-related
biomass burning smoke aerosols. In addition, the nearby Sahara desert is a very large
source of natural wind-blown mineral dust aerosol. Biomass burning aerosols exert
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a significant influence on the Earth’s radiation budget by scattering and absorbing so-
lar radiation (Haywood and Boucher, 2000; Eck et al., 2003; Keil et al., 2003; Magi
et al., 2003; Myhre et al., 2003). Similarly, wind-blown dust aerosols exert significant
influences on both the solar and the terrestrial radiation budgets (Haywood et al., 20083;
Highwood et al., 2003; Kim et al., 2004; Won et al., 2004). Several field experiments
have been conducted in the past to better understand the influence of these two types
of aerosols on the regional climate of Africa. Mineral dust aerosols emitted from the
African continent were studied in detail off the Atlantic coast of Africa during the Saha-
ran Dust Experiment (SHADE) conducted in late September 2000 (Tanré et al., 2003).
Similarly, biomass burning aerosols emitted from South Africa were studied within the
framework of the Southern African Regional Science Initiative (SAFARI, 2000) con-
ducted during the August—September 2000 dry season (Swap et al., 2003).

The pattern of aerosol emissions, particularly biomass burning smoke, over West
Africa is closely related to the seasonal north-to-south shift of the Inter-Tropical Con-
vergence Zone (ITCZ) (e.g., Cachier and Ducret, 1991; Haywood et al., 2008). Gener-
ally, dust storms occur throughout the year with their peak in springtime (Marticorena
and Bergametti, 1996), whereas the maximum emissions of anthropogenic biomass
burning aerosols from the sub-Sahelian regions of northern Africa occur during the dry
season from December to February (e.g. Haywood et al., 2008). Thus, it is hypothe-
sized that at this period dust from the Sahara desert can be mixed with biomass burning
aerosols, and would act to create a multi-component aerosol of great complexity and
variability. The vertical structures, associated properties, and transport mechanisms of
both the dust and biomass burning aerosols over West Africa during the dry season
(December/January/February) were poorly characterized.

In this study, we analyze data from aircraft-based and ground-based lidars and
airborne in-situ aerosol and gas measurements performed over Niamey (13.48°N,
2.17°E), Niger, during the first intensive field phase of the African Monsoon Multi-
disciplinary Analysis (AMMA; http://amma.mediasfrance.org/). This phase of AMMA,
so-called SOP-0 (Special Observation Period-0), took place in the West African Sahel
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during the dry season in January—February 2006 (Haywood et al., 2008). The goal of
our study is to investigate the synoptic-scale meteorological conditions and aerosol ver-
tical distributions experienced over West Africa during the dry season. Case studies
based on airborne lidar and in-situ observations of both the dust and biomass burn-
ing aerosols over southwestern Niger have been published by Chazette et al. (2007),
Johnson et al. (2008), and Osborne et al. (2008). Here we investigate an ensemble of
ground-based and airborne measurements from AMMA SOP-0 and space-based lidar
measurements performed in January 2007. Section 2 provides simple descriptions of
the instrumentation and data sets used in this study. Section 3 provides an overview of
the meteorological transport pattern during the dry season. Section 4 presents obser-
vations of the multi-layered structure of aerosol layers and their associated transport
patterns. Section 5 presents measurements from the space-based lidar Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) onboard Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) during January 2007.

2 Measurements and analysis
2.1 Aircraft-based measurements performed in January—February 2006
2.1.1 Instruments onboard an ultra-light aircraft (ULA)

The Lidar Aérosol Ultra-Violet Aéroporté (LAUVA) lidar system onboard an ultra-light
aircraft (ULA) was developed by the Commissariat a 'Energie Atomique (CEA) and
the Centre National de la Recherche Scientifique (CNRS) and operated with a Nd:Yag
laser at a wavelength of 355 nm with 1.5m vertical resolution. Detailed descriptions of
this instrument and its data retrieval procedures are provided in Chazette et al. (2007).
In summary, we performed horizontal forward shooting during the ULA ascent and the
descent, which directly gives access to the aerosol extinction coefficient (o,) if the
atmosphere can be supposed to be horizontally homogeneous from the lidar emitter to
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a target distance. The value of o, was retrieved by using the well-known slope method
(see Eq. 1).

0 [P(s, Zf) x sz]

0s

Where, o,(z;) denotes the o, at flight altitude (z(), P(s, z;), the range-corrected signal
at the distance (s) between s, and s, along the lidar beam path at z;, and o, (z;),
the molecular extinction coefficient at z;. Here, the distance s, and sy is 0.4 and 1km,
respectively. The horizontal homogeneity is verified by considering the linear character
of the logarithm of the range-corrected signal against the distance between s, and s;.
The lidar return signals from the emitter/receiver up to 0.4 km were not inverted due
to the overlap correction problem. During nighttime, the ULA wing was removed to
allow upward shooting for continuous monitoring at ground level. Ground-based zenith
and airborne nadir lidar data were inverted by using a well-known method based on
Bernoulli’'s differential form of the propagation equation. This approach was success-
fully employed for lidar airborne (Chazette et al., 2007) or ground-based (Chazette,
2003) measurements.

A Personal DataRam (PdRam), which is a small portable nephelometer-type instru-
ment documented in Dulac et al. (2001), measured aerosol side-scattering in the an-
gular range of 45-95° at the wavelength of 880 nm (bandwidth of 40 nm) where the
molecular scattering is negligible. The instrument was calibrated in terms of Mie scat-
tering by using a gaseous reference scatterer. The PdRam was further calibrated in
terms of aerosol extinction at 870 nm against a ground-based sunphotometer (Chazette
et al., 2007).

= 0p(2¢) % (S1 = Sp) (1)

ae(zf) =

2.1.2 In situ aerosol and gas measurements on the FAAM BAe-146 aircraft

The aerosol scattering (o) and absorption (o,) coefficients were obtained by using
a three-wavelength integrating nephelometer (TSI 3563; 450, 550, and 700 nm) and
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a Radiance Research Particle Soot Absorption Photometer (PSAP, 567 nm) on board
the FAAM BAe-146 research aircraft. The aerosol size distributions were measured by
using a Passive Cavity Aerosol Spectrometer Probe 100-X (PCASP). The PCASP ra-
dius range (0.05~1.5 um) is not sufficient to characterize the complete size distribution
of dust or biomass burning aerosols. However, the shape of the measured distribution
can reveal which type of particles is dominant (Johnson et al., 2008; Osborne et al.,
2008). Details on the calibration of these instruments are provided in Johnson et al.
(2008) and Osborne et al. (2008). The meteorological parameters of temperature (T),
relative humidity (RH), wind speed (WD) and direction (WS) were also measured, in
addition to carbon monoxide (CO) and ozone (O3) concentration. Details of FAAM flight
operations during AMMA SOP-0 are given in Haywood et al. (2008).

2.2 Space-borne active and passive sensor measurements
2.2.1 Space-borne lidar

Launched in April 2006 after the AMMA SOP-0 campaign, the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP), onboard Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) satellite provides information on the ver-
tical distribution of aerosols and clouds as well as on their optical and physical proper-
ties over the globe with unprecedented spatial resolution (Winker et al., 2007). The
total attenuated backscattering intensity at 532 and 1064 nm (85, and B;.,) and
particle depolarization ratio (&, defined as the ratio between perpendicular and par-
allel polarized backscatter signals) at the wavelength of 532 nm were analyzed in this
study. Between -0.5 and 8.2km (between 8.2 and 20.2km in parenthesis) above
mean sea level (a.m.s.l.), they have 30m (60 m) vertical and 333 m (1 km) horizon-
tal resolutions. The Bg,, and B4, profiles were derived from the calibrated, range-
corrected, laser energy normalized, background noise subtracted from the lidar return
signal (Winker et al., 2007; Kim et al., 2008). The color ratio (CR) is calculated as
IN(B] 064/ Pszz) + IN(532/1064). CALIOP observations have been available since June
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2006. We investigated data from the dry season in 2007 and selected the closest two
orbits (7 and 18 January 2007) to the Niamey site. We examined orbital tracks rang-
ing from the desert areas around 20° N to the tropcial Atlantic Ocean at the equator.
Further information on the CALIOP instrumentation and its products can be found at
http://www-calipso.larc.nasa.gov/.

2.2.2 Passive space-borne instruments

The Multi Angle Imaging Spectrometer (MISR) instrument onboard the Terra satellite
provides estimates of aerosol optical depth using four channels at wavelengths of 446,
558, 672, and 867 nm and cameras at nine different viewing angles. MISR has a spa-
tial resolution of 250 m and provides aerosol retrievals without any limitations due to
surface reflectance (Kahn et al., 2005). MISR covers the entire area of North Africa
only every eight days due to its narrow swath width (about 210 km), but has the unique
advantage of being able produce AOD over the bright surfaces of the Saharan desert.
The AOD retrieved from the MISR measurements over N. Africa correlates well with
TOMS/OMI UV aerosol index (Christopher et al., 2008), and compares well with AODs
from AERONET cimel sun/sky radiometers (e.g., Kahn et al., 2005; Christopher et al.,
2008). In this study, the MISR Monthly Global Level-3 Product (MISR MIL3AMAE) AOD
data over January and February 2006 are used to explain the spatio-temporal distri-
butions of aerosols over West Africa, including the Saharan desert area, during the
AMMA SOP-0 dry season experiment.

The Ozone Monitoring Instrument (OMI) is a new instrument installed onboard the
Aura satellite; this instrument has a spatial resolution of 13kmx24 km and has pro-
duced data since August 2004. The Aerosol Index (Al) is derived from the difference
between the wavelength dependence of reflected radiation in the presence of aerosols
and under pure molecular atmospheric conditions, and it indicates the presence of
ultraviolet (UV)-absorbing aerosols such as dust and smoke aerosols.

The fire identification product derived from the Advanced ATSR (Along-Track Scan-
ning Radiometer) was used to locate regions of biomass burnings across N. Africa.
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ATSR fire products are available since November 1995 (Arino et al., 2005). We ob-
tained data from the ATSR sensor onboard ENVISAT for January—February of 2006
and 2007 from http://dup.esrin.esa.int/ionia/wfa/index.asp.

2.3 Meteorological parameters

Vertical profiles of temperature (T), relative humidity (RH), wind speed (WD) and direc-
tion (WS) were provided by operational upper air radiosondes launched at the Niamey
international airport, Niger (13.48°N, 2.17°E), by ASECNA (Agence pour la Sécurité
de la Navigation Aérienne en Afrique et a Madagascar) four times a day (00:00, 06:00,
12:00, and 18:00 UTC).

Monthly mean NCEP/NCAR reanalysis data (Kalnay et al., 1996; Kistler et al., 2001)
from January and February 2006 was also used to study the variation in 3-D wind
fields from near the surface to mid troposphere. The reanalysis data had a horizontal
resolution of 2.5°x2.5° and 17 pressure levels from 1000 hPa to 10 hPa. We considered
data at 925, 850, 700 and 600 hPa which roughly corresponded to altitude range of the
different aerosol layers identified by the aircraft and lidar data.

Trajectory analysis was used to determine airmass transport routes. Back trajec-
tories were calculated using the NOAA hybrid single particle lagrangian integrated
trajectory (HYSPLIT) model (Draxler and Rolph, 2003) with 6-hourly archived mete-
orological data provided from the US National Centers for Environmental Prediction
(NCEP) Global Data Assimilation System (GDAS). The altitudes of the trajectory start-
ing points were selected primarily from the lidar/in-situ observations of aerosol layer
heights. Based on the HYSPLIT model calculations of meteorological parameters
along the airmass trajectory, the water vapor mixing ratio (WVMR) was calculated.
The WVMRs calculated by the HYSPLIT model was in good agreement with those of
ballone-borne data observed at an adjacent radiosonde site for each time step of the
trajectory (Yoon et al., 2006).
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3 Aerosol optical depth and synoptic meteorological conditions

Figure 1 illustrates the monthly mean AOD at 558 nm over West Africa determined
from the MISR measurements and NCEP/NCAR reanalysis monthly mean wind vectors
(m 3’1) at the four pressure altitudes of 925, 850, 700 and 600 hPa for January (left)
and February (right) 2006. The prevailing winds differ at each of the 4 altitudes leading
to different patterns of aerosol transport at different heights.

High AODs are observed both over the Sahara desert and in the region below 10° N.
These high aerosol loadings are related to the emissions of wind-blown mineral dust
aerosols from the Saharan desert area and emissions of biomass burning aerosols
from the region north of the Intertropical Convergence Zone (ITCZ). The biomass burn-
ing fires are due to a combination of natural and agricultural burns (Cachier and Ducret,
1991; Haywood et al., 2008). At the pressure level of 925 hPa, northerly or northeast-
erly winds from Sahara desert and southerly winds from the Atlantic Ocean converge
at around 10°N (near Niamey, Niger — 13.48°N, 2.17°E) during both January and
February 2006. Strong easterly winds prevail at 700 and 600 hPa below the latitude of
approximately 10° N and strong westerly winds prevail at these altitudes north of 10° N.
This is because the monsoon flows from the Atlantic Ocean, and heated flows (i.e., Har-
mattan) from Sahara desert converge over this region. Compared to other altitudes,
winds at 850 hPa are fairly stagnant. Here, we note that the geographical location of the
convergence zone differs with altitude. The airmasses at 850 hPa converge at slightly
lower latitudes as compared to those at 925 hPa (Cachier and Ducret, 1991; Haywood
et al., 2008). The northerly flows at 925 hPa and easterly/south-easterly winds at 850
and 700 hPa transport mineral dust aerosols and biomass burning aerosols to the ex-
perimental area (Niamey, Niger). This also places the biomass burning aerosol above
the dust layer leading to vertical layering of aerosols and their optical properties, as
shown in Sect. 4.2.

Figure 2a shows monthly mean fields of vertical velocity (omega; Pascal s_1) and
wind vectors (m s'1) from the NCEP/NCAR reanalysis for three pressure levels (700,
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850 and 925 hPa). Figure 2b shows ATSR-derived fire spots over West Africa for Jan-
uary (left column) and February (right column) 2006. Strong subsidence is apparent in
the desert area (i.e., positive omega value), whereas a remarkable updraft motion (i.e.,
negative omega value) is apparent at latitudes ranging from 5°N to 10° N. In addition,
this strong convective region closely overlaps with the locations of the fire spots. These
results suggest that the biomass burning aerosols emitted north of the ITCZ have been
elevated over the deep convective region and then transported north/northwest by the
regional atmospheric circulations (Haywood et al., 2008). The ATSR-derived fire loca-
tions in January—February 2006 showed almost identical spatial distributions to those
of MODIS as well as of 10-yr ATSR observations (not shown).

4 \Vertical profiles of aerosol and thermodynamic variables
4.1 Ground-based lidar measurements at Niamey

A multi-layered aerosol structure was frequently observed with the LAUVA system at
Niamey airport during the AMMA SOP-0 campaign. Figure 3a shows the temporal evo-
lution of aerosol extinction coefficient (o,) and of the lidar-derived AOD at a wavelength
of 355 nm during nighttime operations at Niamey, Niger, on 31 January to 1 February
2006. Two turbid aerosol layers are shown at approximately 2.5-4 km and altitudes
below 2km. These are separated by a clean intermediate layer between about 2 and
2.5km.

Figure 3b shows four-day backward and forward trajectories of airmasses arriving
at Niamey at altitudes of 1.2, 2.3, and 3.1 km at 22:00 UTC on 31 January 2006 and
at 05:00UTC on 1 February 2006. The three starting altitudes of the trajectories are
selected from the lidar profiles and represent the center of each airmass mentioned
above (see Fig. 3a). The backward airmass trajectory computations show that the ele-
vated aerosol layer is originated from the biomass burning regions to the southeast, as
indicated by the ATSR-derived fire locations. This implies that the upper aerosol layer
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in Fig. 3a is likely to be dominated by the biomass burning aerosols. The lowermost
aerosol layer identified in Fig. 3a originated from the desert area in Mali, as shown by
the red trajectory in Fig. 3b. This implies the lower aerosol layer is likely to be domi-
nated by mineral dust. The forward trajectory shows this low-level dust layer advecting
out towards the Atlantic Ocean. These trajectories correspond well with the meteo-
rological conditions over the observational periods of AMMA SOP-0. As discussed in
Sect. 3, the prevailing winds originated from the northeasterly-northwesterly near the
surface and the winds veered (i.e., wind direction changes in clock-wise) with height,
thereby indicating the advection of warm airmass from the south-east (i.e., burning
area) in the middle troposphere.

The trajectory corresponding to the clean air seems to follow a similar path to that
of the biomass burning airmass and it is unclear as to why this air did not become
mixed with the biomass burning aerosol. A thin layer of remarkably clean air was also
identified (but thinner) by Chazette et al. (2007) south of Niamey down to Benin on 29—
30 January 2006, sandwiched between the dust and biomass burning aerosol layers.
Such a situation was also reported over southern Africa during the dry biomass burning
season (Hobbs, 2003) within the framework of the Southern African Regional Science
Initiative (SAFARI, 2000) campaign. The clean air slots in southern Africa during the
dry season originate in the free troposphere, i.e., they are transported downward by the
widespread subsidence associated with the continental anticyclone that dominates the
region. However, for this case, it is difficult to clearly identify the origin of the clear air
through meteorological analyses. Prevailing winds and backward trajectories indicate
that the clean air layer in Fig. 3a originated from the same biomass burning source
area as the turbid layer above. The vertical resolution of the HYSPLIT trajectory model
may not have been sufficient for tracing the transport of such a thin airmass.

Figure 3c shows a plot of the relative humidity (RH), water vapor mixing ratio
(WVMR), and potential temperature () observed at Niamey airport by the balloon-
borne radiosonde measurements. The lowermost troposphere, containing the mineral
dust aerosol layer and the intermediate clear layer, is relatively dry (RH<25%), whereas
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the elevated layer of biomass burning aerosols is relatively more humid (RH~30-
60%). Absolute values of humidity (WVMR) are also higher within the biomass burning
aerosol layer than in the air above and below it. Furthermore, there are steep gradi-
ents in @ at the upper parts of the dust and biomass burning aerosol layers (~1.2 and
4.7 km, respectively).

4.2 Airborne lidar and in-situ measurements

We present two cases (26 January and 1 February 2006) of the vertical structure of
aerosols that combine data from the LAUVA and PdRam onboard the ULA and in-situ
aerosol (i.e., particle counters/sizers, 3-wavelengths nephelometer, PSAP), gas (i.e.,
carbon monoxide and ozone analyzer) instruments, and standard meteorological sen-
sors (temperature, pressures, and relative humidity) onboard the BAe-146. Figure 4a
shows the LAUVA-derived o, (355 nm) and PdRam-measured aerosol scattering coef-
ficient (o5, 880 nm) vertical profiles during the ascending and descending flights (ULA
flight #6: 07:09~09:03 UTC) over Niamey airport on 26 January 2006. The Angstrém
exponent (A; 450/700 nm) profile was calculated from the nephelometer onboard BAe-
146 (flight B163 P2: 08:10~08:34 UTC). The elevated biomass burning aerosol layer
and dusty near-surface layer were clearly discernable above and below approximately
1.5~1.6 km, as indicated by the difference in the wavelength dependence of o; (i.e.,
A>1.2 for the elevated biomass burning aerosol layer and A~0.5 for the dust-laden
near-surface layer). The aerosol size distributions, measured by the Passive Cavity
Aerosol Spectrometer Probe 100-X (PCASP) onboard BAe-146 (B163 P2: 08:10~
08:34 UTC) were averaged over 1000-m thick layers and are shown in Fig. 4d. These
illustrate that relatively large particles (radius >0.2 um) were much more abundant near
the surface, whereas small particles (radius <0.2 um) were more abundant in the ele-
vated layers. The profiles of ozone (O3) and carbon monoxide (CO) concentrations are
given in Fig. 4b. The pronounced increases in their concentration above 1.6 km pro-
vides further evidence that the elevated aerosol layer is associated with biomass burn-
ing emissions (e.g., Johnson et al., 2008). The three water vapor mixing ratio (WVMR)
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profiles, measured by the BAe-146, ULA, and radiosonde meteorological sensors in
the morning of 26 January 2006, show excellent agreement (Fig. 4c). These show
higher levels of WVMR within the elevated biomass burning layer. The low WVMR
values near the surface are associated with a dry dusty airmass. Interestingly, both
O3 and CO concentrations and WVMR showed almost identical vertical structures with
that of the LAUVA-derived o, (Fig. 4a) above 1.5 km.

Figure 5 shows another example of a complex layered aerosol structure obtained
from the flights of the ULA (flight #17: 07:31~09:11 UTC) and BAe-146 (flight B166 P1:
11:05~11:21 UTC) on 1 February 2006. Again there is a dry dust layer at low levels
and a more humid layer with biomass burning aerosol above. Relatively low values of A
(0-0.5) below 1.0 km clearly indicate the presence of a mineral dust-rich layer. The rel-
atively high values of A (1-2) and increased concentrations of O3 and CO pinpoint the
two biomass burning layers at 1.0-1.6 km and 1.6—-4.4 km. These conclusions are sup-
ported by the PCASP data in Fig. 5d. This shows high concentration of large particles
in the layer from the surface —1 km (indicating dust), and an increase in fine particles in
the upper layers (indicating biomass burning aerosol). The LAUVA-derived o, O and
CO concentrations, and WVMR for show very similar features in their vertical struc-
tures across the two biomass burning layers showing a high level of correspondence
between these quantities.

Figure 6a shows vertical profiles of o, at 550 nm and A at 450 and 700nm (left
panel), CO and O3 concentrations (middle panel), and WVMR (right panel) from six
profiles made by the BAe-146 over Niamey from 23 to 30 January 2006. In addition,
the WVMR profile (orange line) was obtained by averaging the radiosonde measure-
ments at Niamey airport before, during, and after the BAe-146 flights. Figure 6b shows
the averaged vertical profiles and the associated standard deviations from all the pro-
files given in Fig. 6a, plus the profiles from flights B163 P2 (Fig. 4) and B166 P1 (Fig. 5).
These profiles consistently indicate the presence of dry mineral dust aerosols at low
levels and elevated layers of humid biomass burning aerosols. The o, exhibits higher
values in the dust-rich layers (<1.5km) with low values of A (<0.3). Secondary peaks
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of o, and large values of A in the upper aerosol layer (>1.5km) indicate the pres-
ence of biomass burning aerosol layers. This pattern is well supported by a broad
increase in the O3 and CO concentrations in the upper aerosol layer. These results
suggest that there is no significant mixing of the biomass burning aerosol into the lo-
cal surface layer near Niamey. The slight increase in CO concentrations generally
observed near the surface comparatively to a minimum between 1 and 1.5km in alti-
tude (Figs. 5b, 6a and b) may be attributed to local emissions from house heating and
cooking by using charcoal and wood in Niamey area. Similarly, both aircraft-based and
radiosonde-derived WVMRs are systematically enhanced within the elevated biomass
burning aerosol layer as compared to the dust-rich near-surface layer. The origin of
water vapor within an elevated biomass burning aerosol layer is discussed in the next
section.

4.3 Entrainment process of water vapor into elevated biomass burning aerosol layers

Figure 7a shows an example of the vertical profiles of the radiosonde-derived WVMR
(red line) and WVMR (crosshair) calculated using the HYSPLIT model. Figure 7a re-
veals that the WVMR derived by the HYSPLIT trajectory model fits well with the WMVR
observed by radiosonde (e.g. Yoon et al., 2006). The airmass history for this case,
starting at 05:00 UTC on 1 February 2006 at Niamey, is given in Fig. 3b. We now re-
turn to this simulation to examine the reason for the higher levels of WVMR relative to
airmass above or below it. As shown in Fig. 7b, the WVMR within the elevated airmass
(indicated by blue lines) increased during the period of time 72-36 h before reaching
Niamey. This occurred whilst the airmass was at lower altitudes (2—3 km) over the
biomass burning regions to the southeast (see Fig. 3b). The relatively moist airmass
is advected upwards through an ascending motion associated with the deep convec-
tion in the southern region of the ITCZ (Fig. 2a). This ascent is most likely induced
by high surface temperatures over a broad region, driven by greater surface heating
over the southern part of the Sahel. The buoyancy associated with individual fires may
have had relatively small effect on the vertical transport of the biomass burning aerosol
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compared to this large-scale circulation. This supposition would be in agreement with
conclusions from other works (e.g., Labonne et al., 2007; Haywood et al., 2008).

A similar entrainment process of water vapor into the elevated biomass burning
aerosol layer is also reported in Fig. 8, which provides further examples from flights
B164 P2 on 28 January 2006 (Fig. 8a) and B165 P1 on 30 January 2006 (Fig. 8b; see
also Fig. 6a). The three-day backward trajectories began from 12:00 UTC on 28 Jan-
uary 2006 at an altitude of 2700 m and from 05:00 UTC on 30 January at an altitude
of 3000 m. These two altitudes were selected to represent the center of the elevated
biomass burning aerosol layer based on the airborne nephelometer measurements of
o, (Fig. 6a). The trajectories (upper left panel) for both cases can be traced back to the
biomass burning areas. Further, the WVMR values calculated using the model are in
good agreement with those of the balloon-borne observations (see lower left panel in
each case). As found in Fig. 7, the enhancement of WVMR within the elevated biomass
burning aerosol layer is initiated over the biomass burning areas (see two right panels
in Fig. 8a and b).

Now we will check how the vertical pattern of aerosol evolves at larger scale us-
ing space-borne lidar CALIOP. Berthier et al. (2006) used the first space-borne lidar
LITE onboard the Shuttle in September 1994 to investigate Saharan dust transport to
the west over the tropical Atlantic and to the north over the Mediterranean. Here we
investigate the transport to the south over the Guinean Gulf.

5 Space-borne CALIOP observations in the 2007 dry season
5.1 Case 1: 7 January 2007

The first case is the night-time observation of CALIOP on 7 January 2007. Figure 9a
shows the Aura OMI-derived daily mean absorbing Aerosol Index at 340 nm (Alz,g)
on 6 January 2007 and the ground track of CALIPSO on 7 January 2007 (01:45 GMT).
The CALIPSO track intersects the centre of a highly absorbing aerosol plume with Alg,,
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values of 3—-4.5 over a large area extending from about 2—18° N. Figure 9b shows the
altitude-orbit cross-section of the total attenuated backscattering intensity at 532 nm
(,8;32) along the CALIPSO track. The space-based lidar CALIOP reveals the multiple-
layered structure of the aerosol plume, and distinct differences in the vertical distribu-
tion between the southern and northern portions of the plume. The ability to discrimi-
nate such vertical structures (under cloud-free conditions) is the distinct advantage of
active sensors, i.e. lidar over passive satellite remote sensing (e.g. Winker et al., 2007;
Kim et al., 2008).

Figure 10 shows selected vertical profiles of Bg5, and B3;,4,, depolarization ratio
(6) at the wavelength of 532 nm and color ratio (CR) for six locations (points “A"—“F”
marked in Fig. 9b). These profiles have been averaged over the 20 nearest CALIOP
retrievals to the selected locations, which corresponds to a sampling duration of 1s
and an horizontal coverage of approximately 6.6 km. The profiles are also smoothed
in the vertical at intervals of 150 m from the surface to 8.2 km above mean seal level
(AMSL). The B’ profiles from point “A” to point “D” (over land), show a multi-layer
aerosol structure with a thick aerosol layer at low levels (approximately below 1.5km)
and a superposition of one or more turbid aerosol layers between 2 and 5km. The &
and CR profiles for points “A4”-“D” clearly indicate mineral dust aerosols at low levels
and biomass burning aerosol in the elevated layers. Spherical particles do not gener-
ate a depolarized signal, whereas non-spherical (solid) particles such as dust or cirrus
clouds show particle depolarization. The dust-rich layer has a low CR (<0 in this case)
due to large-size dust particles, whereas the elevated biomass burning aerosol lay-
ers have relatively high values of CR due to combustion-related small-sized particles.
Layer-averaged values of 6 and CR for each aerosol layer are summarized in Table
1, along with the top and bottom heights of each layer identified in Fig. 10. The value
of & for the near-surface dust layer ranges from 26.8% to 31.0%, but that for elevated
biomass burning layers range from 8.0% to 11.2%. The value of & for the aerosol-free
mid troposphere region (>6 km) is approximately 2.0%. These values of 6 for mineral
dust layers at low levels correspond well to previously reported values for wind-blown
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Sahara dust: values of § for Sahara dust in several locations of the Mediterranean re-
gion were up to 50%, and even higher depolarization ratios have often been retrieved
at sites closer to the dust source (Gobbi et al., 2003, 2004; Tafuro et al., 2006). The
CALIOP-derived CR for the dust-laden layer is less than zero, but the CR for the ele-
vated aerosol layer is greater than approximately 0.35.

In regions near the coast or over the ocean (i.e., <9°N), a single relatively thick
aerosol layer is apparent above the clear marine atmospheric boundary layer. This
layer resides between approximately 1—4 km near the coast and 1-3 km over the ocean
(points “E” and “F” in Fig. 9, respectively). The layer-averaged values of § for the pro-
files at points “E” and “F” are 14.3% and 17.0%, respectively. These values are inter-
mediate between values for the low level mineral dust layer and the biomass burning
aerosol layers at points “A” to “D”. The CR values at points “E” and “F” are lower than
those in the elevated layers at points “A” to “D” indicating an increasing dominance
of coarse particles. These results suggest that the aerosols in the elevated layers Lf

and L1F in the south may be a mixture of mineral dust and biomass burning aerosols.

Although B, peaks at the center of layers Lf and L1F , 6 shows relatively larger values
(e.g., >20%) and CR relatively lower values at the lower part of the layer. Their values
at the bottom of the turbid layer are close to the values obtained for the low level dust
layer over the continent and they gradually decrease with height towards values found
in elevated biomass burning layers over the continent. This would indicate that layers
Lf and L1F have not mixed completely in the vertical.

To trace the origins of the aerosols in each layer we calculated the airmass trajec-
tories, starting at the center of each aerosol layer, for the aerosol layers at the six
selected locations “A” to “F” (red dots in Fig. 9b). Over the continent (from points “A”
to “D”). Figure 11 shows that the aerosols confined below approximately 1.5km (blue
trajectories) originated from the Sahara desert (i.e., they are mainly composed of min-
eral dust particles) and were advected over the Atlantic ocean, whereas the elevated
aerosol layers were mostly transported from the biomass burning areas, as indicated
by the gray dots (marking fires). The forward trajectories from points “4” and “B” are
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spiral clockwise over the desert areas to the northeast of Niamey whereas the forward
trajectories from points “C” and “D” travel west towards the west coast of Africa. The
trajectories for points “E” and “F” show that the turbid airmasses over the marine atmo-
spheric boundary layer originated from the biomass burning aerosol regions and are
transported in a west to south-westerly direction out over the Tropical Atlantic.

As shown in Sect. 5, enhanced levels of water vapor were consistently observed
within the biomass burning aerosol layers relative to the air above and below. Figure
12 shows the radiosonde-derived WVMR and 6 values obtained at Niamey airport
at 18:00UTC on 6 January 2007 and at 00:00 UTC on 8 January 2007, respectively.
Unfortunately, the radiosonde data obtained on 7 January 2007 did not have sufficient
vertical information. The low WVMR below 1.5km is attributed to the dry dust laden
air, whereas, the WVMR within the elevated biomass burning aerosol layer between
1.5~6 km is higher than in the air above and below the turbid biomass burning aerosol
layer. A steep increase in the value of @ in the upper region of the dust and biomass
burning aerosol layers was found. This change in 8 may increase the static stability of
the layers by changing the heating rate vertical structure (e.g., Kim et al., 2004; Won
et al., 2004).

5.2 Case 2: 18 January 2007

Figure 13 shows the Aura OMI-derived daily mean UV aerosol index over West
Africa on 18 January 2007 and the altitude-orbit cross-section of the total attenuated
backscattering intensity along the CALIPSO track around 01:32 GMT on 18 January
2007 (case 2). The lidar backscatter shows a two-layered aerosol structure over the
land and a single thick aerosol layer over the ocean; a similar pattern to case 1. These
layers were observed under cloud-free conditions when CALIPSO flew across the cen-
ter of a highly absorbing aerosol plume.

Figure 14 shows selected vertical profiles of Bg,,, &, and CR for three locations
(points “I’~“lll” shown in Fig. 13b). The values of 6 and CR clearly discriminate be-
tween mineral dust aerosols at low levels (6x~25%, CR<0.0) and elevated layers of
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biomass burning aerosols (6<10%, CR>1.0) over the land (points “I” and “Il”). Again,
the & value of the elevated layer over the ocean off the coast of the African continent
(point “lI”) is intermediate between the values obtained for the mineral dust layer and
the biomass burning aerosol layers at points “I” and “Il”. The CR value of the elevated
layer at point “llI” increases with height within the layer. Layer-averaged values of 6 and
CR for each aerosol layer are provided in Table 1 along with heights of the bottom and
top of each layer. The results are very similar to those reported in case 1 and strongly
suggest that the aerosols in the elevated layer L'1” are a mixture of mineral dust and
biomass burning aerosols.

Figure 15 shows the airmass trajectories starting at the center of each aerosol layer.
The trajectories from locations “I” and “lI”, over the continent, indicate that the dust-
rich aerosols confined below approximately 1.5 km originate from the Saharan desert.
These are later advected over the Atlantic Ocean to the west of the CALIPSO track.
The elevated aerosol layers are mostly transported from the biomass burning areas,
as indicated by the gray dots (marking fires), and are advected northwest toward the
Sahara then back south and west towards the tropical Atlantic. The trajectories for point
“II”, off the coast, show that the airmass originated from the biomass burning aerosol
regions and continues to travel in a westerly or southwesterly direction over the tropical
Atlantic. As in case 1, we find higher levels of water vapor within the biomass burning
aerosol layer relative to the air above and below (see red line with closed symbols
in Fig. 12) based on the radiosonde measurement from Niamey at 00:00UTC on 18
January 2007.

6 Summary and conclusions

We have investigated tropospheric aerosol transport over West Africa and the asso-
ciated meteorological conditions during the AMMA dry season experiment, which oc-
curred in West Africa in January—February 2006. This study combines data from ULA-
based and ground-based lidars, airborne in-situ aerosol and gas measurements, stan-
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dard meteorological measurements, satellite-based aerosol measurements, airmass
trajectories, and radiosonde measurements. We identified the presence of coarse
mineral dust aerosol and very dry air at low levels (<2 km), originating from the Sa-
hara desert. This air eventually mixes with biomass burning aerosols within the Sahel
and is advected over the Tropical Atlantic Ocean. At higher levels (2-5km) we ob-
served biomass burning aerosols that originated from the biomass burning regions to
the south (<10°N). The prevailing winds at low-levels was from the northeast but the
winds veered with height turning to a southerly or southeasterly in lower part of the mid-
dle troposphere (850-600 mb). We found higher concentrations of water vapor within
the elevated biomass burning aerosol layers relative to the air above or below. This rel-
atively warm and moist airmass is advected upward over the biomass burning region
through a synoptic ascending motion rather than by through pyro-convection. Aerosol
vertical distributions measured from the space-based lidar CALIOP, onboard CALIPSO,
showed that this pattern occurred on the following year (January 2007), confirming that
this circulation is a repeating feature of the African monsoon dry season. CALIOP iden-
tified the presence of depolarizing (depolarization ratio: ~30%), large-size (color ratio
<0) dust particles at low levels (<1.5 km) and elevated layer of biomass burning smoke
aerosols (depolarization ratio: <10%) between 2 and 5km. These dust and biomass
burning aerosol layers seem mix to form a single turbid layer over the Tropical Atlantic
Ocean, as indicated by an increase in the particle depolarization ratio and decrease in
the color ratio. As observed elsewhere (e.g. Léon et al., 2001), this turbid continental
airmass is advected over the marine atmospheric boundary layer. These observations
imply there may be complex interactions between the dust and biomass aerosols and
the radiative budget of the atmosphere and climate system over the Sahelian region
and Atlantic Ocean. They also show a strong contrast in aerosol vertical distributions
and mixing between the continent and the ocean. This study demonstrates the impor-
tance of synergy between ground-based, airborne and space-borne measurements in
improving our knowledge about the Earth aerosol-climate system.
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Table 1. Aerosol layer heights and optical properties from CALIOP for January 2007 case

studies.
Location [Lat., Long.] Layer Layer Height (km) Depolarization Color Ratio®
Label Top Bottom Ratio (%)

Case 1 (7 January 2007)

A[18.00N, 1.52E] LY 159  Ground 28.0+5.7  -0.07+0.62
Lg 4.09 2.74 10.8+£7.2 1.11+£1.29

B [16.00N, 1.07 E] L‘f 1.39 Ground 31.0£11.3 -0.24+0.88
Lg 5.29 2.44 10.1x4.6 0.68+0.83

C[13.00N, 0.40E] L1C 1.30 Ground 26.8+11.4 -0.49+0.45
LS 463 313 11.246.9 0.59+1.07

D [10.00N, 0.26 W] L? 1.09 Ground 30.9+13.7 -0.64+0.33
LY 336 1.99 11.8+6.5 0.37+0.60
L7 457 364 8.0+7.1 0.61+0.56

E[5.00N, 1.33W] L1E 3.79 0.97 14.3+8.7 0.18+0.64

F [2.00N, 1.97 W] LY 301 1.27 17.0+8.0 0.16+0.56

Case 2 (18 January 2007)

I[18.00N, 1.52E] L'1 1.39 Ground 24.7+11.1 -0.02+0.39
L'2 4.69 3.04 2.4+3.7 1.99+1.52

I [16.00N, 1.07 E] LY 139  Ground 26.4+11.9 0.36+0.80
Lg 4.84 3.19 5.0+5.7 1.11+£1.18

11 [16.00N, 1.07 E] LY 394 0.79 10.0+6.9 0.18+0.7

& The color ratio is calculated as In (%) +In(32).
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Fig. 1. Spatial distributions of monthly mean AOD at 558 nm determined from satellite MISR measurements and

NCEP/NCAR reanalysis wind vectors (m 5'1) at four pressure altitudes over west Africa for January (left column) and
February (right column), 2006. Note that the wind vector’s reference scale shown at the bottom right of the figure is
different for each altitude.
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Fig. 2. (a) Monthly mean vertical velocity (omega; Pa 3'1) and horizontal wind vector (m s"1) for three pressure levels
(700, 850 and 925hPa) from NCEP/NCAR reanalysis and (b) fire spots from the ATSR sensor over West Africa for
January (left column) and February (right column) of 2006.
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Fig. 3. (a) Aerosol extinction coefficient (lower panel) and aerosol optical depth (upper panel) at 355nm from the
ULA-based lidar at Niamey, Niger, during the nighttime of 31 January to 1 February 2006. Circular symbols mark
the starting altitudes and times of modeled trajectories shown in panel (b). (b) Four-day backward (closed symbols)
and forward (open symbols) trajectories of airmasses starting from heights of 1.2 km (red), 2.3km (green), and 3.1 km
(blue) at Niamey at 22:00 UTC on 31 January 2006 (upper panel) and 05:00 UTC on 1 February 2006 (lower panel).
ATSR-derived fire locations are superimposed as grey dots. (¢) Relative humidity (green line), water vapor mixing ratio
(red line), and the potential temperature (0, blue line) at Niamey airport observed by the balloon-borne radiosonde.
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Fig. 4. Vertical profiles over Niamey airport on 26 January 2006: (a) aerosol extinction coeffi-
cient at 355 nm and 880 nm from the ULA-based lidar and PdRam, respectively (ULA flight #6:
07:09~09:03 UTC), and Angstrdm exponent (450/700 nm) measured by the nephelometer on-
board BAe-146 (B163 P2: 08:10~08:34 UTC). (b) Ozone and carbon monoxide concentrations
from the BAe-146, (c) water vapor mixing ratio and potential temperature from the BAe-146
and radiosonde launched at Niamey airport (10:00 UTC). (d) Aerosol size distributions from
the PCASP instrument, averaged over 1000-m thick layers during the BAe-146 flight (B163 P2:
08:10~08:34 UTC).
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(B166 P1: 11:05~11:21 UTC) on 1 February 2006.
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Fig. 8. Three-day airmass trajectory started at Niamey, Niger, at (a) 12:00 UTC on 28 January 2006 (flight B164
P2) and (b) 05:00 UTC on 30 January 2006 (flight B164 P1). ATSR fire locations are indicated by grey dots (upper
left panels). Radiosonde-derived water vapor mixing ratio and water vapor mixing ratio (crosshair) calculated by the
trajectory model are shown in lower left panels. Trajectory model calculations of the heights of the airmass and water
vapor mixing ratio along the trajectories are shown in right panels with gray shaded area representing the ground
elevation along the trajectory.
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Fig. 9. Case 1: (a) Aura OMI-derived daily mean UV aerosol index over West Africa on 6
January 2007 and nighttime descending ground track of CALIPSO at approximately 01:45 GMT
on 7 January 2007. The green crosshair represents the location of the Niamey airport. (b) The
altitude-orbit cross-section of the total attenuated backscattering intensity along the CALIPSO
track given in (a). A to F indicate locations where detailed profiles are shown in Fig. 10. Red
dots in (b) indicate starting points of trajectories shown in Fig. 11.
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Fig. 10. Selected vertical profiles of the total 532-nm and 1064-nm attenuated backscatter (left), depolarization ratio
(middle) and color ratio (right) for six different locations along the CALIPSO track indicated in Fig. 9. The dots are the
average of CALIOP-derived 20 instantaneous profiles and the lines are profiles smoothed at intervals of 150 m in the

vertical.
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Fig. 11. Four-day backward (closed symbols) and forward (open symbols) trajectories starting
from six different locations along the CALIPSO track for the case given in Fig. 9. ATSR fire

location is shown as grey dots.
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Fig. 12. Radiosonde-derived water vapor mixing ratio (circles) and potential temperature
(squares) at Niamey airport at 18:00 UTC on 6 January 2007 (open symbols) and at 00:00 UTC

on 8 January 2007 (closed symbols).
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Fig. 13. Same as Fig. 9 but for case 2 involving (a) Aura OMI data on 18 January 2007 and
nighttime descending ground track (black line) of CALIPSO at around 01:32 GMT on 18 January
2007 near Niamey airport (crosshair), Niger. The white vertical lines and red dots represent
three selected locations (“I’-“llI") and the starting altitudes for backward trajectory calculations
(see Fig. 15).
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Fig. 14. Same as Fig. 10, except for the three locations (“I'-“III”) along the CALIPSO track on 18 January 2007 (see

Table 1 and Fig. 13 for details).
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Fig. 15. Three-day backward (closed symbols) and forward (open symbols) trajectories starting
from three locations along the CALIPSO track at 02:00 GMT on 18 January 2007.
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