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Abstract

More than two years of columnar atmospheric aerosebsurements (2006-2009) at
Tamanrasset sité22.79°N, 5.53°E, 1377 m a.s.lin the heart of the Sahara desert, are
analysed.Aerosol Robotic Network AERONET) level 2.0 data were used. The KCICLO
method was applied to a parttok level 1.5 data series to improve the quality of bsults.

The annual variability of aerosol optical depth @JCand Angstrom exponent (AE) has been
found to be strongly linked to the Convective Boamyd Layer (CBL) thermodynamic

features. The dry-cool season (autumn and winter)timmeharacterized by a shallow CBL
and very low mean turbidity (AOD~0.09 at 440 nm,~AE62). The wet-hot season (spring
and summer time) is dominated by high turbidity of reeadust particles (AE~0.28,

AOD~0.39 at 440 nm) and a deep CBL. The aerosd-tgparacterization shows desert
mineral dust as prevailing aerosol. Both pure Sahdtst and very clear sky conditions are

observed depending on the season. However, sezasalstudies indicate an anthropogenic
. { Eliminado: 's industrial areas ]

Weighted Trajectory (CWT) source apportionment methad used to identify potential
sources of air masses arriving at Tamanrasset agraeweights for each season.

Microphysical and optical properties and precigigalbater vapour were also investigated.

1 Introduction

The regional characterization of mineral dust, pat#rly close to source areas, has become a
valuable tool for researchers from different fielttswill lead to reduce some uncertainties
about direct radiative forcing by atmospheric agio#uat still exist (Forster et al., 2007), and
to achieve a better understanding about aeros@npal impact on human health and air

quality (e.g. De Longueville et al., 2010; Perealet2012).

The Sahara and its margins are the largest and enasihuous dust sources in the world.

Ahaggar and Tibesti Mountains and the Bodélé Dejvasas the major sources in this area
(Goudi and Middleton, 2001; Prospero et al.,, 20BHoux et al., 2012). During the last
4 { Eliminado: some J

years, several field campaigns in different locaifmcused on the analysis of Saharan dust

features (Todd et al., 2013, and references therkirparticular, Tamanrasset (main city in
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the Hoggar, also known as Ahaggar Mountains, iref) hosted a specific soil and aerosol
sampling analysis at the beginning of the 1980slfuda and Schitz, 1983), the African
Turbidity Monitoring Network (1980-1984) for climateodelling purposes (d'Almeida, 1986,
1987), and the more recent African Monsoon Multighicary Analysis (AMMA) campaign
(Redelsperger et al., 2006).

During AMMA intensive observing periods in 2006, manrasset was a fully equipped

ground-based station for aerosol and radiation mea®nts. This campaign has provided
comprehensive analysis of several features at Tassetrand the Hoggar Mountains (e.g.
Flamant et al., 2007; Bou Karam et al., 2008; Cuestt., 2008, 2009, 2010). In addition,

aerosol observations carried out at Tamanrasse®@6 bPave been part of selected aerosol
data sets used for several model validations (eedano et al., 2009; Haustein et al., 2009,
2012; Su and Toon, 2011). In spite of these studiested aerosol observations, mainly

confined to shorter period campaigns, are availdsl¢his area which is strategically located

in the heart of the Sahara desert.

Consequently, Tamanrasset was considered to bg pldee to initiate the Saharan Air Layer
Analysis and Monitoring (SALAM) project as part thie Global Atmospheric Watch (GAW)
Twinning cooperation program between ['Office Natte de la Météorologie (ONM,
Algeria) and the Meteorological State Agency of IBFAEMET, formerly INM) through the
Izafia GAW station (Canary Islands, Spain). In tlnlework of this project, at the end of
September 2006, a Cimel Sun photometer was set upnaafrasset and integrated into the
Aerosol Robotic Network (AERONET). In 2010 the siatwas incorporated into the World
Meteorological Organization (WMO) Sand and Dust r@toWarning Advisory and
Assessment System (SDS-WAS) Regional Center for Morttfrica, Middle East and
Europe (http://sds-was.aemet.es/) for near-real éintklong-term dust model evaluation. The
new aerosol dataset from Tamanrasset has been asedpieliminary characterization of
aerosol properties (Guirado et al., 2011), for eda&sed remote sensing evaluation (e.g.
Schuster et al., 2012), and for model validatiomy.(&egen et al., 2013). Regarding dust
optical properties, Kim et al. (2011) provide analgsis of single scattering albedo,
asymmetry parameter, real refractive index, and inaagirefractive index at several stations,

including Tamanrasset from 2006 to 2009.
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The present work focuses on a detailed charactienizaof aerosol properties ahe
Tamanrasset site. Very preliminary results, brieflgvgn by Guirado et al. (2011), have been
carefully revised and extended taking into accarortected data. The KCICLQK is the

name of a constant and “ciclo” means cycle in Spamsthod has been used to correct the

aerosol optical depth (AOD) and the Angstrom expbnfAE) time series. Specific

characterizations have been made for the first tamaual evolution and seasonal features of
precipitable water vapour (PWV), fine mode fractigiMF), and aerosol microphysics, as
well as an identification of potential source rewio The paper is structured as follows:
Measurement site, data sets and tools used areilebin Sect. 2. In Sect. 3.1 the main
aerosol and PWV seasonal features are analyseskranol-type classification is performed

and microphysical and optical properties are diseds In Sect. 3.2 the Concentration
Weighted Trajectory method is used to identify pt&rsource regions. In Sect. 3.3 the
transport of anthropogenic fine aerosols to Tamaetas discussed. In Sect. 4 the main

concluding points are provided.

2 Methodology

2.1 Unique characteristics of Tamanrasset site

On 30 September 2006, a sun photometer was instailéle roof of the main building of the
Regional Meteorological Center (Direction Météo Régl Sud, Office National de la
Météorologie, Algeria) at Tamanrasset (22.79°N, 53377 m a.s.l.) in southern Algeria.
Tamanrasset is free from industrial activities anggesentative of pure desert dust aerosols
(Guirado et al., 2011). It is near dust sourcesitedt in Mali, southern Algeria, Libya and
Chad, on the northern edge of the zonal dust pathdentified bythe MISR (Multi-angle
Imaging SpectroRadiometer, onboard NASA's Terralldaje AOD retrieval (Fig. 8).
Moreover, this geographical location is very sigraint since ground based measurements of
atmospheric constituents from continental Africa arery limited, especially in the
surrounding area of Tamanrasset. This station igolwed in several international
measurement programs such as the Global Climate WhgeBystem (GCOS) - Upper-Air
Network (GUAN), the Baseline Surface Radiation Natew(BSRN), and the GAW program
of the WMO.
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The climate of the region is modulated by the iaflce of the monsoon during summer and
the westerly winds during the rest of the year &aeet al., 2008). In July and August
easterly winds, moist air masses and scarce raenfalthe prevailing weather conditions. In
September the influence of the westerly winds appaihigh altitude and draws successively
closer to the ground until the end of autumn. Thistem is maintained, although wind

strengths vary, during the winter and even spnngtuntil June when the influence of the
easterly winds starts in layers close to the gro(ibdbief, 1979). The winter season is

characterized by dry conditions and occasional enill and cirrus clouds (Cuesta et al.,
2008).

2.2 Cimel sun photometer data set

2.2.1 AERONET data

The Cimel sun photometer (model CE-318 operatirgstat 380, 440, 500, 670, 870, 940 and
1020 nm nominal wavelengths) installed at Tamanrassete of the standard instruments in
AERONET. Data acquisition protocols, calibratiorogedures and data processing methods

_{ Etiminado: are

2000; O’'Neill et al., 2003). Solar extinction measuents are used to compute AOD at each
wavelength, except for the 940 nm channel, usegttiieve PWV (Eck et al., 1999). AE,
which is a measure of the AOD spectral dependenttetive wavelength of incident light, is
a qualitative indicator of aerosol predominant jgéetsize and it can be computed for two or
more wavelengths (Schuster et al., 2006). For clitogical studies, linear fit determination
of AE in the 440-870 nm range is computed for threfoar nominal wavelengths (440 nm,
500 nm when available, 670 nm, and 870 nm). AERONB&SE rmode fraction (FMF) from the
Spectral Deconvolution Algorithm (SDA) (O’Neill et. a2003) has also been included in the
present analysis. Furthermore, several aerosol nigsigal and optical properties retrieved
from the AERONET inversion algorithm (Dubovik and Kir2000; Dubovik et al., 2006) are
discussed. Particularly, particle size distributionlume concentration, effective radius, as
well as single scattering albedo, asymmetry fa@od, complex refractive index are analysed

because they are closely related to aerosol radieffects.
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P { Eliminado: the ]

the UV) and it alters the AE by 0.03-0.04 (Eck let #999; Schuster et al., 2006). The PWV

- { Eliminado: around ]

derived parameters from SDA retrieval varies as niverse of the total AOD. In addition to
measurement errors, there are errors in the AODevelr due to the uncertainty in the
assumed values of the spectral curvature in each @dkeill et al., 2001) which are most

. { Eliminado: summarized ]

description of expected error in aerosol size ithigtion, complex refractive index, and single

scattering albedo.

_{ Eliminado: the )

February 2009, except from 18 November 2007 to 2@ 2008. Data for the period February
2009-October 2012 will likely never be promotedLievel 2.0, and Level 1.5 data in this
period do not have the sufficient quality to begady corrected with the KCICLO method

_ { Eliminado: addressed ]

level 2.0 and might be incorporated in the futur@edform a relatively longer term analysis.
Long AOD data series fulfilling the highest qualityiteria are difficult to obtain in remote
stationssuchas Tamanrasset, in which the annual exchange atiments is difficult, and

wheredust events lead to dirt accumulating on the gpfictense dust storms cause a rapid

accumulation of dust while less intense dust traridpads to a more progressive build up of

dust on the optics. These inconsistencies arecdiffto correct and deteriorate the quality of

the measurements.

_ - Eliminado: intense dust storms
dirty the optics sometimes very

B e e e - quickly, sometimes progressively|

deteriorating the quality of the
measurements. |

2.2.2 KCICLO correction

The analysis of the AOD period from 18 November 2G0 20 June 2008 reveals a

- { Eliminado: iness ]

sun photometer front windows (Guirado et al., 200kher possible causes, such as the effect

of temperature on the detector and an incorrectpsimting, were analysed and discarded.

. { Eliminado: d J

analysed period due to the significant degradaifathese filters.
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The KCICLO,method is used to detect, evaluate amtecbpossible calibration problems,” | constant and ‘ciclo” means cycle
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front windows, leads to a distinct and artificialichal cycle pattern that can be corrected
using the KCICLO method. This fictitious diurnal t&dés due to the systematic absolute error
in the AOD measurements as a consequence of calibearors (Romero and Cuevas, 2002):
the magnitude of this absolute error is greatestidtlay becausé varies as the inverse of
the solar air mass (Cachorro et al., 2008a). Thihiotkintroduces a constant K defined as the
ratio between “incorrect” current and true calibmatconstants. K quantifies calibration factor
error in such a way that K=1 corresponds tmrrect calibration constant and K>1 (K<1) will
result in an overestimation (underestimation) ofdherent calibration constant and a convex
(concave) curve shape in the diurnal cycle (Cachetral., 2004, 2008a). AOD relative
differences between AERONET level 2.0 and KCICL@adseries are estimated to be 8.5%
(or about 0.01 in absolute AOD values) and 2.4%AfBer(Cachorro et al., 2008b).

The application of this “in situ” correction-cdlration procedure requires a sufficient number
of clear-sky and stable days for a given periode@orrected. The selected days must fulfil a
set of requirements about air mass range (higher @hva and typically between 1.7 and 6),
turbidity (AOD (440 nm) < 0.12 and variability lowe¢han 5% in the specified air mass
range), number of data points (at least 12 per day), standard deviation of the fit to
guantify the calibration factor error (lower thai®D) (Cachorro et al., 2008a). Therefore, the
successful application of the KCICLO method overigely period is associated with a
sufficient number of days (5—-10%) fulfilling all thebove mentioned requirements. As a
consequence, the application of the method is ne&yd feasible at all stations or at all
periods of timeThe KCICLO method has been previously used to corréd@DAdata series
(e.g. Toledano et al., 2007; Barreto el al., 2014).

At Tamanrasset, a sufficient number of days (94) fa@November 2007 to 20 June 2008
were available to properly apply the KCICLO methaotd complete the AOD/AE data set.
This method confirmed a calibration shift between &fer 2007 and June 2008. Only two

-

777777777777777777777777777777777777777777777777777777777 in Spanish)

- { Eliminado: ines:

{ Eliminado: e
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lenses affected), were detected and the correspgnoliean K values (Table 1) were

- { Eliminado: A part

computedParfof the original andthe corrected AOD and AE data for both periods is shown

in Fig. 1. Note that the fictitious diurnal cycle liargely reduced both in the AOD and the
derived AE.

Additionally, it was possible to apply an exteraalality control of the KCICLO correction.
Since 1995, in the framework of the GAW program,-809 hand-held sun photometer
supplied by the National Oceanic and Atmospheric Adstriation (NOAA) (Reddy, 1986)
has been operated at Tamanrasset. The photomelaracterized by a 2.5° full angle field of
view and two 10nm-bandwidth filters centred at 3&6d 506 nm, respectively. AOD
measurements at 500 nm taken at 9, 12 and 15 UTC wsse in this work. Data from

_ { Eliminado: r

at 440 nm (15 minutes as time coincident criteridrije AOD measurement scatter plot
between NOAA and three AERONET data sets is shawhig. 2 and the corresponding
linear regression parameters are provided in Tabksfter applying the KCICLO correction

the correlation coefficient increases to 0.981tlis period (0.968 before correction).

2.2.3 Time series

Following the data processing and quality contnalcpdures described above, AERONET
level 2.0 and KCICLO-corrected level 1.5 data (A@Dd AE) were used for aerosol
characterization. Due to the degradation of the m@Ofilter, AOD measurements at 440 nm
were selected for analysis. However, since AODQ& Bm is more suitable for satellite and
modelling comparisons, it was estimated from AOD (4@ and AE (440-670-870 nm)
applying the Angstrom power law (Angstrém, 1929).ttWiegard to the PWV record,
AERONET level 1.5 measurements were not affectedrby fictitious diurnal cycle. The
water vapour optical depth, and consequently the/RMndduct, is not strongly affected by

_{ Etiminado: in

experimental measurements (Schmid et al., 2001). Torerethe analysed PWV data series

_ { Eliminado: is

special features regarding the analysed AERONEErsion retrievals for single scattering

albedo and complex refractive index will be diseass Sect. 3.1.4. All the analysed daily,
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monthly, and seasonal averages have been calctitatedhe corresponding sun photometer

single measurements.

2.3 Ancillary data

2.3.1 Meteorological radiosonde data

A GCOS-GUAN meteorological radiosonde (Vaisala RS82launched twice a day (at 00
UTC and 12 UTC) at Tamanrasset airport: data availat the University of Wyoming web
site (http://weather.uwyo.edu/upperair/soundinglhtRadiosonde data at 12 UTC were used
for calculation of the Convective Boundary LayeB(Q top altitude from 2006 to 2009. The

. { Eliminado: hawe beel

1 K, whered6/4z is the potential temperature lapse rate @goand6dyas refer to the top and
base of the layer, respectively (Heffter, 1980; €aeet al., 2008). Additionally, PWV

_{ Etiminado: it

shown in Sect. 3.1.5. Estimated PWV precision ofrttiosonde RS92 is around 5% but for
very dry conditions it is about 10-20% (Milosheviehal., 2009).

2.3.2 Aerosol extinction vertical profiles

The Cloud-Aerosol Lidar with Orthogonal PolarizatiQCALIOP) is an elastic-backscatter
lidar on-board the Cloud-Aerosol Lidar and Infrar@athfinder Satellite Observation
(CALIPSO). CALIOP emits linearly polarized light 882 and 1064 nm to provide vertically
resolved observations of aerosols and clouds dokalgscale (Hunt et al., 2009; Winker et
al., 2009). Aerosol extinction features at certadights have being identified using CALIOP
level 2 version 3.01 extinction profiles at 532 nmelo Tamanrasset (within a 1.5° radius)
with a vertical resolution of 60 m (below 20.2 kmdig) and a horizontal resolution of 5 km.
Data from the period 2007-2008, downloaded frorfne NASA database
(https://feosweb.larc.nasa.gov/cgi-bin/searchTodlRgtaset=CAL_I|IR_L1-Prov-V1-10),
have been filtered following the methodology of Teset al. (2013).
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2.3.3 Concentration Weighted Trajectory

The Concentration Weighted Trajectory (CWT) source appoment method (Seibert et al.,
1994; Hsu et al., 2003) was used to identify pagsmaf aerosol laden air masses for the
period 2006-2009 in the dry season (from Novembdtaioruary) and the wet season (from
April to September). The resulting information abairt mass pathways was combined with
the information about aerosol source regions regdsyeseveral authors (Sect. 3.2 and Fig. 8)
to detect potential sources affecting Tamanra3s$es. method combines data measured at the
receptor site with air mass back trajectories. Altjio this method was originally designed
and widely used for weighting trajectories with centrations measured at a receptor site, we
used AERONET daily AOD and AE observations at Tamsset to identify aerosol content
and type respectively. A similar approach to connect didtismurces with different aerosol
types has been previously performed by other auffgogs Naseema Beegum et al., 2012). A

weighted AOD or AE value is assigned to each gall loy averaging the values associated

with the trajectories crossing that grid cell:

N 1N
G, = (Z nijkj @Cknijk
k=1

k=1

whereCj; is the averaged weighted AOD or AE value in th@ ¢rid cell, C is the AOD or
AE value observed at the receptor point on arrdfdth-trajectory,N is the total number of

1)

time spent in théth-cell by thekth-trajectory. The denominator correspondsijp ¢rid cell

number density. In order to reduce the uncertagatysed by cells with few trajectory end-

points, an arbitrary weight functioft; (Polissar et al., 1999) was applied:

100 80<n,
_|070 20<n; <80
Wi =1 042 10< n; <20
005 n; <10

wherenjjis the number of trajectory end-points that falthie {,j) grid cell.

()

10

Eliminado: y end-points in the
(i.j) grid
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Three-dimensional 5-day back trajectories were ¢aied with a one-hour time resolution
using the Hybrid Single Particle Lagrangian Intégdalrajectory Model (HYSPLIT) version
4.0 (Draxler and Hess, 1998). The end-point wasts€amanrasset (22.790°N, 5.530°E), and
back trajectories were calculated at ground 12@00 and 5600 m above ground level (a.g.l.)
for each day in the period 2006-2009 at 12 UTC wittnd fields from the GDAS

meteorological data set. The vertical model velowi#g taken into account.

_{ Eliminado: long

50°N] were mapped separately for the dry and the sgasons and for back trajectories
ending at the three levels mentioned above. Thegs mare examined to identify potential
source areas or pathways of polluted air masses.CMi&¢ method is able to distinguish

major sources from moderate ones (Hsu et al., 2003).

Besidesthe CWT analysis, Potential Source Contribution Funt{BSCF) maps (Ashbaugh
et al., 1985) were also obtained in order to idgrttie direction and sources of air masses
causing high AOD and AE values at Tamanrasset. TBEHP method estimates the
conditional probability of each pixel of the geqggnical domain being a source location,
using back trajectories arriving at the study sltee results are plotted on a map describing
the spatial distribution of potential source regiowe used the same back trajectories, AOD
and AE values and arbitrary weight function, Eq, {@r both the PSCF and CWT methods.
Our resulting PSCF maps are in good agreement Wifi ©nes. We only show CWT results
because they provided the same information on patestiurces location plus additional

information on the intensity of the sources, asay mentioned.

3 Results and discussion

3.1 Aerosol and precipitable water vapour characterizat ion,

3.1.1 Aerosol temporal _evolution and statistics

From October 2006 to February 2009, a total of 31,&@0ud-free valid AOD observations
from 790 days (92% of the days in the period) ar@lable. Afterthe KCICLO correction,

11

/{ Eliminado: Characterization ]

/{ Eliminado: Temporal
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AOD and AE values are globally lower (around 8% d784 respectively) than the time
series shown by Guirado et al. (2011). The AOD, afl FMF monthly statistics are
presented in Figs. 3a, 3b, and 3c, respectivelyDA®mains stable around 0.1 from
November to February (absolute minimum of 0.07 iruday). Conversely, AOD exceeds 0.3
from April to September reaching an absolute maximut48 in June (Fig. 3a and Table 3).
High AOD variability (standard deviation>0.30) ibserved for high monthly AOD records

(from April to August except May) while the loweanability (standard deviation around-~ { Etiminado: T

- { Eliminado: ~

Eliminado: March and October
have been consider

Similar results were reported by Kim et al. (201Dnira different approach. Their analysiéx .

was limited to “dust aerosol” properties by selegtilata with large AOD>0.4) and very low

Eliminado: because they
alternately show similarities to

)
)
|

AE (<0.2). According to these criteria, non-dust aermseére identified from November to

February at Tamanrasset station.

The annual cycle of AE and FMF is the opposite &DA (Fig. 3). The dry season is
characterized by higher AE and FMF values, reachingaximum in January (0.69 and 0.58,
respectively) and December (0.72 and 0.57, respyfiand decreasing until May (minimum
of 0.15 and 0.24, respectively). A secondary maxinsimbserved in August with AE and
FMF values of 0.44 and 0.38, respectively, assediatith a decrease of the coarse mode and

a slight increase of the fine mode. Such increalidbwianalysed in detail in Sect. 3.3.

Concerning the pattern shown in Fig. 3, Cuestal.e{2@08) identified a marked seasonal
evolution of atmospheric aerosol content and itscaptproperties linked to the monsoon
regime throughout 2006. Guirado et al. (2011) st#iedclear and opposite seasonal cycle of
AOD and AE, compared them with the CBL, and defimedry-cool season (autumn and
winter) and a wet-hot season (spring and summer).CBle PWV, and corrected AOD and
AE time series are presented in Fig 4. Daily meabA® 500 nm was estimated (not shown
for the sake of brevity). Relative differences betw AOD at 500 nm and 440 nm were
mainly below 0.01, except for AOD values above Gat were sometimes higher (0.04 as
maximum). The dry-cool season is characterized by A@D (~0.09 at 440 nm), not very
low AE values (~0.62) and low PWV (~0.51 cm). Thetsuot season is characterized by

12
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higher mean AOD (~0.39), lower AE (~0.28), and deuthe autumn-winter time PWV

values (~1.06 cm). A statistical summary of the datées is given in Table 4.

A strong and thick CBL drives the wet season (Ba). The properties of the transported air
masses are a part of the atmospheric phenomena tleatthdnfluence on the evolution of the
CBL height throughout the year (Cuesta et al., 200@®reover, this evolution is linked to the
seasonal climatic features at Tamanrasset, descaibtd end of Sect. 2.1. The wet season,
affected by the monsoon regime, is characterizedroyng and frequent mineral dust storms
(Guirado et al., 2011) when the deep CBL favouesvértical mixing of lifted dust layers
(Cuesta et al., 2009). In this period, the fullweleped CBL (4-6 km a.g.l.) coincides with
the higher AOD and PWYV records at Tamanrasset. ©rdhtrary, during the rest of the year
the prevailing dry westerly flow leads to a shall@BL (1-2 km a.g.l.) with lower AOD and

PWV records. These results are in agreement witestauet al. (2008), who reported a

. { Eliminado: driving

)

summer seasadrivenby a 5 to 6 km deep layer which evolved from a .2 km shallow -

vapour mixing ratio doubled dry
winter season records.

7| Eliminado: In addition, in
i August and September 2006 water

Guirado et al. (2011) showed overall frequencydgsims of AOD and AE. Due to the
observed seasonal pattern, frequency distributain&OD and AE for the dry and wet
seasons are shown in Fig. 5. AOD shows a unimaaitipely skewed distribution for both
seasons. The wet season modal value is 0.15 (buB68b of data below 0.15) whilbedry
season mode is narrower (90% of data are below @ridbxentred in 0.1. These features lead

{ Eliminado: in

below 0.15 (Guirado et al., 2011), what indicatedesner atmosphere than sites located in
the Sahel where about 85% of the AOD values argeabd 5 (Basart et al., 2009). This could
be partly explained by the station height. On tbet@ary, AE shows a bimodal distribution
for both seasons. The dry season distributionightsy bimodal (0.4 and 0.7 modal values)
and symmetrical (mean and median AE are equal as ibeaseen in Table 4). Whereas the
AE in the wet season distribution is positively wkel showing a narrowed first mode centred
at 0.15 and a less pronounced but wider second eertteed at 0.4 (which coincides with the

modal value of the first mode of the dry season).
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3.1.2 Aerosol classification

Guirado et al. (2011) used the graphical method geeg by Gobbi et al. (2007) to identify
aerosol types at Tamanrasset. This method reliebeedmbined analysis of AE (440-870
nm) and its spectral curvature, represented by Amgstrom exponent difference
SAE=AE(440-670 nm)-AE(670-870 nm). These coordinaaes linked to FMF (%) and
aerosol fine mode sizeurfy) (Fig. 6) by reference points corresponding to daal size
distributions of spherical particles which have beetermined using the Mie theory on the
basis of typical refractive index of urban/industaerosol (m=1.4-0.001i). The assumption of
spherical particles is not expected to impact sigaiftly on the results (Gobbi et al., 2007).

Regarding the sensivity of the graphical method &fractive index, the level of

_ - Eliminado: Moreover, the level

indeterminatiorjs of the order of +25% for aerosol fine mode radi®d and +10% for FMF -~ | of uncertainty of this graphical

777777777777777777777777777777777777777777777777777 method

computed both for refractive index varying between m=1.33-0.0@8ipical of water

droplets) and m=1.53-0.003i (typical of mineral dastosols). This method was applied to
AERONET level 2.0 observations which verify AOD>B.Trhis limit was selected in order
to avoid errors larger than ~30% in AE aiiE, as advised by Gobbi et al. (2007). Basart et
al. (2009) applied this graphical methodology t@krand characterize mixtures of pollution
and mineral dust confirming the robustness of théhote Since ~95% of AOD observations
during the dry season are below 0.15 (Fig. 5a) gtiaphical method performed only for this
period would not be representative. Thus, the saraphgshown by Guirado et al. (2011),

corresponding to the whole data set, was analysed.

The aerosol features at Tamanrasset (Fig. 6) aitasitm those found at other arid and desert
areas, such as Banizombou or Saada, reported kartBetsal. (2009). Large variations of
AOD with AE almost inversely proportional to AOD askown, thus higher extinctions are
linked to larger particles. In additioBAE is negative or slightly positive indicating adae
dominance othe one-particle mode. Typical pure Saharan dust cardit{red rectangle in
Fig. 6) are characterized by high-extinction val(@®D>0.7) with AE<0.3 an@AE<O0 that

) { Eliminado: s

expected for AE values ranging between 0.6 andifelbserved in 8.7% of the cases (green
rectangle in Fig. 6). They are characterized byabde SAE, FMF and Rf ranging between
-0.3 and 0.2, 30% and 70%, and Oy and 0.20um, respectively. This pattern can be

associated with a mixture of mineral dust and smapbeticles of another origin (Basart et al.,
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2009), and it is observed during summer. Biomass bgriine particles are discarded
because they are emitted in winter time in the Se¢gibn. Thus fine particles may have an
urban or industrial origin as indicated by Guiradal. (2011). This will be discussed in Sect.
3.3.

3.1.3 Aerosol microphysics

Multi-annual monthly means of particle size digtitibn and volume concentration have been
analysed for the period 2006-2009 (Fig. 7a and& 8l A slight bimodality is observed with
a strong predominance of coarse mode and a quitée stabrse modal geometrical radius
throughout the year with values around 2.24. This value is within the radius interval (1-

3.5 um) of maximum aerosol volume distributiorsported by Ryder et al. (2013) in their
_ | Eliminado: showed in most of

comparison of aircraft campaigns performed in cei@edara since 2008t 2.24um, Coarse - - | the aircraft campaigns performed
. . . 3 2. in central Sahara and compared by
mode volume concentration is lower during the dryseea~0.03um® um™ in December), Ryder et al. (2013).

when minimum AOD values are recorded, and then smgsow peaking in July (~0.25m°

um?). Standard deviations are of the same order as waaes (Table 5) indicating high

T . . . _ + Eliminado: Fine
variability of daily measurementg.he fine mode concentration shows the same sea§onal{ )

pattern aghe coarse mode but with values decreased by a factet®@f(wet season) and ~6
(dry season). The presence of both submicron andeoaodes throughout the year was also
observed by Cuesta et al. (2008) through the aisabfsin situ aerosol size distributions at
Tamanrasset in 2006. They reported variability betwihe two modes lower than 10 to 15%

regardless of the season.

Daily fine mode volume fraction (/) ranges between 0.03 and 0.46 (Fig. 7b) showing the
dominance ofhe coarse mode. However, as it was discussed aboutiRMects. 3.1.1 and
3.1.2, fine or coarse particles dominate the coutidl to total AOD depending on the
season. The relationship between these two fine myodatitative parameters is shown in

., { Eliminado: distributed }

season, coarse particles dominate in terms of bdibabmlepth and volume concentration.
However, few measurements meeting FMF>0.5 affd%0.25 are found in the wet season

and most of them are linked to the fine aerosolgires analysed in Sect. 3.3.
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Total effective radius follows an expected oppos#asonal pattern to AE, showing (Table 5)
a maximum in May (0.86um), a minimum in November-December (~0.p81) and a
secondary minimum in August (0.6dn). Regarding fine mode effective radius, it reaches
maximum during the dry season (~04ré in January and December) decreasing toward the
lowest values in July and August (~0r2), a seasonal trend close to the opposite of AOD.
Similarly, the coarse mode effective radius shothie highest mean value in January (1.92
um) and appears to be almost stable during the webseanging between 1.62n and 1.72

um. This last result, coarse mode effective radiusredeing for higher coarse mode
concentrations under desert dust conditions (Tahlbas been previously reported and linked
to a practically monomodal volume particle size dsition (e.g. Prats et al.,, 2011, and

references therein).

3.1.4 Aerosol optical properties

AERONET level 2.0 retrievals for single scatterialipedo (SSA) and complex refractive
index are limited to measurements of AOD (440 nm) > Dh# reason is that the accuracy of
these two parameters significantly decreases urmeerl aerosol loading conditions: 80-
100% and 0.05-0.07 for real and imaginary partefrfactive index, respectively, and 0.05 for
SSA (Dubovik et al., 2000, 2002). Therefore, ninfation of these parameters is available
in the AERONET database for the dry season at Taasaeat. Regarding the wet season, dust
optical properties (from March to October) are régdiby Kim et al. (2011). To perform an
analysis for the dry season, we have filtered LdvBldata following the same AERONET
criteria but applying a smaller threshold to AODdab 0.1, instead of 0.4, at 440 nm). A
similar approach has been previously consideredtbgrauthors to investigate the role of

fine aerosols on the absorptiohsolar radiatiorfe.g. Mallet et al., 2013).

/{ Eliminado: Imaginan J

constant in the interval 675-1020 nm during botd thry and the wet seasons (Table 6).

However,the SSA is lower at 440 nm whereas botle imaginary part (absorption) dhe {E“minado_

refractive index, as well abe asymmetry parameter, are higher at 440 nm. Theserabec,/"/{Eliminado: agree
patterns of SSA and complex refractive index consistenwith dust dominapconditions -  Etiminado: match

Eliminado: ce

o

(e.g. Dubovik et al., 2002). For the dry seasos #pectral dependency is smoothed @ed

Eliminado: Nevertheless, no
substantial differences are found |at
overall aerosol optical properties
between the dry and the wet
season.

-

asymmetry parameter is slightly lower due to the deseén the coarse mode dominapce. Itis

S
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worth noting thathereal part ofthe refractive index ranges between 1.43 and 1.46 duha
wet season. These values are lower than expectatlifb conditions. Deviations ranging +
0.05 or more from 1.53 have been previously repotigdDubovik et al. (2002) and
references therein.

3.1.5 Precipitable water vapour

The observed PWV atmospheric content shows an amycl quite similar to that of the

CBL (Figs. 4a and 4b). The lowest multi-annual mgnthean of PWV (Table 3) is observed
in January (0.37 = 0.16 cm) showing a low yeardaryariability and increases during winter
and spring peaking in August (1.39 + 0.45 cm) urttier monsoon regime. PWV retrieved

_{ Eliminado: have

from radiosondes launched at 12 Ui&been compared (not shown) with the corresponding

7777777777777777777777777777777777777 . { Eliminado: observing

AERONET PWV (average of the measurements taken ffdidTC to 13 UTC)with a good -
correlation (0.94) for an overall number of 610nmident measurements. The slope of the
least-squares regression line is 1.14 and the R¥8 is 1.15 mm. These results are in good
agreement with similar comparisons, such as thabpedd by Schneider et al. (2010), who
reported a correlation of 0.96 between 675 AERONEAd radiosonde coincident

measurements (one hour as temporal coincidencei@n}etthe [zafia station.

3.2 Potential source regions

3.2.1 Concentration Weighted Trajectory analysis

Recently, several comprehensive reviews of potedtiat sources in Northern Africa (e.g.
Formenti et al.,, 2011; Ginoux et al., 2012) havenbpeovided. However, our goal is to
identify the potential dust sources affectiticge Tamanrasset station. This study has been
performed through the analysis of primary air mashways and their relationship with
AERONET AOD and AE measurements at Tamanrasset.

CALIOP aerosol extinction profiles at 532 nm (Figs.and 8d) have been analysed to link
aerosol extinctions and air mass pathways at cehaights. The 20th percentile of the

extinction in the wet season (Fig. 8d) has beeectedl as threshold of pristine conditions.
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radiosondes. Taking into account the averaged CRLp@bfiles, HYSPLIT back-trajectories
at several heights have been calculated for eagloidthe period 2007-2008. The end-point
heights of the back-trajectories have been seleatedrding to the CBL top height during
both the dry and the wet seasons. The three sélbeight levels provide information about
air mass transport neéne surface (ground level), at an intermediate lay&@0®m a.g.l.),
which is just above the CBL top in the dry seasod w&ithin the CBL during the wet season,
as well as at 5600 m a.g.l., above the CBL (frepdsphere) all year long (Figs. 4a, 8c and
8d). A first cluster analysis was performed using kkmeans clustering algorithm following
the Jakob and Tselioudis (2003) procedure. Howevegarnzlusive results were found due to
the variability of the cluster classification olrtad for each season (dry and wet) and for each
altitude. For this reason CWT method was applieBl@®D and AE parameters.

B { Eliminado: clear

season (Figs. 9c and 9d), driven by the generalilaition, since these levels correspond to
the free troposphere over the relatively low CBL toeTdry season is characterized by low
AOD and rather high AE associated with short airsrizck-trajectories at ground level from
the first quadrant (Figs. 9a and 9b). Dust soueggons identified as 1 and 2 in Fig. 8 might
potentially affect Tamanrasset in this season. HBggon located in the triangle formed by
Adrar des Ifoghas, Hoggar Mountains and Air Magdifist source 1, Fig. 8) has been
previously identified (d’Almeida, 1986; Prosperd)02; Schepanski et al., 2009; Alonso-
Pérez et al., 2012) as a Saharan dust source fdmnadirainage system of ephemeral rivers
and streams. This source is sensitive to the effectmesoscale winds intensified by the
orography (Ginoux et al., 2012). A second potentiast source (dust source 2, Fig. 8)
extends from the northwest side of the Tibesti Maims in Chad over the eastern Libyan
Desert (d’Almeida, 1986; Caquineau et al., 2002speoo, 2002; Ginoux et al., 2012). This
source is formed by a large basin with sand seastendorthern part is marked with a chain
of wadis (and associated complexes of salt/dry Jakeis active during much of the year but

it is especially intense in May—-June.

In relation to AE (Fig. 9b), the highest values &ler particles) are found around

Tamanrasset. It could be the result of a mixtureesked dust and local pollution produced by

18
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cooking and heating bonfires that use firewood, comnm this region, which are not well
dispersed by the low-level atmospheric circulatidie potential influence of biomass

burning from the Sahel region to Tamanrasset dutiegdry season can be considered as

__{ Etiminado: in

at ground and 2600 m a.g.l. levels give similar ltessuggesting a well-mixed CBL in this
season. AOD and AE CWT plots at ground and 2600gn gFigs. 10a, 10b, 10c, and 10d)

northern Central Libya passing over dust sourcemd 2 as occurs in the dry season. A
second curved dust pathway from the Libyan-Tunifiarder (Caquineau et al., 2002) (dust
source 5, Fig. 8) is observed to transport largetigles (low AE) to Tamanrasset at ground
level. A few air mass trajectories originate from st passing over the large dust source 4
(Fig. 8) located in northern Mali, northern Maunii@ and the western flanks tife Hoggar
Mountains (Prospero, 2002; Brooks and Legrand, 2@0@nso-Pérez et al., 2012). It is a
complex distribution of dust sources marked witheasive dune systems which is a

particularly active source from April to September.

Regarding one of the most significant dust sourceshe world, the Bodélé Depression
(Goudi and Middleton, 2001; Prospero, 2002; Bromkd Legrand, 2003) (dust source 3, Fig.

8), CWT analysis shows that it is a minor dust seaffecting Tamanrasset.

3.2.2 Mesoscale Convective System analysis

Mesoscale weather systems (dry boundary layer ctiome¢haboob” dust storms, nocturnal
low-level jets, and southerly monsoon flow) influerdust emission, transport, and deposition
over the Central Western Sahara (Marsham et al., 2008, 2R&Ripertz and Todd, 2010,
2012; Ashpole and Washington, 201Bring 2006, Cuesta et al. (2008) observed several

summertime dust transport _events over Tamanrassetiassb with MCSs.However,

Mesoscale Convective Systems (MCSs) cannot be eegitured by global meteorological

- { Eliminado: as well as
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HYSPLIT back-trajectory parameterizatiolonsequently, we performed an additional

analysis to identify the influence of MCSs on dwahsport events over Tamanrasset.

\

observed AERONET AOD and NMMB/BSC-Dust model AOD ovieamanrasset in thé\

_-| Eliminado: During 2006, Cuest

et al. (2008) observed several
summertime dust transport event|
over Tamanrasset associated wit]
MCSs. Theref

Eliminado: ore, we have
performed an additional analysis pf
that based on HYSPLIT back-
trajectories to identify the

influence of MCSs.|

period 2007-2008 (Fig. 11). The simulation of thenMwydrostatic Multiscale Model \{E“minado:anamed ]

(NMMB) Barcelona Supercomputing Center (BSC) vijémerated using the National Center
for Environmental Prediction (NCEP) reanalysis-IlI° (Grid) and initial and boundary
conditions from the Global Land Data Assimilation t8ys (GLDAS). The resolution is set to
at 0.5° in the horizontal and to 40 hybrid sigmesgure model layers the vertical A
model properly reproduces dust transport associatild synoptic-scale meteorological
processes observed during most of the year (Fig. Hdjvever, from June to September;
although the AOD trend is well reproduced, the maslelot capabl@f capturingstrong and - -
fast dust outbreaks associated with MCSs. The sutimeerobservation-model AOD
discrepancies have been used to identify the pateMICSs affecting Tamanrasset. The
convective origin of each event has been evalulayedsing high temporal and spatial RGB

(Red, Green, Blueflust composites from Meteosat Second GeneratiomBygirEnhanced

Visible and Infrared Imager (MSG-SEVIRI) sensor cameld with European Centre for
Medium-range Weather Forecasts (ECMWF) ERA-Intereanalysis data fronthe IFS-
Cy31r model analysis. Satellite information and metlegical data were jointly computed

and visualized with McIDAS (Man computer Interactata Access System) software.

Once we haveidentified and confirmed all the MCS events impactifgmanrasset, the
Moderate Resolution Imaging Spectroradiometers (MQDI®ep Blue 550 nm AOD
retrieval has been used in a similar approach teR®l§2014) and Roberts et al. (2014). The
advantage ofthe MODIS Deep Blue aerosol retrieval algorithm regagdisther satellite
products over bright surfaces in the visible (sashdeserts) is that the former employs
radiances from the blue channels where the surktectance is relatively low (Hsu et al.,
2004; 2006). The MODIS Deep Blue composite AOD a@DAanomaly (calculated over the

associated with the 21 daily episodes of maximum A@ized by MCS events (Fig. 12).

20
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Several regions with high AOD, including the sumding area of Tamanrasset, are shown in
the MODIS Deep Blue averaged AOD map (Fig 12a). Hemea strong positive AOD
anomaly (above 0.20) is only shown soathTamanrasset (Fig 12b), matching with dust
source 1 and surroundings (Fig. 8), as a consequehthe presence of MCSs in this area
modulated by northward displacement of the intertralpiliscontinuity (ITD). The HYSPLIT

- { Eliminado: getting

back-trajectories show that air flosvriving, to Tamanrasset during these events comes from

the positive AOD anomaly region south of TamanrasSanultaneously, a negative AOD

. { Eliminado: probably

anomaly observed over eastern Maliigly caused by rainfall associated with MCSs, since

on previous days to those in which a model-obsenaiOD anomaly is observed, the

- { Eliminado: south of Tamanrass}t

negative AOD anomaly is locatédrther to the eastin Niger (Fig 12c). These results are in

. { Eliminado: analyze:

]

rainy episodes in the Sahara and northern Satkeldito dust uplift in the area.

3.3 Case study: anthropogenic aerosols

P { Eliminado: Some evidenct

‘ Evidenceof the arrival of fine particles to Tamanrassetimyisummefasbeen observed in - { Etiminado:
7777777777777777777777777777777777777777777777777777777777777777777 T Iminado: have

agreement with Cuesta et al. (2008) and Guiradd.g2011). The former reported a small
but non-negligible contribution of fine particlesthe total AOD throughout 2006. The multi-
| annual monthly means of AE and FMF (Fig. 3) show @llonaximum in August, i.ea
decrease of the coarse mode and a slight incréabke fine mode. In addition, a mixture of
fine aerosols and mineral dust has been identifiathly in July, August and September (Fig.

6). The potential sources of these fine partictesirdicated by the CWT maps for AE (Figs.

_ { Eliminado: to

B { Eliminado: mixture

been reported by Rodriguez et al. (2011)iHe Izafia GAW observatory (Tenerife), they

observed that dust exported from North Africa to Narth Atlantic was mixed with fine

as sources of the pollutants affecting Tamanrabsdistrial activities in these countries have
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been identified using the Defense Meteorologicé!8& Program (DMSP) Nighttime Lights
(Elvidge et al., 1997). The DMSP Operational LireesSystem (OLS) has the capability to
derive Nighttime Lights of the World data sets amstinguish four primary types of lights:
human settlements such as cities, towns, and vilégeite), fires (red), gas flares (green),
and heawvily lit fishing boats (blue). Green ligheas (Fig. 13) identified the location of gas

flares (i.e, oil wells, refineries, or chemical plants) in Algeand Libya.

The residence time index (Alonso-Pérez et al., 2@@¢punts for the percentage of time that
an air parcel remained over a horizontal grid defiined in a geographical domain before
reaching a receptor site at a predefined altitdeye. This index has been used to select
several case studies of fine aerosol transporetoanrasset from some regions of Libya and
Algeria, as suggested by Guirado et al. (2011)ideese time has been computed for these
predefined regions from 5-day HYSPLIT back-trajee®rat ground level and 2600 m a.g.l.

end point altitudes.

Nine days in July, August and September 2007 andugt@008 characterized by daily mean
AE above 0.70 have been displayed in Fig. 13. Mbshe trajectories both at ground level
and 2600 m a.g.l. cross the western part of thehaor Libyan gas flare zone and the
industries located in the southwest. These trajimsoare up to 32% of time over the
predefined Libyan zone. They are characterized ighen AE (~0.90) than the average
corresponding to the wet season (AE~0.28). On 2§uati2008 the back-trajectory arriving
at Tamanrasset at 2600 m a.g.l. shows air mass trarepmy the Algerian gas flares with
AE~0.73 (Fig. 13). It should be noted that optipadperties of anthropogenic aerosols show
significant variability depending on different facs (Dubovik et al., 2002). In spite of this,
available filtered level 1.5 optical properties fibre nine events have been analysed (not
shown). Two different patterns have been identifiéd the one hand, a slight decrease in
SSA and smaller differences between SSA at 440 min6&5-1020 nm interval have been
observed, indicating the presence of other absgnémticles apart from dust, such as organic
or elemental carbon. On the other hand, severaltg@vanAugust 2008 show slight SSA
spectral dependency and values around ~0.96 (wWéigreAugust mean value is around 0.89)
indicating the presence of sulphate and/or nimat®sols. These results agree with Rodriguez

et al. (2011) observations.
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4 Summary and conclusions

Tamanrasset is a strategic site for aerosol resgdaickd in the heart of the Sahara desert. An
aerosol characterization at this site has beenigiedwbased on more than two years (October
2006 to February 2009) of AERONET level 2.0 and &OD-corrected Cimel sun
photometer measurements. The top of the Convectivandsoy Layer (CBL) over
Tamanrasset has been characterized by both radestatd and CALIOP extinction vertical
profiles. A strong seasonal cycle linked to the CBLobserved. The dry-cool season
(November-February) is characterized by a shallow.,dBw aerosol optical depth (AOD)
(~0.09 at 440 nm), moderate-low Angstrom exponenkE)(Aalues (~0.62) and low
precipitable water vapour (PWV) (~0.51 cm). The Wet-season (April-September) is
characterized by a deep CBL, higher AOD (~0.3940 Am), low AE (~0.28) and higher
PWV (~1.06 cm) and it is affected by strong andjfrent dust storms. March and October are
considered transition months. The AOD shows the damepposite seasonal cycle to the
AE and fine mode fraction (FMF). AOD remains stabl@und 0.1 from November to
February but exceeds 0.3 from April to Septemberchizng an absolute maximum of 0.43 in
June. The maximum AE and FMF observations are reach&kcember (0.72 and 0.57,
respectively) and January (0.69 and 0.58, respygjivtending to decrease until May
(minimum of 0.15 and 0.25, respectively). Minimum PW&/récorded in January (0.37 +
0.16 cm) whereas maximum values are reached in Augud® ¢ 0.45 cm) linked to the

monsoon regime.

Coarse mode (modal radius around 21@4) prevails over the fine mode (modal radius
around 0.1Qum) showing lower volume concentrations during the sgson and maxima in
July. Spectral patterns of single scattering albgiBA) and complex refractive index also
indicate coarse mode dominance conditions. HowewdF; &nd fine mode volume fraction
show values corresponding to fine mode dominanckerms of optical depth, and coarse

mode dominance in terms of volume concentration duheglry season. In additioagound

_-| Eliminado: AOD measurement

. . P S
60% of the AOD measurements are below Oshigwing a cleaner atmosphere than sites | yeiow 0.15 are around 60% ofth%

located in the Sahel. AE dry season distributioglightly bimodal (0.4 and 0.7 modal values)
and symmetrical indicating a similar frequency for the different particle populations

(desert dust and background conditions). Duringitbeseason AE shows two clear modes, a
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narrowed first mode centrgd 0.15 (high dust events) and a smaller but widererg®htred . -

The aerosol-type characterization at Tamanrassdtaied desert mineral dust is the

prevailing aerosolHigher extinctions linked to larger particles anohdnance of the one-

particle mode have been identified by the obsermatifolarge variations of AOD, AE almost

inversely proportional to AOD, and Angstrom expondiffierence §AE) negative or slightly

extinction values (AOD>0.7) with AE<0.3 awdE<O0 corresponding to FMF<40% and fine
mode radius (Rf) around Q1. However, an anthropogenic fine mode contributias lbeen
found mixed with mineral dust (8.7% of total cases), AOD up to 0.4 for AE values
ranging between 0.6 and 1.1 a®E, FMF and Rf between -0.3 and 0.2, 30% and 70%, a
0.10um and 0.2Qum, respectively.

Potential sources of the air masses arriving at Tiaasaet have been identified: the triangle
formed by Adrar des Ifoghas, Hoggar Mountains and Méssif; a complex distribution of
dust sources including northern Mali, northern Mamia and the western flanks of Hoggar
Mountains; and the eastern Libyan Desert. Howeter,Bodélé Depression has been found
to be a minor potential source at Tamanrasset. Dust uplifirees associated with
summertime Mesoscale Convective System (MCS) eventddd south of Tamanrasset have
been also identified.

_{ Etiminado: s

nine events of polluted air masses coming from urhdoétrial areas in Libya and Algeria

have been shown.
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/{ Eliminado: Mean ]
1 | Table 1.Dimensionless meaK values, and standard deviation (Std. Dev.) faheehannel - [ Eliminado: (dimensionless) ]

2 and for each period of correctfon

1020 nm 870 nm 675 nm 440 nm 380 nm

18 November 2007 to 22 March 2008
K 0.9945 1.0085 1.0281 1.0716 1.1092
Std. Dev. 0.0190 0.0200 0.0219 0.0257 0.0289
23 March 2008 to 20 June 2008
K 1.0674 1.0783 1.0943 1.1224 1.1600

Std. Dev. 0.0093 0.0093 0.0079 0.0082 0.0090

3 “Data from 88 days fulfilling the requirements fopgpng the KCICLO method have been
4 used to compute the mean K values for the first geaiwd 6 days for the second one.
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Table 2. Least squares linear fit results (dimeregs) between NOOA hand-held sun
photometer AOD measurements and three Cimel sun pha&o/@D data sets (AERONET

- { Con formato: Superindice ]

1
2
3 level 1.5 before and after KCICLO correction, anBRONET level 2.0). The parameters are
4
5

square error (RMSE), and number of observations.

Before KCICLO After KCICLO AERONET quality

correction correction assured (level 2.0)
Slope 1.15+0.02 1.07+0.01 1.02+0.01
Y intercept 0.031+0.006 -0.014+0.004 0.001+0.001
R 0.968 0.981 0.983
RMSE 0.044 0.031 0.024
N. observations 450 450 1241
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1 Table 3. Monthly means of aerosol optical depth (AOBngstrom exponent (AE). and
2 precipitable water vapour (PWV) for the period (efo 2006 to February 2009 at
3 Tamanrassét

Month ~ AOD (440 nf) AE (440-670-870 nnf) PWV (cm) No. of days

January  0.07 (0.08) 0.69 (0.25) 0.37(0.16) 93
February  0.12 (0.15) 0.49 (0.23) 0.48 (0.23) 66
March 0.23 (0.22) 0.31(0.17) 0.57 (0.37) 62
April 0.40 (0.39) 0.19 (0.11) 0.64 (0.29) 60
May 0.37 (0.22) 0.15 (0.08) 0.99 (0.29) 62
June 0.43 (0.34) 0.17 (0.14) 0.97 (0.26) 60
July 0.39 (0.32) 0.32 (0.20) 1.15 (0.24) 62
August 0.41 (0.34) 0.44 (0.33) 1.39 (0.45) 62
September  0.33 (0.24) 0.36 (0.20) 1.22(0.32) 61
October  0.20 (0.14) 0.41 (0.22) 1.01 (0.28) 93
November ~ 0.10 (0.06) 0.54 (0.21) 0.68(0.24) 90
December  0.09 (0.12) 0.72 (0.25) 0.49 (0.26) 93

4 ®Corresponding standard deviations are shown irkbtac

5 PDimensionless
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2

Table 4. Statistics of aerosol optical depth (AOB)gstrom exponent (AE). and precipitable
water vapour (PWV) from October 2006 to February®80Tamanrasset

AOD (440f AE (440-670-870) PWV (cm)

Dry season (342 days)

Mean 0.09

Std. Dev. 0.10

Median 0.06
Min. 0.01
Max. 0.90

0.62

0.25

0.62

0.08

1.26

Wet season (367 days)

Mean 0.39

Std. Dev. 0.31

Median 0.29
Min. 0.04
Max. 2.18

0.28

0.22

0.20

0.01

1.28

0.51
0.25

0.45
0.06

1.41

1.06
0.40

1.03
0.22

2.71

®Mean, standard deviation, median, minimum, maximum amiber of days are shown for
the dry season (November-February) and for the easan (April-September). March and
October are considered transition months.

®Dimensionless
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3

4

5

Table 5. Monthly means of volume particle concertraVolCon) of total, fine and coarse
mode, fine mode volume fraction {V+), and effective radius ¢g for the period October
2006 to February 2009 at Tamanra$set

No. of

3 -2, b
Month VolCon (um® um™) ViVt Res (um) days

Total Fine Coarse Total Fine Coarse

0.04 0005 0.04 021 063 0.163 1.92
January 38
(0.09) (0.003) (0.08) (0.09) (0.22) (0.023) (0.38)

Fobruany 006 0008 005 017 070 0151 1.89 .
Y (0.09) (0.008) (0.09) (009) (0.20) (0.026) (0.21)

March 017 0015 015 011 078 0141 18
(0.18) (0.016) (0.17) (0.05) (0.16) (0.025) (0.32)

aoil 016 0014 014 011 077 0145 166
P (0.22) (0.012) (0.20) (0.04) (0.11) (0.020) (0.14)

Va 023 0017 021 009 086 0133 172
Y (0.18) (0.011) (0.17) (0.02) (0.11) (0.012) (0.09)

June 025 0019 023 010 080 0120 168
(0.22) (0.008) (0.22) (0.04) (0.19) (0.016) (0.13)

1 027 0025 025 0.3 069 0122 172
Y (031) (0.014) (0.30) (0.06) (0.22) (0.014) (0.11)

0.19 0.022 0.17 0.16 0.61 0.123 1.72
August 45
(0.16) (0.011) (0.15) (0.08) (0.17) (0.018) (0.14)

September 0.20 0.018 0.18 0.10 0.79 0.139 1.62 23
P (0.11) (0.009) (0.10) (0.02) (0.11) (0.019) (0.09)

0.12 0.014 0411 0.13 0.71 0.143 1.62
October 45
(0.10) (0.009) (0.10) (0.04) (0.11) (0.019) (0.14)

0.05 0.008 0.04 0.19 058 0.146 1.77
November 54
(0.03) (0.005) (0.03) (0.07) (0.13) (0.024) (0.27)

0.04 0.007 0.03 0.22 059 0.159 1.82
December 38
(0.03) (0.004) (0.02) (0.09) (0.18) (0.030) (0.25)

4Corresponding standard deviations are shown irkbtac

®Dimensionless
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P { Eliminado: complex

1 | Table 6. Seasonal means (dimensionless) of singléesng albedo (SSA)yeal and -

. { Eliminado: Real and Imag.

2 | imaginary parts of theefractive index (Ref. Index), anasymmetryparameter (Asym.) at - { Eliminados A
o iminado: Asymmetry

3 440, 675, 870 and 1020 AnNumber of daily available observations (N) is dfsticated.

Wet Season Dry Season

440 675 870 1020 N 440 675 870 1020 N

e 090 0.96 097 0098 093 095 096 0.96
(0.01) (0.01) (0.01) (0.01) (0.02) (0.02) (0.02) (0.02)
Real Ref. 145 147 144 143 1.41 142 142 1.42

53
IndeX  (0.03) (0.02) (0.02) (0.02) (0.03) (0.03) (0.03) (0.03)

| maainary 0.004 0.002 0.002 0.001 0.004 0.003 0.003 0.003 - { Efiminado: Imag.
Ref ndeX (0.001) (0.001) (0.001) (0000 = (0.001) (0.001) (0.001) (0.001) 2
0.76 074 074 0.75 1 075 074 073 0.74

(0.03) (0.03) (0.02) (0.02) (0.03) (0.03) (0.03) (0.03)

4 ®Corresponding standard deviations are shown irkbtac

c

Asym.

5 PLevel 2.0 for the wet season and level 1.5 filtefimdhe dry season
6 C‘Level 2.0 for the wet and the dry season
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Figure 1. (a) Angstrom exponent (AE) in the rang@-840 nm and (b) aerosol optical depth

2-Apr

2008 (refer to legend for colour descrlptlon). Tdifferent corrections were applied before

and after 23 March. AE and AOD are dimensionlesarpaters.
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Figure 2. Dimensionless correlation between AERONE@rosol Robotic Network) aerosol
optical depth (AOD) at 440 nm and NOAA (National @cre and Atmospheric
Administration) AOD at 500 nm for time coincident tada(within 15 minutes). The
AERONET level 2.0 data (light green) cover the perirom October 2006 to February 2009.
The AERONET level 1.5 data from November 2007 to J2@@8 are shown before (grey)

theirlinear regression line. The solid black line is th& reference line.
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Figure 3. Monthly box-and-whisker plot of daily @¢rosol optical depth (AOD) at 440 nm,
(b) Angstrom exponent (AE) in the range 440-870 anmd (c) fine mode fraction (FMF) at
500 nm for the study period at Tamanrasset. Opes @@ mean values; grey shaded area
indicates the range of values between the meangplusinusthe standard deviation; boxes
show 25, median and 75 percentiles; and whisketendxfrom each end of the box to the
most extreme values within 1.5 times the interquam#iage. AOD, AE and FMF are

dimensionless parameters.
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level] determined from the 12 UTC soundings (violértgles) in Tamanrasset (reprinted
from Guirado et al., 2011), and AERONET (Aerosol Biib Network) daily mean values of
(b) precipitable water vapour (PWV) [mm], (c) aevbeptical depth (AOD) at 440 nm, and
(d) Angstrom exponent (AE) in the range 440-870 refefrto legend for colour description).
Solid lines correspond to 30-day moving average€©DAand AE are dimensionless

parameters.
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Figure 5. Relative frequency (RF) and cumulativejdiency (CF) of (a) aerosol optical depth
(AOD) at 440 nm and (b) Angstrom exponent (AE) ia tange 440-870 nm at Tamanrasset.
Histograms are shown separately for the dry andvitteseasons (refer to legend for colour

and symbol description). AOD and AE are dimensionpesameters.
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Figure 6. Angstrom exponent differend@E=AE(440,675)-AE(675,870), as a function of
Angstrom exponent (AE) and aerosol optical depth PA@efer to legend for colour and
symbol description) at Tamanrasset site (10,460rea8ens) (reprinted from Guirado et al.,
2011). Strong dust events (red rectangle) and maxtfr different aerosol types (green

rectangle) are indicatedAE, AOD and AE are dimensionless parameters.
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Figure 7. (a) Monthly means of aerosol particlee sitistribution [priyun?] at Tamanrasset
for the period 2006-2009. Same colours are usedhfrdry season (blue), the wet season
(orange), and the transition months (grey). (b)tt8ceplot of fine mode fraction (FMF)
[dimensionless] and fine mode volume fraction (Vf/fd)mensionless] for the dry and the
wet seasons (157 and 183 coincident observatiespectively).

48



© 00 N oo 0o b~ W N PP

R ol e e e =
N~ O 0o D W N B O

20°W 10°W 0° 10°E 20°E 30°E

30°N

20°N
Height (km a.g.l)
o>

[ AOD at 555 nm (MISR °

0 01 02 03 04 05 06 07 >08
20°W 10°W 0° 10°E 20°E 30°E 7

d).

z
Sl s 8
ERd
©
£
Z|i z £ 4
]l R 5
£ 3
o . : z
PR e, VPSR o e (R e e <Py 24
N AOD at 555 nm (MISR -
0 01 02 03 04 05 06 07 >08 0.00 0.05 0.10 0.15 0.20 0.25 0.30 035
20°W 10°W 0° 10°E 20°E 30°E Extinction coefficient at 532 nm [1/km]

Figure 8. Averaged MISR (Multi-angle Imaging Spe&adiometer) aerosol optical depth
(AOD) at 555 nm (dimensionless blue/red scale) ferghriod 2007-2008 during (a) the dry
season (from November to February) and (b) the wasen (from April to September).
Geographical location of Tamanrasset (black stardhe Hoggar Mountains (Algeria) and
present (2014) continuous monitoring AERONET (Aetd3obotic Network) stations (black
dots) are indicated. Several potential dust soumissussed in the text, have been identified
(solid red/blue lines) and numbered as follows:rigngle formed by Adrar des Ifoghas,
Hoggar and Air massifs; 2, eastern Libyan deserB@&jélé Depression; 4, west Sahara
region; and 5, Libyan-Tunisian border. Mean (blackid line) and median (black dashed
line) CALIOP (Cloud-Aerosol Lidar with OrthogonabRrization) extinction coefficients at
532 nm [kn'] are displayed for the period 2007-2008 duringtbe) dry season (43 available
profiles) and (d) the wet season (95 availableil@s)f over Tamanrasset. Grey shaded area
shows the range of values between 20 and 80 pdeserfihe red line marks the threshold of
pristine conditions (extinction coefficient < 0.@&™). Significant height levels, except the
ground level, for the Concentration Weighted Tragec (CWT) analysis (2600 and 5600 m

a.g.l.) are marked (black dotted lines).
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Figure 9. Concentration Weighted Trajectory (CWT)pmat ground level for (a) aerosol
optical depth (AOD) and (b) Angstrom exponent (A&t)d HYSPLIT (Hybrid Single Particle

Lagrangian Integrated Trajectory Model) back-trajees ending at (c) 2600 m a.g.l. and (d)
5600 m a.g.l. during the dry season (from Novembedrabruary). Refer to dimensionless
white/red scales for colour description of AOD aA#&. Tamanrasset is located at the

intersection of the four quadrants.
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Figure 10. Concentration Weighted Trajectory (CWiigps for aerosol optical depth (AOD)
and Angstrom exponent (AE) at (a and b) ground lewel (c and d) 2600 m a.g.l., and (e)
HYSPLIT (Hybrid Single Particle Lagrangian IntegratTrajectory Model) back-trajectories
ending at 5600 m a.g.l, during the wet season (fidpnil to September). Refer to

dimensionless white/red scales for colour desaniptif AOD and AE. Tamanrasset is located

at the intersection of the four quadrants.
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Figure 12. Composite Moderate Resolution Imagingc8pmeter (MODIS) Deep Blue 550
nm (a) aerosol optical depth (AOD) and AOD averagedmaly corresponding (b) to the 21
days of maximum (R.y AOD at Tamanrasset during Mesoscale ConvectivéeBy$MCS)

Eliminado: corresponding

)

events, and (c) to the previous dey each maximum AOD evgr{Dmax1). Tamanrasset - { Eliminad
o Iminado: s

)

station is marked with a black star. Two-day HYSPIHybrid Single Particle Lagrangian
Integrated Trajectory Model) back-trajectories\ang at Tamanrasset at ground level (black

solid lines) are also displayed in panel (a).
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Figure 13. HYSPLIT (Hybrid Single Particle Lagraagilntegrated Trajectory Model) back-
trajectories arriving at Tamanrasset (blue pin) raugd level (red lines) and 2600 m a.g.l.
(yellow lines) are displayed for several case ssidiDefense Meteorological Satellite
Program (DMSP) Nighttime Lights (shown as backgrquitténtify gas flares by green

colour.
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