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Abstract. The shortwave radiative forcingA(F) and the 1 Introduction

radiative forcing efficiency £ F€™) of natural and anthro-

pogenic aerosols have been analyzed using estimates of ra-

diation both at the Top (TOA) and at the Bottom Of At- Solar radiation is the main source of energy for the Earth-
mosphere (BOA) modeled based on AERONET aerosol reatmosphere system, and directly or indirectly, is responsible
trievals. Six main types of atmospheric aerosols have beefPr all phenomena affecting the meteorology and climatol-
compared (desert mineral dust, biomass burning, urban09y of this system. The variation of any component of this
industrial, continental background, oceanic and free tropo-System affects the radiative equilibrium, resulting in, for ex-
sphere) in similar observational conditions (i.e., for solar@mPple, changes in the temperature of the system and/or in
zenith angles between %%nd 65) in order to compare the configuration of the atmospheric circulation. In order to
the nearly same solar geometry. The instantaneoHsav- qguantify these effects the concept of radiative forcing was in-
erages obtained vary from122+ 37 Wmr2 (aerosol opti- troduced in the literature that shows magnitude of changes
cal depth, AOD, at 0.55 pum, 0.850.45) at the BOA for the in the radiative balance due to changes in a specific atmo-
mixture of desert mineral dust and biomass burning aerosol§Pheric component, for instance, clouds, atmospheric gases
in West Africa and—42-+22Wn2 (AOD=0.94+0.5) at  Or atmospheric aerosols.

the TOA for the pure mineral dust also in this region up ©One of the main reasons for the changes in the energy bal-
to —6+3Wm 2 and—4+2Wm~2 (AOD=0.03+£0.02) at  ance of the Earth-atmosphere system is the variation in the
the BOA and the TOA, respectively, for free troposphere concentration of the greenhouse gases, GHGs, which con-
conditions. This last result may be taken as reference on ¥ibute to an increase in the system temperature. On a global
global scale. Furthermore, we observe that the more absortic@le, the total annual anthropogenic emissions of GHGs
ing aerosols are overall more efficient at the BOA in contrasthave increased 70 % between 1970 and 2004 with respect to
to at the TOA, where they backscatter less solar energy intdh€ pre-industrial erdRCC, 2007). The associated radiative
the space. The analysis of the radiative balance at the TOAOrcing of this increase is expected to be +2.3 Winwith
shows that, together with the amount of aerosols and their ab@n uncertainty of=0.2 Wni-2 (IPCC, 2007).

sorptive capacity, it is essential to consider the surface albedo On the other hand, another decisive factor is atmospheric
of the region on which they are. Thus, we document that inaerosol, both from a natural and anthropogenic origin. These
regions with high surface reflectivity (deserts and snow con-atmospheric constituents, directly and indirectly, modify the

ditions) atmospheric aerosols lead to a warming of the Earth€nergy balance of the Earth-atmosphere system: directly
atmosphere system. through the absorption and dispersion of solar radiation in

the atmosphere and, indirectly, by acting as nuclei of cloud
condensation and modifying the cloud properties (albedo,
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reflectivity, lifetime, precipitation efficiency,...)Tivomey, urban-industrial, continental background, oceanic and free
1977 Charlson et a).1987 Lohmann and Feichte005. troposphere. The analysis of the direct radiative forcing and
Finally, there are semi-direct effects associated with the abradiative forcing efficiency at the top and at the bottom of the
sorption of solar radiation by aerosols. These produce an unatmosphere is shown and discussed in Sect. 4 and, finally, the
equal warming of the atmosphere, contributing to the modifi-main remarks are summarized in Sect. 5.

cation of cloud characteristicd¢kerman et al.200Q Koren

etal, 2009.

The atmospheric aerosols mainly cool the climatic system? Meéthodology and data
and, therefore, counteract greenhouse gas warniQq,
2007. For example, anthropogenic aerosols (mostly sul-

. . . . s
phates, organic carbon, soot, nitrates and mineral partlclesiv
jointly produce a cooling effect with a direct radiative forc- situation where these atmospheric particles are abg&nt
ing of —0.5 (—0.9 and—0.1)Wn12 at the global level, (Eq. 1): P P '
while they cause an indirect radiative forcing, associated with g4-4
the modification of the cloud albedo, 6f0.7 (1.8 and  Af = (FIA — F1A) _ (F{C — F1C) (1)
—0.3)Wm 2 (IPCC, 2007). Regarding natural aerosols, the
desert mineral dust is the main aerosol emitted on a g|oba‘WheI’e the arrows indicate the direction of the global fluxes:
scale Gatheesh and Moorthy2005 and, therefore, plays | =downward flux andt =upward flux. This study ana-

a decisive role in the energy balance of the climatic sys-lyzes these values at the Top Of Atmosphere (TOA) in ad-
tem. Recent studies show, for instance, that the direct radition to the Bottom Of Atmosphere (BOA). Thus, radiative
diative forcing of these aerosols varies betweeb6 and  forcing can be defined at these two levels as:

+0.1 Wnt 2 on a global scaldPCC, 2007), although the lo-
cal effects can be far greater and reach hundreds of ¥ym
mainly in those regions close to the emission sourGesda
et al, 20113 Haywood et al.2003.

These values clearly indicate significant uncertainties inA F BOA = (F**goa — FB%A) -(1-SA) )
the aerosol radiative forcing estimates and confirm the need
to study their radiative properties and to adequately quanwhere SA is the surface albedo. This sign criterion implies
tify their effects on radiative balance. In fact, according to that negative values oA F are associated with an aerosol
the recent report ofPCC (2007, the direct radiative forc- cooling and positive values with aerosol warming effects ei-
ing of the individual aerosol species is less certain than thdher at the BOA or at the TOA.
total direct radiative forcing by all aerosols. Likewise, re- 1he aerosol radiative forcing provides the actual or total
cent studies show that most climate models underestimate tH@diative effect of atmospheric aerosols, but in order to make
negative forcing by anthropogenic aerosdiaisen et al. @ consistent comparison among them the aerosol radiative
2011). In this context, the long-term monitoring of different forcing efficiency,A 71, is a magnitude more appropriate.
aerosol types is crucial to improve our knowledge of the ra- This magnitude is defined as the rate at which the atmosphere
diative forcing and climate parameters. Nowadays, one of thdS forced per unit of aerosol optical depth, AOD, at 0.55 um
most useful tools supporting this aim is the AErosol RObotic @nd, thus, the influence of the aerosol load is ruled out of
NETwork (AERONET,http://aeronet.gsfc.nasa.gowhich  radiative forcing:
provides enough information globally to establish a ground- . AFevel
based aerosol climatology and to analyze the most influentiald F ¥ level = 20D (4)
aerosols on the climatic system. An extended set of physical
and optical aerosol properties, averaged in the atmospheri¢here “level” means at the BOA or at the TOA.
columnDubovik et al.(2002h 2006 and given at more than  In this work we use theAF values operationally pro-
two hundred globally distributed stations, have enabled verivided at any location in the AERONET webpage as an
fication of global aerosol models and satellite retrievals. ~ operational product of AERONET networkit{p://aeronet.

In this context, given the importance of atmospheric 9sfc.nasa.ggv The AERONETAF is defined according
aerosols on the energy balance of the Earth-atmosphere sy Eds. ) and (6), whereby only considers the downward
tem and the uncertainties that still present, the main objectivdluxes at the BOA and the upward fluxes at the TOA :
of this study is to analyze the direct radiative forcing and the A e
radiative forcing efficiency of key aerosol types with a homo- 2 BOAaer = (Fgoa — Fon) ®)
geneous methodology. The latter, based on the AERONET
retrievals, is described in detail in Sect. 2 of this paper. Sec-
tion 3 presents the regions analyzed and the aerosols preA F TOAAER = (F?SA— F%A) (6)
dominant over them: desert mineral dust, biomass burning,

Direct radiative forcing from atmospheric aerosols, denoted
AF, is defined as the difference in the energy levels be-
een a situation where aerosols are presént, and a

e vy
AF TOA = FiSy — Fion @)
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The definition of AF at the TOA coincides with the gen- were interpolated or extrapolated from the values retrieved at
eral definition (Eq2), but the AERONET'SAF atthe BOA  AERONET operational wavelengths. The effects of multiple
overestimates the real values, since the upward fluxes witlscattering in broadband integration were accounted by dis-
and without aerosols are not taken into account. In order tarete ordinates radiative transfer code using 12 moments of
correct the latter, the AERONETAF values at the BOA  Legendre polynomials expansion of aerosol phase matrices.
have been corrected by the term (1-SA) to consider the upThe surface spectral reflectance was modeled using clima-
ward fluxes at the BOA. To do so, we consider a unique valueological values provided by MODIS space instrument, that
of the spectral SA for each almucantar retrieval, which is ob-were spectrally interpolated or extrapolated in similar man-
tained from the spectral average of the surface albedo calrer as it was done for complex refractive index.

culated by V2 AERONET algorithm at 0.44, 0.67, 0.87 and The appropriate characterization of the surface albedo is a
1.02 um. These SA spectral values are also given at any locaritical issue to estimate aerosol radiative effédylire et al,

tion in the AERONET webpage as an operational product 0f2003 as well as an important error source in the retrieval of
AERONET network. aerosol propertiesubovik et al, 200Q Sinyuk et al, 2007).

The broadband fluxes in the solar spectrum (0.2—4.0 umJ-or that reason, the surface reflectance is approximated by a
with the presence or absence of aeross® and F¢) were  bidirectional reflectance distribution function (BRDF): Cox-
calculated as a part of the AERONET network (AERosol Munk model for over waterGox and Munk 1954 and by
RObotic NETwork,Holben et al, 1998 processing, where Ross-Li model over landRoss 1981 Li and Strahler1992
FA and FC are estimated based on aerosol parameters inwWanner et al.1995. The BRDF parameters for land sites
verted from radiometer observation as describe®blovik  are adopted from MODIS Ecotype generic BRDF models
and King (2000; Dubovik et al.(2006. Specifically, the (courtesy of Feng Gao, NASA/GSFC). The BRDF models
broadband fluxes were calculated by a correspondent modare mixed according to Ecotype maphbody et al, 2005
ule of radiative transfer model GAME (Global Atmospheric 2008and NISE SSM/I snow and ice extent and MODIS snow
ModEl) (Dubuisson et al.1996 2006 Roger et al. 2006 cover map. For Cox-Munk calculations we adopted the wind
that has been integrated into operational AERONET inver-speed from NCEP/NCAR Reanalysis data.
sion code and provides the fluxes and aerosol radiative forc- The AERONET estimates of solar fluxes, radiative forcing
ing values as part of AERONET operational product. This and forcing efficiency are calculated for the whole range of
module accurately accounts for the molecular scattering andOD values, being the uncertainty in retrieved single scat-
gaseous absorption effects. Specifically, the gaseous absorfering albedo®) quite high, typically=0.05 at the low AOD
tion (mainly HO, CO, and Q) is calculated from the cor- levels Qubovik et al, 2000. Nevertheless, the increase of er-
relatedk-distribution (acis and Oinas1991). The use of  rors forw with decrease of AOD is not critical for estimations
correlatedk-distribution allows accounting for interactions of fluxes. This is due to the diffuse fluxes and the influence of
between gaseous absorption and multiple scattering witlaerosol on radiation fluxes decrease when AOD diminishes.
acceptably short computational time for providing broad- In addition, while the accuracy of decreases with decrease
band fluxes within AERONET operational procedure. The of aerosol loading, the error in absorption optical thickness
coefficients of the correlatektdistribution have been esti- stays constant at the level of 0.01 and, therefore, the error in
mated from reference calculations using a line-by-line codeflux stays also rather constant. In fact, the comparison results
(Dubuisson et al2004. Assessment of water vapor content for broadband solar fluxes and radiative forcing at surface
is based on the instantaneous water vapor values retrieveshows that these uncertainties for low AOD do not seem de-
by AERONET using absorption differential method at the cisive in the solar fluxes simulations due to modest impact
0.94 um channel§mirnov et al. 2004. The ozone content of atmospheric aerosols. Moreover, we did not observed sig-
was fixed using the monthly climatology values of the total nificant differences between modeled and measured fluxes
ozone content obtained from NASA Total Ozone Mapping for small AOD. The mean differences between observed and
Spectrometer (TOMS) measurements from 1978 to 2004modeled magnitudes only show a smooth increase for high
Other atmospheric gaseous profiles were obtained from UR\OD (please refer to Fig. 4b @darda et al, 2008.
standard 1976 atmosphere model. In that work, Garda et al. (2008, using ground-based

The spectral integration was done in the range from 0.2 tosolar measurements under different aerosol environments,
4.0 um using more than 200 spectral sub-intervals. For eacfound that the straight forward comparison between the
of these sub-intervals the extinction, single scattering albedmbserved and modeled solar irradiance shows an excellent
and phase function were recalculated using exact AERONETagreement (slope of 0.2980.00 and bias 0f5.324+1.00),
aerosol model driven by retrieved size distribution, complexwith a correlation of 99%. As a result, in global terms,
refractive index and fraction of spherical particles (the de-a small overestimation of # 12 W2 was found on ob-
tails of this model were developed in studiesiiybovik and  served solar radiation, which means a relative error of
King, 2000 Dubovik et al, 2006 and clearly summarized 2.14+3.0%. For each aerosol type, these differences range
in paper byDubovik et al, 2011). The values of the com- from —2+8 to —3+7Wm~2 under continental back-
plex refractive index for each of 200 spectral sub-intervalsground, from 89 to 16+ 10Wm2 for stations with
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mineral dust conditions, 1#10Wm 2 and 6+ 13 Wni2

for urban-industrial and biomass burning aerosols respec-

tively, lower than 13t 10 Wm 2 in oceanic environments Table 1. AERONET stations grouped into aerosol type and region
and 2+ 10Wn1 2 in the free troposphere conditions ob- (N1 is the number of almucantar retrievals at the sza range 50
served at the Mauna Loa Observatory. These errors are eyd0® and N2 is the number of almucantar retrievals at the sza range
pected to be of the same magnitude at the TOA, since th@> —65 for each station).

same methodology is used in both cases (gaseous and aerosel _ _ _

distribution, radiative model, etc.). Also, the comparisons of A€o0l Region Station Period N1 N2
AERONET calculated broadband fluxes with surface flux MD North SIC Tenerife  2005-2007 416 151

measurements collected during AMMA campaign showed AfricaRl  Dahkia 2002-2003 758 = 211
. : e Saada 2004-2006 1730 534
the agreement simulated fluxes with measurements within :
10 % or better Derimian et al, 2008. MD  West DMN Maine 20072008 = 1529 ~ 280
The AERONET network retrieves measures of microphys- Affica R2 Banizoumbou - 1995-2007 - 4796 1476
) - X opny: llorin 1998-2006 942 255
ical and optical properties of aerosols, such as particle size Djougou 2004-2007 1741 513
Q|str|but|on, _refractlon index, detailed scattering and absqrp- Arabian Sede Boker 1996-2005 5714 1953
tion properties from more than two hundred globally dis- PeninsulaR3  Solar Vilage ~ 1999-2006 8369 2577
tributed stations. For that, the level of accuracy in the CIMEL Bahrain 1999-2002 1060 458
measurements is a critical issue in the inversion process, yp Asia R4 Sacol 2006-2007 900 306
since the retrieval algorithm is set to fit the data to the level Dalanzadgad ~ 1997-2007 1504 436
of AERONET measurement uncertainty, i.e., the nominal er- Yulin 2001-2002 511 135
ror in AOD is assumed 0.01&0s(sza) (sza=solar zenith an- g Southern Alta Floresta  1993-2006 996 328
gle), while for sky radiance measurements the erret5%%6. AmericaR5 ~ Abracos Hill ~ 1999-2005 808 264
These values are determined by calibration conditions. For Balbina 1999-2002 212 75
Belterra 1999-2004 420 107

the direct measurements, the calibration of field instruments
is performed by a transfer of the calibration from reference

Rio Branco 2000-2005 404 140

CIMELs, which are calibrated by the Langley plot technique i?rlii:tgigg Zambezi 122361997 263 o7
at Mauna Loa Observatory (Hawaii). Typically, the total un- Skukuza 1998-2007 3206 1441
certainty in spectral aerosol optical depth for the field instru- Mongu 1995-2005 4382 1424
ments ranges from 0.01 to 0.02 under cloud-free conditions gg North Waskesiu 1994-2006 940 323
for air mass equal oneck et al.(1999, with the highest er- AmericaR7 ~ Thompson 1994-2002 229 95
rors (0.02) associated with the ultraviolet wavelengths. For™, Europe Lille 1999-2006 990 275
the sky radiance measurements, the calibration is performed RS Ispra 1997-2007 2192 672
by comparing to a reference integrating sphere with an ac- North GSFC 1993-2006 5720 1833
curacy of +5% or better at the NASA Goddard Calibra- AmericaR9  Baltimore 1999-2007 4058 1316
tion Facility (Holben et al. 1998. As discussed in papers CCNY 2002-2008 609 270
by Dubovik et aI(ZOOQ 20023, the AERONET retrieved ul Asia R10 Anmyon 1999-2002 1362 451
aerosol properties have the highest accuracy for observation 2004-2006

when sza is between 5@nd 80. Since the radiative forc- Shirahama 2000-2006 1829 563
ing strongly depends on szBérimian et al, 2008, the ra- ﬁgﬁaﬁaiwan fgggl_‘zzggg ;‘;g 115??
diative analysis presented here have been limited at sza of Beijing 2001-2008 2688 949

60+ 5° in order to compare the nearly same solar geometry

L . E R11  Yekateri 2004/2 1
(Sects. 4.2 and 4.3). This interval concentrates the maximum urope ekaterinburg ' 2004/2006 165 50

. i Toravere 2002-2004 277 99

number of AERONET’s almucantar retrievals and, thus, it = o 5 T 10952007 1362 317
: I : ortl ratts Lake —.
can be representative of the AERONET'’s inversion data set AmericaR12  Satunlsiand  1999-2006 603 291
(50°-80°). The measures used here were taken from the sec- Sevilleta 1994-2006 5907 1787
ond version of the inversion processing based on sphermd Alantic Bermuda 1996 334 122
applying aerosol model bpubovik et al.(2006 and using Ocean R13 1998-2002
surface reflectance values provided by MODIS climatology. Pacific Lanai 1996-2004 1554 428
The cloud-clear level 2 cases (L2) were selecte&hyrnov Ocean R13 Nauru 1999-2003 82 23
et al.(2000 algorithm and assured later manual reviewing as rt Atlantic Izaha 2004-2006 616 188
required by AERONET’s Version 2 Quality Assurance Cri- Ocean R14
teria (hereinaf'ter V2-AQC). Pacific Mauna Loa 1999-2006 494 85
Ocean R14

Note thatA F BOAagr has been calculated only consid-
ering the SA averaged at the AERONET inversion channels
instead of the spectral SA values in the whole solar range
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Fig. 1. Geographical distribution of the AERONET stations used. These stations were grouped into 14 regions, according to key aerosol
types and their geographic location. Each aerosol type is labeled with a different symbol: mineral dust as stars, biomass burning as diamonds
urban-industrial as triangles, background continental as squares, oceanic as dots and free troposphere as inverted triangles.

(0.2—4.0 um), since the latter is not provided as an operadesert mineral dust introduced into the atmosphere by ero-
tional AERONET product. Therefore, in order to estimate sive processes; biomass burning produced by tropical farm-
the possible uncertainties introduced by the SA assumed wing activities and forest fires; urban-industrial and continen-
have compared the radiative forcing at the BOA calculatedtal background particles; oceanic aerosols and those that are
by: (1) using the operational AERONET SA averaged at thefound in free troposphere conditions. The geographical dis-
AERONET inversion channels (i.e, only four wavelengths attribution of these stations is displayed on the Fig. 1, while
0.44,0.67,0.87 and 1.02 umF BOAAgR), and (2) consid- the Table 1 summarizes the regions and stations used and
ering the spectral solar upward fluxes and the spectral surpresents data information like the period or the data set for
face albedo in the whole solar spectral range (0.2—4.0 umgach station. The key aerosol types in Table 1 are labeled
in the same manner as it is used in the AERONET retrievalas: MD = Mineral Dust, BB =Biomass Burning, Ul = Urban-
algorithm. To do so, we have considered the AERONET stadndustrial, CB = Continental Background, O =0Oceanic and
tions used in the study dBarda et al.(2008, which have  FT =Free Troposphere.

different range of surface albedo (vegetation, desert, snow, It should be noted that the stations selected in this work
ocean). Our tests document a mean difference less than 10 %ave been widely used in earlier studies about the influence
Therefore, considering the surface albedo averaged at thef aerosols on radiative transfer and climaRiaz et al,

four AERONET wavelengths (0.44, 0.67, 0.87 and 1.02 um)2001; Eck et al, 2001, Holben et al. 2001, Schafer et a).

may be a good approximation for evaluating the aerosol ra2002 Dubovik et al, 20023 Garda et al, 2008 20113b).

diative forcing at surface.

3.1 Desert dust

3 Description of the regions The mineral dust was categorized into four groups to study
their radiative properties. Each group takes into considera-
In order to analyze the radiative effect of key aerosols typedion the different source areas and the possible mixtures with
we selected a set of forty three AERONET stations, whichother aerosol types. It is important to mention that all of
have been grouped into 14 regions taking the predominanthese mineral dust regions are located within “dust belt” (5—
aerosol and the proximity to source areas into account. Thé(° N), where the mineral dust concentrations are maximal
aerosol types considered have shown the greatest influenam a global scaleRrospero et al2002).
on the radiative balance, according to their rates of emis- The region 1 (R1) is made up of those stations located
sion to the atmosphere and radiative propertieabpvik in northern Africa (Saada — SAD, Santa Cruz de Tenerife
et al, 2002a Satheesh and Moorthy005 IPCC, 2007): — SCO, and Dahkla — DAH), whose main contributions of

www.atmos-chem-phys.net/12/5129/2012/ Atmos. Chem. Phys., 12, 5BA915 2012
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Fig. 2. Monthly evolution of the multi-year average of the aerosol optical depth, AOD, at 0.55 um for each station of réajioredion
2 (b), region 3(c), region 4(d), region 5(e), region 6(f), region 7(g), region 8 and gh), region 10(i), region 11 and 1%j), region 13(k)
and region 14l). The annual cycle of the regional mean is also shown (black lines). Error bars intlitater, standard deviation).

crustal material come from Morocco, Mauritania, the west-grouped into regions and the regional averages. The AOD
ern Sahara, Tunisia, northern and eastern Algétiagpero  annual cycles were calculated with the AOD L2 almucan-
et al, 2002. To a lesser extends, these stations can alsdar retrievals (sza between 580C). Thus, for the region 1

be affected by anthropogenic aerosols from the European athe AOD values are betweerD.2—0.6 from June to Septem-
African continent besides local pollutiob{az et al, 2006 ber (Fig. 2a), while the AOD multi-year average is &.9.2
Rodiiguez et al.2011). Thus, the seasonality of the aerosol (hereafter, the errors are given #isne standard deviation).
content in this region is dominated by mineral dust emissionsNorth African mineral dust emissions are also frequent dur-
from North Africa, achieving the maximal activity in summer ing the winter (December—February), reducing the activity
(June—August). During this period large quantities of min- during the spring (March—May) and the autumn (September—
eral dust are transported across the Mediterranean to Europblovember) Prospero et al.2002 Diaz et al, 2006. Nev-
Middle East and to the American continent (Caribbean andertheless, the latter behavior is not clearly observed in the
eastern coast of the US) crossing the Atlantic Océmg-  period studied in this work (Table 1 and Fig. 2a).

pero et al.2002. This seasonality is shown in Fig. 2, which  Region 2, R2 (Maine Soroa — DMN, Banizoumbou —
depicts the monthly evolution of the multi-year average of BAN, llorin — ILO, and Djougou — DJO), is immersed in the
the aerosol optical depth (AOD) at 0.55 um for all stations savannah of West Africa and located quite near to the Sahara-
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Fig. 3. Monthly evolution of the multi-year regional average of the fine aerosol fracticat,0.55 um for each station of regiord), region
2 (b), region 3(c), region 4(d), region 5(e), region 6(f), region 7(g), region 8 and gh), region 10(i), region 11 and 1%j), region 13(k)
and region 14l). The annual cycle of the regional mean is also shown (black lines). Error bars indlitater, standard deviation).

Sahel desert area and, therefore, affected by the desert arelas solar extinction but different sizes, such as mineral dust
found in Niger, southern Algeria and Libia, Lake Chad Basin and biomass burning particles. Thus, due to the contribution
and Bodele DepressioR(ospero et al2002 Holben et al, of biomass burning aerosols in winter, the high AOD values
2001)). It is under high emission rates of biomass burning and(regional mean value of 06 0.4) are associated with an in-
mineral dust, the latter almost constantly throughout the yearcrease in the fine mode of the size distribution, leading an
The combination of these two types of aerosols usually takesncrease ofy (regional mean value of 0:40.2) (Fig. 3a).
place during the winter (Fig. 2b), which is the season with The observed values af (~0.2-0.6), although higher than
the greatest activity of biomass burning in Central Africa. In rest of the year, do not correspond to those measured for
order to distinguish the predominant aerosol and the mixturepure biomass burning, which are between 0.7—&#&ufman
situations, the monthly evolution of the multi-year averageet al, 2009, and indicate combined contributions of mineral
of the fine aerosol fractiomf at 0.55 um have been also ana- dust and biomass burning particles. Lower single scattering
lyzed for all regions (Fig. 3). This parameter is defined as thealbedo and effective radius were also observed (please see
fraction of the total optical depth attributed to the fine mode Garda et al.(20113 for analysis in detail). Consequently,

of the aerosol size distribution. The combination of AOD and the aerosol mixture in winter has greater absorption capac-
n information allows us to discriminate aerosols with simi- ity than the pure mineral, since the biomass burning particles
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(mainly elemental carbon) enhance the absorption of solar ranon-sphericity leads to an overestimation of aerosol cooling
diation. This situation is reversed during spring. From Marcheffect by up to 10 %.

to May, the aerosol emissions are only influenced by desert

material, which leads to the maximal regional annual val-3.2 Biomass burning

ues of AOD and minimal ones af (Fig. 3b): 0.7+ 0.5 and

0.3+ 0.1, respectively. Tropical regions (255-25 N), during the dry season, are

Region 3, R3, includes the Middle East (Sede Boker —the main source areas of emissions of elemental and organic
SEB, Solar Village — SOV and Bahrain — BAH), where the carbon to the atmosphere from the burning of forest biomass.
crustal material from the Arabian Peninsula’s deserts is theThese forest fires are associated with local and regional farm-
predominant aerosol during the entire year, with the highesing activities, where the lands are prepared for the crops in
intensity during spring and summer (Fig. 2Byospero etal. the wet season. Thus, from August to November, biomass
(2002 distinguish clearly two dust source areas affecting onburning takes place in the Amazonian forest, which makes
the Arabian Peninsula: the first area is located in the valleyup the region 5, R5, in this study (Abracos Hill — ABH,
between the Tigris and Euphrates rivers, where the mineraflta Floresta — ALF, Balbina — BAL, Belterra — BEL, and
dust proceeds from the deserts of Irag, northeast of Saudrio Branco — RIB). The biomass burning aerosols from the
Arabia and the south of Iran; and the second, close to thé\frican savannah are included in the region 6, R6, (Mongu
coast of Oman. Given the location of the selected stations ir- MON, Skukuza — SKU, and Zambezi — ZAM), where this
this region, these will be mainly affected by the first source farming activity is also maintained until the end of the south-
area, especially Solar Village and Bahrain stations. In the latern spring. Together with the production of biomass burning
ter station the highest aerosol amounts occur during summedue to agriculture, biomass burning aerosols are also pro-
with an AOD of 0.4+ 0.2, while in Sede Boker and Solar Vil- duced, but to a lesser extend, in forest fires in the continen-
lage these maximal values are observed in spring:@22 tal platforms of North America and Eurasia. These fires oc-
and 0.4t 0.2, respectively. In this season the multi-year re- cur almost exclusively during summer, when meteorological
gional maxima of AOD are also observed (8:8.2) asso- conditions are favorable for it. In order to study these con-
ciated with the minima of) (0.4+ 0.2), which confirms the tributions the region 7, R7, has been included and is made
mineral dust as the main aerosol source in the region duringip of stations located in forested regions in North America
spring. (Thompson — THO, and Wasekiu — WAS).

Finally, the locations in the region 4, R4, are distributed in  As noted in the multi-year AOD annual cycles (Fig. 2e—
the North of China (Sacol — SAC and Yulin — YUL) and in g), the contribution of biomass burning particles is the only
the interior region of Mongolia (Dalanzadgad — DAL), where important source of aerosols in these three regions. Its sea-
several desert areas are located: the Taklamakan and the Gadmnality is clearly distinguished: from August to November
deserts and the arid regions in the interior plateau of Mon-in the regions 5 and 6 (Fig. 2e and f, respectively), and dur-
golia. These areas are responsible for the majority of Asiaring summer, from June to August, in the region 7 (Fig. 2g).
mineral dust episodes. Unlike the Taklamakan desert, wher&@he multi-year AOD average is 04550.4 in the dry season
the production of mineral dust is almost constant through-(August—November), while 0 0.1 is found for the rest of
out the entire year, the Gobi desert reveals a clear seasontile year in the region 5. The region 6 shows lower AOD av-
tendency (high emissions in spring and at the beginning oferages: 0.3 0.2 and 0.1 0.1 during the dry and wet sea-
summer). These dust storms are directly related to the strongons respectively. These values significantly decrease in the
winds originated in SiberiaRrospero et al2002. This sea- region 7, where the multi-year average is #.8.2 during
sonality is clearly observed in the monthly evolution of the summer (June—August) and @:10.1 during the rest of the
AOD andp for this region (Figs. 2d and 3d). Although the year. Biomass burning aerosols are dominated by fine parti-
AOD regional mean is lower in spring (04£20.3) than sum-  cles, so high values of the fine aerosol fraction are to be ex-
mer (0.3+ 0.3), the fine fraction values show larger aerosolspected (between 0.7-1Kaufman et al.2005 Garda et al,
during this time as it is to be expected under mineral dust20113. In fact, we found similar multi-yeay averages in the
conditions (0.6: 0.2 and 0.7 0.2 in spring and summer, re- three regions: 0.&0.1.
spectively).

It is noteworthy to mention that AERONET retrieval mod- 3.3 Urban-industrial
els aerosol as a polydisperse mixture of randomly oriented
spheroidsDubovik et al, 2006. This allows accounting for The main sources of urban-industrial aerosols are found in
desert dust particle non-sphericity. Correspondingly, the esthe most heavily populated and industrialized areas of the
timates FA of radiation transformation by aerosol are also world, such as the East and West coast of North America, Eu-
modeled using mixture of spheroids. Although, generally therope and Southeast Asia. Thus, the stations of the region 8,
radiation fluxes do not have much sensitivity to aerosol par-R8, (Lille — LIL, and Ispra — ISP), are located in significant
ticle shape (sedlishchenko et al.1997), Derimian et al.  urban-industrial areas of Europe, where the influence of an-
(2008 found that failure to account for desert dust particle thropogenic aerosols is dominant. The same conditions are
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observed in the stations of the region 9, R9, which covers the8.4 Continental background
US East Coast (Goddard Space Flight Center — GSF, Balti-
more — BAL, and City College of New York city — CCN). Regarding aerosols from the continental background, two
Finally, the region 10, R10, includes stations located in eastgroups appear: the region 11, R11, made up of European
ern Asia (Anmyon — ANM, Gosan — GOS, NCU Taiwan — locations, Toravere — TOR and Yekaterinburg — YEK, and
TAW, Shirahama — SHI, and Beijing — BEI), where the urban- the region 12, R12, with stations located in North Amer-
industrial emissions are dominant during the entire year. Furica: Bratts Lake — BRL, Saturn Island — SAl and Sevilleta
thermore, there are notable episodes of mineral dust transpoft SEV. These sites are found in non-industrial areas located
from the Gobi-Taklamakan deserts during spring and at then the American and eastern European prairies, where the
beginning of summer (e.dyrimoto et al, 2006 Garda et al, main aerosol type generally proceeds from continental back-
2009. The south-eastern region of Asia is especially signif- ground.
icant because it reflects the growing industrial development The presence of local anthropogenic pollution sources
of countries such as China. is not significant in these regiondH¢lben et al. 2001
As shown in Fig. 2h the urban-industrial regions differ on McArthur et al, 2003 Russak et a.2007) and, as a result,
AOD annual cycle. Two time periods (one warm, anotheraerosol levels are relatively low throughout the year (Fig. 2j).
cold) are revealed for both American and European regionsmulti-year AOD averages of 020.2 and 0.1 0.1 are ob-
although with different duration. Thus, the region 8 shows served in the region 11 and 12 respectively, whereby we may
the highest levels of AOD during the warmest months of theassume that the continental European background is under a
year, from March to September, G£3.2, while an AOD of  greater contribution of aerosols than the American one.
0.2+ 0.2 is observed during the rest of the year. The region 9 In the region 11 there are only measurements during the
also presents maxima during the warm season, although thearmest months (from March to September) due to the me-
are limited to the summer months (AOD average ofD@®3  teorological conditions in the region. Considering this fact,
from June to August). The AOD annual cycle observed inthe highest AOD values are found during summer40®2
these regions is attributed to the typical meteorological patin contrast to 0.1 0.1 during spring. Although a large vari-
terns found in the mid-latitudes. During winter the particle ability in the AOD is noticeable throughout the entire year
levels are lower due to the increase of the wet deposition proin the two stations of this region (the standard deviation is
cesses, while in the warm season the anti-cyclonic condition®etween 0.1 and 0.3). Furthermore, the increasginfsum-
allow to greater residence time of aerosols in the atmosphereer (0.94-0.1) with regard to the spring values (&:8.1)
and phenomena of stagnant air masses (éajpen et al, confirms the presence of smaller particles. In the region 12,
200)). the highest AOD and; values are also observed in sum-
Like biomass burning aerosols, the urban-industrial onesmer (0.1+ 0.1 and 0.8t 0.1, respectively). Thus, these sta-
are characterized by very small particles, so the fine moddions may be affected by the presence of external contribu-
is predominant in the particle size distribution (see Fig. 3h).tions such as those originated by forest fires or the trans-
The multi-yearn average is 0.2 0.1 in the region 8 and regional pollution transport, especially in summe&uésak
0.9+ 0.1 in the region 9, values very close to those foundet al, 2007). Therefore, to avoid these possible external con-
under biomass burning aerosols (Sect. 3.2). tributions the spring measurements will be considered in the
In all stations of the region 10 the contribution of desert following analysis, when the continental background condi-
mineral dust is clearly distinguished from March to May, tions prevail in both regions.
since an increase in the AOD regional average 40064) is
associated with a marked decrease of the aerosol fine fractioB.5 Oceanic aerosols
at 0.55um (see Figs. 2i and 3i). Even though thealues
observed during the spring correspond to the annual miniRegion 13, R13, is made up of oceanic stations, influenced by
mum (0.6t 0.2), they are still greater than those registeredmaritime aerosols, located in the Atlantic Ocean (Bermuda
under the influence of “pure” mineral dust0.2-0.4 in R2 - BER) and the Pacific Ocean (Lanai — LAN, and Nauru —
in spring (see Fig. 3a), showing a mixture of mineral dust andNAU). Even though there are differences between the mi-
regional pollution. The aerosol levels start to fall from July, crophysical and radiative properties of the aerosols in the
coinciding with the beginning of the wet Asiatic monsoon two oceans $mirnov et al. 2002, they have been grouped
season, and reach the minimum values during autumn antbgether because of the reduced number of stations in rela-
winter (AOD =0.4+ 0.4 andy =0.8+ 0.1). Note that during tively pure oceanic conditions. These differences are mainly
summer the) values are of the order to those associated withdue to there being more sources of aerosols affecting the At-
the presence of small aerosols such as pure urban-industrigdntic Ocean than the Pacific besides the different aerosol
or biomass burning particles, between 0.7-1.0. emissions. The stations located in the Atlantic Ocean may
be influenced by urban-industrial aerosols from North Amer-
ica and Europe, desert mineral dust from the Sahara-Sahel
regions and biomass burning from South America, West and
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Southern Africa, while the stations in the Pacific Ocean mayshown in this figure for the regions influenced by desert min-
be affected by Asian aerosols (mineral dust, urban-industriakral dust (R1, R2, R3 and R4), urban-industrial aerosols (R8,
and biomass burning) together with the pollutant emissionsR9 and R10) and continental background (R11 and R12), the
from Central America. sign of theAF changes, and consequently the net radiative

The multi-year AOD average for the Atlantic station is effect of aerosols, as the SA increases. Besides the cases with
0.1+0.1, (Fig. 2k) , doubling the values obtained for the Pa- sza between 55-85we have also included in this figure the
cific sites: 0.06t 0.03 and 0.05: 0.02 for Lanai and Nauru, whole sza range of AERONER F estimates{55°, 6575
respectively. In these last two cases, the aerosol levels onlgnd>75°) to document better the change of sign of the.
deviate from these averages during the spring, where thén order to make this comparison, and hereafter, we consider
transoceanic transport of Asian mineral dust may occasiona unique value of the spectral SA for each almucantar re-
ally increase them, in particular for the Lanai statiblolpen  trieval. As aforementioned, this representative value, used to
et al, 200% Smirnov et al, 2002. Also, notice that the is- define the SA ranges and to estimate thé at the BOA,
land of Lanai belongs to the Hawaiian archipelago and, likeis obtained from the spectral average of the surface albedo
Mauna Loa station, can also be affected by sporadic emisealculated by V2 AERONET algorithm at 0.44, 0.67, 0.87
sions from volcanic aerosolblflben et al.2001). Asseenin  and 1.02 um. These values are representative of oceanic sur-
Fig. 2k, the aerosol levels are more stable during autumn anfhces and those with vegetation@.18—0.20), desert regions
winter, reaching their annual minimum values during these(0.20-0.50) and areas covered by ice or snsw.60).
seasons for the three stations. Hence, oceanic aerosols mayAs shown in the radiative forcing at the TOA for darkest
be well represented by autumn and winter periods. Note thasurfaces, SA< 0.30, aerosols cool the atmospheric column
the AOD andp regional annual cycles were not calculated for all regions, independent of the aerosol type (mineral dust,
for oceanic and free troposphere regions (Fig. 2k and | andirban-industrial or continental background). Nonetheless,
Fig. 3k and 1), since their stations are in different oceans. for the intermediate range, 0.30SA < 0.50 in desert dust

regions, positive and negative values/of are observed de-
3.6 Free troposphere pending on the region and the aerosol typa-(> 0, in this
. . surface albedo interval, represent around 35 % of total data in

The stations from region 14, R14, Mauna Loa — MLO and y,qge regions for sza between 55268nder these situations
Izafa —1ZO observatories, are located at a high altitude (2367}, sign of radiative forcing mainly depends on two factors,
and 3397ma.s.l. 1ZO and MLO, respectively) and above e sjze distribution and the aerosol mineralogical composi-
thermal inversion layer, hence avoiding vertical ransportsyjon \which determine the aerosol single scattering albedo,
and possmle_mlxture proqgsses with Iocal_ pollunon. TheyFor exampleGarda et al.(20113 found that the change of
are characterized by co_ndmons of low turbld.lty. and almostsign of theA F is aroundw (0.55 pm)< 0.88 in R2. Thuse
clear atmosphere, allowing us to evaluate radiative forcing of(0.55 Lum)< 0.88 lead to a warming of the Earth-atmosphere
global background. o system, withA F of 10+ 11 Wn 2 for the mixture of min-

In both cases the contributions of natural and anthro-g 5| qust and biomass burning in R2 in winter, while a value
pogenic aerosols are reduced, as can be observed in Fig. 24t g4 16 \Wn2 is found under the presence of pure min-

The exceptions are episodes of African desert mineral dus, dust during the spring for sza between 50-&@though
measured in I8 during the warmest months (from June t0 yhe net effect of pure mineral dust is more noticeable, the

October). An AOD average of 0:£0.1 is obtained in this  piomass burning particles enhances the absorption capacity
time period in contrast to 0.G20.01 recorded during the ¢ mineral dust. Thus, the number of cases for the mixture

rest of the year, which approaches th_e rT_]uItl-year AOD mearj ations (R2 in winter), where (0.55 um)< 0.88, tripli-

of MLO, 0.04=+0.01. This seasonality is governed by the .,ieg those recorded under only mineral dust (R2 in spring).
regional meteorological conditions (Azores High and North y4vever, it should be mentioned that despite instantaneous
African Low), which also affect the regions 1 andRi®z  t4rcing for high sun elevation can present positive values, for

etal, 200§ Garda et al, 2009. Therefore, the winter canbe |5, g it can remained negative therefore the daily aver-

considered as representative of free trqposphere cond|t|0n(.§ge forcing can still be negative. Anyway, in these situations,

(AOD season mean of 0.880.02) to estimate the aerosol ,ero50ls cooling effect is significantly reduced and they do

radiative forcing in this region. not strongly counteract the warming effect of the greenhouse
gases.

Finally, for snow covers (SA- 0.50 in mineral dust re-
gions and SA-0.30 in urban-industrial and continental
4.1 Influence of the surface albedo background regions), positiv&a F values are normally ob-

served, leading a warming of climatic system regardless of
The influence of the surface albedo (SA) on the aerosol radiaaerosol type. For mineral dust these cases were only observed
tive forcing is clearly observed by comparing thew aver-  for the stations of R4 during the winter months, making up
ages at the TOA for each surface albedo interval (Fig. 4). AS2 % of the total group in this region (sza between 55365

4 Results and discussion
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a) Mineral Dust

Region
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I R11
[ R12
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55-65

b) Urban-Industrial & Continental Background N 65-75
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Surface Albedo

Fig. 4. Multi-year average of aerosol radiative forcingF (Wm=2), at the TOA for the regions influenced Kg) desert mineral dust (R1,

R2, R3 and R4) an¢b) urban-industrial and continental background aerosols (R8, R9, R10, R11 and R12) for each interval of surface albedo
(<0.18, 0.18-0.30, 0.30-0.50 and.50) and of solar zenith angle:55°, 55-6%, 65-7%, >75°). Error bars indicatet1o (o, standard
deviation).

Under urban-industrial aerosols they represent around 1 %grence (R8-J, R9-J and R10-J), while spring for the conti-
while in the continental background regions they reach 7 %nental background (R11-M and R12-M). Winter was selected
and 2% in the R11 and R12 respectively (sza between 55for the oceanic aerosols (R13-S) and for the free troposphere
65°). region (R14-D). Finally, in order to study the influence of

In the light of the above results, the effect of surface albedothe mixture of aerosols winter was included in the region 2,
on theAF is critical for SA> 0.30, but not for SA<0.30.  with the presence of mineral dust and biomass burning parti-
Therefore, theA F has been analyzed for all aerosol regimes cles (R2-D), and spring in the region 10 with urban-industrial
considering three SA ranges: 0-0.30, 0.30-0.50-20cb0. aerosols and mineral dust (R10-M). The regional multi-year
Note that cases with SA 0.30, in the seasons representative averages of AOD and at 0.55 um for the seasons selected
of key aerosol types, are only observed for mineral dust andn each region is shown in the Fig. 5. Theat 0.55um is

continental background aerosols. obtained by linearly interpolating the at the AERONET
wavelengths 0.44 ym and 0.67 um. Note that these averages
4.2 Radiative forcing at the BOA and the TOA for the mineral dust and continental background regions

(R1, R2, R3, R4, R11 and R12) were evaluated for each

surface albedo range. As aforementioned, the discussion of

Rgrgf?éé?sg?tg aa?rgzlslt ?mgsnt]ﬁg;'ig?u:t\gf t?]r;tg%?d'athe radiative forcing should be separated for each surface
Y ypes, albedo range. Thus, for SA0.30, theA F multi-year aver-

angj the TOA have only been compared for sza betweep 5559es were negative in all regions both at the BOA and the
65° and for those seasons where each aerosol type is pr

. . . . - eI:OA, implying an aerosol cooling effect according to the
dominant in each region, according to the description of thesi n criterion used for thes F as shown in Fia. 6. The max-
sites given in Sect. 3. Thus, for the regions affected by min-; 9 9. o

eral dust we have selected the summer values in the region T]al values OfA.F at th_e surfac_:e (se_e Fig. 6.a) are found
: . . in the West Africa region during winter (R2-D), associ-

(R1-J), and the spring ones in the regions 2, 3 and 4 (R2-M, . . .
: . : ated with the mixture of mineral dust from the Sahara-Sahel

R3-M and R4-M). Regarding biomass burning aerosols, au-

. ) desert and biomass burning aerosols]22+ 37 W2
tumn in the regions 5 and 6 (R5-S and R6-S), and summe _ : :
in the region 7 (R7-J) were considered. In urban-industrialEAOD_0'85i0'45)’ together with spring (R2-M), where

environments, regions 8, 9 and 10, summer was used as re¥plneral dustis the dominant aerosal#”= —91+ 36 Wm
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Fig. 5. Multi-year average of aerosol optical depth, AOD, at 0.55@jnand single scattering albede, at 0.55 un(b), for each region and

season. M =March-April-May, J=June-July-August, S=September-October-November and D = December-January-February. The legend
shows each aerosol type: MD = Mineral Dust, BB =Biomass Burning, Ul = Urban-Industrial, CB = Continental Background, O = Oceanic
and FT =Free Troposphere. For the regions influenced by desert mineral dust and continental background, the A@&@mwks have

been evaluated for each interval of surface albedo (SA): 0—0.30, 0.30-0.500a5@ Error bars indicaté 1o (o, standard deviation).
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Fig. 6. Multi-year average of the aerosol radiative forcingt’ (Wm~2), at the BOA (Eq.3) (a), AERONET AF BOAagR at the BOA
(Eq.5) (b), andA F at the TOA (Eq2) (c) for each region and season. The seasons and aerosol types are labele8. & figbars indicate
+10 (o, standard deviation).

(AOD =0.86+ 0.51). In this region we also found the highest ern Africa during autumn (R5-S and R6-S), period of max-
AOD levels among those analyzed. Next, the Asiatic urban-imal activity. In these regions, tha F reaches—64+39
industrial region shows the largest values80+ 52 Wn1 2 and —60+36 Wn12 for an AOD average of 0.520.44
(AOD =0.56+0.50) during spring (R10-M), under the in- and 0.35:0.25, respectively. These values are slightly
fluence of urban-industrial aerosols mixed with desert min-higher than theA F obtained in desert mineral dust re-
eral dust, and-64+ 42 Wm~2 (AOD =0.54+0.46) during  gions, such as North Africa (R1-J) or the Arabian Penin-
summer (R10-J), only with urban-industrial particles. The sula (R3-M), and the urban-industrial regions from Europe
latter is quite similar to theA F values observed for the (R8-J) and North America (R9-J), where theF is ap-
biomass burning regions from South America and South-proximately —45Wm 2 for an AOD of ~0.3. Regarding
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Fig. 7. Multi-year average of the radiative forcing efﬁciemz.'yFeff (Wm~—2), at the BOA(a), AERONET A Feff BOAAER at the BOA(b),
and AFef at the TOA(c) for each region and season. The seasons and aerosol types are labeledbakfrig.bars indicatetlo (o,
standard deviation).

continental background aerosols,F values in the Euro- Considering the influence of the surface albedo on the
pean region (R11-M) double those observed in the Ameri-aerosol radiative forcing is essential, since the absolute
can region (R12-M). Thus, during spring the" average is  values notably decrease as SA increases and even a change
—29413Wm 2 (AOD =0.14+0.08) in R11 in contrast to  of sign in theA F can be observed. Notice, for example, the
—124+6 Wm~2 (AOD=0.07+0.03) in R12. Finally, in the  positive A F averages of the region 11 and 12 for SA.30
oceanic and free troposphere regions radiative forcing loweor as theA F averages of the region R2-D, R2-M and R3-M
than—10 W2 were obtained for AOD< 0.1, which are the  at the TOA for SA> 0.30 are comparable to the background
lowest values obtained. continental, oceanic or free troposphere regions, even though
Note that operational AERONER F values at the BOA the AOD averages are notably lower. Nonetheless, its effect
(AF BOAAER, see Fig. 6b) properly follow the behavior de- is more evident in analyzing the radiative forcing efficiency,
scribed forA F. As aforementioned, we observe an overesti-as seen in the following section (Sect. 4.3).
mation of the realA F, which is more marked for the bright-
est s_u_rfaces: continental background regions under snoy 3 Radiative forcing efficiency at the BOA and
conditions (R11-M and R12-M for SA 0.30) and desert re- the TOA
gions (R2-D, R2-M and R3-M for SA 0.30).
At the TOA the differences between aerosols and region

L : SI'he aerosol radiative forcing efficiency is a useful tool to
are less significant. The maximum valuesof are also ob- 9 Y

served in the West Africa region:42-22 W2 (R2-M) compare aerosol types, since it is not dependent on AOD.
glofk- Hence, the influence of other factors such as absorbing and

and —354+21 Wm? (R2-D) for SA< 0.30. They are com- . :
parable to those recorded in the biomass burning regiongcattenng aerosol properties or surface albedo may become
from South America,—30+19 W2 (R5-S) and Asian more evident. Nonetheless, when analyzing the efficiency

urban-industrial aerosols, 3321 Wnr2 (R10-M). As at values it is necessary to take their moderation for high AOD

the BOA, the A F values at the TOA due to the European into account, i.e. the increase of the efficiency for AQL

continental background double those observed in the AmergConant etlal.Zooa. This factis dug tothe increase .Of multl—_
ican region:—8+7 W2 and —3-4 Wm-2, respectively ple scattering effects and attenuation of the transmitted radia-

Oceanic aerosols and in conditions of free troposphere ar%igr:)rlfrgfetﬁg[;'r,;?aegtrevev;g%oﬁfhgf\/i?&giﬁgfﬁ clear
the lowest of those analyze&;—10 Wn 2, although they P ' 9

) . . ... absolute terms, see Fig. 7) were observed associated with the
are comparable to other regions (Fig. 6b), especially with : off .
high surface reflectivity (e.g. R2-D or R3-M). lowest AOD range (Fig. 5a). ThegeF*" values are higher

than those ones found for aerosols with higher capacity of
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extinguishing the solar energy, such as the mineral dust osmoldering combustionDubovik et al, 20023. Therefore,
the biomass burning aerosols. This artefact may also be rethe radiative forcing efficiency in this region is significantly
sponsible in part to the highex Fef averages observed for higher at the TOA than those obtained in the regions 5 and 6.
background continental regions (R11 and R12) or oceanic Similar behavior was observed under pure urban-industrial
conditions (R13). At the same time, it should be mentionedenvironments (R8-J, R9-J and R10-J). The urban-industrial
that even not significant uncertainties in the absolute valuesegion in Europe reveals more efficient aerosols at the BOA,
of radiative forcing at the low AOD can present more signif- with a AF®T of about —165Wnt2, and slightly higher
icant impact on relative to AOD values of forcing efficiency. than those observed in the American and Asiatic regions
As in the radiative forcing analysis, the discussion of (~ —135WnT?2). At the TOA, the differences in the radia-
the efficiency should be separated for each surface albedtive effect are not so noticeable in the three regians e’
range in order to examine better the influence of aerosor —70 Wn2 (SA < 0.30). After biomass burning aerosols,
characteristics and properties. Thus, for 88.30 and ex-  urban-industrial particles have the most important absorption
cept for the aforementioned regions (background continenproperties in the range 0.44-1.02 um. Thus, comparing with
tal, oceanic and free troposphere), the aerosols more effithe main regions of biomass burning, R5 and R6, the urban-
cient at the surface are overall the more absorbing aerosolmdustrial and biomass burning aerosols show simiare
(see Fig. 7.a), such as the biomass burning particles fronvalues at the TOA and lower values at the BOA, resulting on
the African savannah (R6-S), where we observed € average the same energy stored in the atmosphere.
of —183+31Wn 2. In general, we observed F& aver- In the case of pure mineral dust (R1-J, R2-M, R3-M and
ages around-160-170 WnT1?2 for those regions and seasons R4-M), we observe that African mineral dust from R1 and
with w(0.55 um)k0.93-0.95 (e.g. R1-J, R2-D, R4-M, R7-J, Asian dustfrom R4 are the most efficient at the BOA, associ-

see Fig. 5b). In the rest of cases, whex®.55 um}-0.93—  ated with the lowesb. In these regions mineral dust particles
0.95 (e.g. R2-M or R3-M), the\ F& averages are around may be mixed with local and long-transport pollution, which
—125WnT?2, enhance the absorption capacity of mineral dD$az et al,

At the TOA the contrary behavior is documented: the more2006 Arimoto et al, 2006 Rodliguez et al.2011). Note that,
absorbing aerosols show the lower e averages like R6-S  for example for the African mineral dust, R1 shows mineral
or R2-D. This fact is due to the higher absorption of thesedust more efficient at the BOA than R2-M, while at the TOA
aerosols reduces the energy available to be backscattered tthe differences are not so significant.
wards the upper limit of the atmosphere and into the space, The influence of surface reflectivity o F and A Fef is
maintaining a higher percentage of solar energy in the atmoebserved by comparing theF&" values at the TOA for dif-
sphere. ferent SA intervals in the regions affected by mineral dust

For each aerosol type, the biomass burning aerosols are @2-D, R2-M and R3-M, see Fig. 6d). We find reductions of
clear example of the aforementioned. Although the aerosothe absolute values of the 7€, on average, of 70 % (R2-
levels are lower in the African savannah (R6) than in theM), 81% (R3-M) and 98 % (R2-D) for the largest surface
Amazon region (R5) during the burning season, thgef albedo range, which lead even positive valuea & in all
values do not follow this trend, since the African region of the three regions. Note that the more significant decrease
shows greater absorption capacityaverage of 0.9%0.04  of the AF®f is observed for the region with the most ab-
in R5-S in contrast to 0.8%0.04 in R6-S. The differences sorbing aerosols (R2-D). The albedo surface influence is also
in the radiative properties between the regions 5 and 6 is atelearly documented in the continental background regions.
tributable to the different composition of combustible mate- This behavior, as the surface albedo increases, is due to that
rial and different associated combustion processes (combughe backscattered energy towards the top of atmosphere in-
tion with or without flames). In African savannah most of creases faster in clear conditions than under the presence of
biomass burning particles is produced by flaming combus-aerosols, because it is not affected by aerosol scattering and
tion, while in the deforestation fires, typical of the Amazon absorption processes. These effects are more evident at the
forest,~50 % or less of the biomass burning is produced by TOA than at the BOA, although visible in both cases.
this phase of combustiorE¢k et al, 2001 and references
therein). These different production mechanisms lead to dif-
ferent concentration of black carbon: 15-20 % of the aerosob Conclusions
generated during the flaming combustion phase corresponds
to black carbon, while less than 3% during the smolderingln recent years there has been a considerable effort to re-
combustion Ward et al, 1992 1996. Therefore, biomass duce the uncertainties in the radiative effect of atmospheric
burning aerosols in the Amazonian savannah are more efaerosols. Improving our knowledge about aerosol effects is
ficient than African ones at the TOA (a 22% on average,essential for understanding Earth’s climate. However, it is
Fig. 6¢c and d), while the opposite occurs at the BOA, wherequite difficult to compare directly the obtained results on
R5is a 12 % less efficient than R6. Regarding the boreal forditerature due to the different methodologies and data used.
est (R7) the higho values are mainly due to processes of Thus, this work had presented valuable information allowing
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the inter-comparison of the direct radiative effect of the mainCharlson, R. J., Lovelock, J. E., Andreae, M. O., and Warren, S. G.:
types of aerosols in similar observational conditions (that Oceanic phytoplankton, atmospheric sulphur, cloud albedo and
mainly means similar solar zenith angles). In this context, climate, Nature, 326, 655-661, 1987.

AERONET network has shown to be a very useful tool €onant, W.,Seinfeld,.J.,Wang,J.,CgrmichaeI,G.,Tang,Y.,Unq,l.,
for monitoring the instantaneous aerosol radiative forcing Fatau, P., Markowicz, K., and Quinn, P.: A model for the radia-
and the radiative forcing efficiency. The high density of the UVe forcing during ACE-Asia derived from CIRPAS Twin Otter
AERONET stations allows a detailed analysis of aerosol ra- and R/V Ronald H. Brown data and comparison with observa-

. . . . tions, J. Geophys. Res., 108, 866bj:10.1029/2002JD003260
diative forcing for different aerosol conditions, from anthro- 555 Py ’ 6

pogenic to free troposphere conditions. Cox, C. and Munk, W.: The measurements of the roughness of the
In general, the aerosols analyzed have confirmed their sea surface from photographs of the Sun’s glitter, J. Opt. Soc.

tendency of cooling of Earth-atmosphere system. Based on Am., 44, 838-850, 1954.

aerosol amounts and on darkest surfaces, the most effe®erimian, Y., Lén, J.-F., Dubovik, O., Chiapello, I., TanrD.,

tive particles to cool the climatic system (radiative effect ~Sinyuk, A., Auriol, F., Podvin, T., Brogniez, G., and Holben,

at the top of atmosphere) are the least absorbing aerosols B. N.: Radiative properties of aerosol mixture observed during

such as the mineral dust from Arabian Peninsula desert ar- the dry season 2006 over M'Bour, Senegal (African Monsoon

eas, biomass burning particles from boreal forest and urban- Multidisciplinary Analysis campaign), J. Geophys. Res., 113,

industrial aerosols combined with desert mineral dust in the ,Doocog’d(,)':.10'1029/2008‘]D00990a008'

Asian region. Nonetheless, special attention should be paig'az‘ J. Expsito, F., Torres, C., Herrera, F, Prospero, J., and

| . d thei in highl flecti Romero, M.: Radiative properties of aerosols in Saharan dust
to aerosol emissions and their transport in highly reflective outbreaks using ground-bsed and satellite data: Applications to

areas (deserts or snow) by their warming effect. In these |giative forcing, J. Geophys. Res., 106, 1840318416, 2001.
cases there is more solar energy available for favoring unpijaz, A., Daz, J., Expsito, F., Herandez-Leal, P., Savoie, D., and
equal warming of atmosphere, modifying the clouds charac- Querol, X.: Air masses and aerosols chemical components in the
teristics and contributing to the warming effect of greenhouse free troposphere at the subtropical Northeast Atlantic region, J.
gases. Atmos. Chem., 53, 63—-90, 2006.

Improving our knowledge about the direct radiative effects Dubovik, O. and King, M. D.: A flexible inversion algorithm for
of atmospheric aerosols is a necessary step in order to addressretrieval of aerosol optical properties from sun and sky radiance
the indirect and semi-direct aerosol effects and, thus, the con- measurements, J. Geophys. Res., 105, 20673-20696, 2000.
sequences of the transformation of the solar energy storefU20Vik, O- Smimov, A., Holben, B. N., King, M. D., Kaufman,
by aerosols in the atmosphere. In this sense, AERONET pro- Y. J_., Eck, T. F._, and S_,Iutsker, I.: Accuracy assessment of a_erosol

: . . ' . . optical properties retrieval from AERONET sun and sky radiance

V|.des'a very valuable mformatlon about the geographical dis- measurements, J. Geophys. Res., 105, 97919806, 2000.
tribution of the most sensitive areas to an unequal effect ofypovik 0., Holben, B. N., Eck, T. E., Smirnov, A., Kaufman, Y. J.,

atmospheric aerosols. King, M. D., Tang, D., and Sluster, I.: Variability of absorption
and optical properties of key aerosol types observed in worlwide
locations, J. Atmos. Sci., 59, 590-608, 2002a.
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