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Abstract. The aerosol radiative effect in the long-wave (LW) at the top of the atmosphere the LW RF varies betwe@r
spectral range is sometimes not taken into account in atmoand +5.8 W nT2, which represents between 6 and 26 %
spheric aerosol forcing studies at local scale because the LWwith opposite sign) of the SW component.
aerosol effect is assumed to be negligible. At regional and
global scale this effect is partially taken into account: aerosol
absorption is taken into account but scattering is still ne-
glected. However, aerosols with strong absorbing and scatteit Introduction
ing properties in the LW region, like mineral dust, can have a
non-negligible radiative effect in the LW spectral range (both Atmospheric aerosols have a remarkable effect on the earth’s
at surface and top of the atmosphere) which can counteratmosphere radiative budget (Foster et al., 2007). Indeed,
act their cooling effect occurring in the short-wave spectralaerosols and their interactions with clouds contribute to the
range. The first objective of this research is to perform a senfargest uncertainties in the estimation of the Earth’s chang-
sitivity study of mineral dust LW radiative forcing (RF) as a ing energy budget (IPCC, 2013). Nowadays many radiative
function of dust microphysical and optical properties using transfer models (RTMs) have been developed to locally es-
an accurate radiative transfer model which can compute vertimate the aerosol direct radiative forcing (RF) (Ricchiazzi
tically resolved short-wave and long-wave aerosol RF. Radiaet al., 1998; Key et al., 1998; Mayer et al., 2005; Berk et
tive forcing simulations in the LW range have shown an im- al., 2006). Some recent studies focused only in the estima-
portant sensitivity to the following parameters: aerosol load,tion of the short-wave (SW) RF arguing that the contribution
radius of the coarse mode, refractive index, aerosol verti-of the long-wave (LW) component was negligible (Roger
cal distribution, surface temperature and surface albedo. Thet al., 2006; Mallet et al., 2008; Sicard et al., 2012). Un-
scattering effect has been estimated to contribute to the LWil 10 years ago few studies considered the LW range due
RF up to 18 % at the surface and up to 38 % at the top ofto the difficulties in parameterizing accurately the RTM and
the atmosphere. The second objective is the estimation of ththe lack of knowledge of the aerosol radiative properties in
short-wave and long-wave dust RF for 11 dust outbreaks obthe LW range (Fouquart et al., 1987; Sokolik and Golitsyn,
served in Barcelona. At the surface, the LW RF varies be-1993; Sokolik et al., 1993, 1998; Liao and Seinfeld, 1998;
tween+2.8 and+10.2 W nT2, which represents between 11 Claquin et al., 1998; Dufresne et al., 2002; Markowicz et
and 26 % (with opposite sign) of the SW component, while al., 2003; Vogelmann et al., 2003). With the initiatives of
the AMMA (African Monsoon Multidisciplinary Analysis),
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SAMUM (Saharan Mineral Dust Experiment) and GER- and satellite observations. SW clear-sky direct radiative forc-
BILS (Geostationary Earth Radiation Budget Intercompar-ings are also estimated to quantify the LW/ SW forcing ratio.
isons of Long-Wave and Short-Wave radiation) field cam-
paigns, among others, a series of more recent works on
dust microphysical properties and radiative effects in the LW2 Mineral dust model in Barcelona
range is available (Otto et al., 2007; 2011; Chou et al., 2008;
Hansell et al., 2010; Haywood et al., 2011; Kohler et al., Among the broad literature available on atmospheric aerosol
2011; Osborne et al., 2011; Weinzierl et al., 2011; and pa-microphysical and optical properties, many works deal with
pers cited therein). the characterization of MD patrticles, though in the LW spec-

It is true that the RF of most aerosol types (especially fortral range, the available literature reduces significantly. MD
fine particles such as pollution and smoke) in the LW rangeparticles are well characterized by remote sensing obser-
is small compared to their forcing in the short wave. How- vations (Kaufman et al., 2002; Dubovik et al., 2002; Re-
ever large, highly absorbing and scattering particles such ager et al., 2008; Tanré et al., 2011) and laboratory experi-
mineral dust (MD) have been revealed as having a signifi-ments (Volz, 1972; 1973; 1983), or a combination of both
cant forcing in the LW (Fouquart et al., 1987; Dufresne et (d’Almeida et al., 1991; Krekov, 1993; Hess et al., 1998).
al., 2002; Hansell et al., 2010; di Sarra et al., 2011). Mineralin order to find a model of MD particles representative of
dust is an atmospheric aerosol present all around the worltbng-range transported particles over Barcelona, a climatol-
although it is originated only in a few delimited sources. ogy of sun-photometer-derived products is established. Some
In Europe the nearest source is the Sahara desert, which [sarameters such as the particle shape, the refractive index,
the largest one, emitting half of the world atmospheric MD the particle density and the vertical distribution are defined
(Prospero et al., 2002). During its transport, MD proper- through references.
ties are modified in such a manner that only a medium-size Yang et al. (2007) showed that the nonsphericity effect
distribution remains: very large particles (with a diameter of dust particles is significant at short wavelengths but not
>10 um) are deposited through wet and dry deposition mechat the thermal infrared wavelengths. More recently, Otto et
anisms during atmospheric transport (Maring et al., 2003;al. (2011) estimated that the particle non-sphericity had an
Ryder et al., 2013a; Osada et al., 2014). In addition to duskffect up to 10 % on the LW RF for mineral dust particles ob-
particles, sea salt is also a type of particle that could potenserved during SAMUM-1 over Morocco. However, the MD
tially have a significant forcing in the LW range due to its particles observed in Barcelona are smaller than those ob-
large size and absorbing properties in the LW region (Li etserved in Morocco and have therefore more regular shapes
al., 2008). Although confined to the bottom of the planetary according to Chou et al. (2008). We can reasonably assume
boundary layer, sea salt particles can contribute to reducenhat the MD particle non-sphericity effect on the LW RF in
the top of the atmosphere forcing in the LW spectral rangeBarcelona is lower than 10 %. For that reason particles are
(Markowicz et al., 2003). The radiative impact of sea saltassumed to be spherical and the classical Mie theory is em-
alone is difficult to evaluate in urban areas such as Barcelongloyed to compute their optical properties used as input in
where it is mixed with local, urban aerosols. Mostly for this the GAME RTM. A practical advantage of using a Mie code
reason sea salt is discarded from our study which concenis that it requires much less computing time than models that
trates on MD particles only. To characterize the propertiescompute non-spherical aerosol optical properties (Otto et al.,
of the “typical” MD transported to our region, a climatology 2009).
data set is proposed.

In this study we start with a rather complete review of 2.1 Refractive index
the existing knowledge of the MD microphysical and optical
properties in the LW spectral range and establish a climatol-Contrary to the short-wave range, the spectral variations in
ogy characterizing the properties of the “typical” transportedthe refractive index in the LW are strong and result in signifi-
MD observed in our region. We examine first the sensitivity cant changes in the optical coefficients such as the extinction
of LW RF to aerosol physical (particle size, fine/coarse modecoefficient or the single-scattering albedo. This implies that
ratio) and geometrical properties (aerosol optical depth, layethe variations of the refractive index with wavelength have to
height) and then the LW scattering effect. The latter processe known.
is generally neglected in regional and global climate models The behaviour of the real and the imaginary part of the re-
(Yu et al., 2006; Yoshioka et al., 2007; Lau et al., 2009; Zhaofractive index of MD particles as a function of wavelength
et al., 2011). This sensitivity study is conducted using thein the LW has been reported for the first time in a limited
state-of-the-art radiative transfer model GAME (Dubuissonnumber of studies performed more than two decades ago
et al., 1996). Also, we identify real situations with high dust (Volz, 1972, 1973, 1983; Fouquart et al., 1987). The refrac-
loads observed in Barcelona and estimate LW clear-sky ditive index of MD particles as a function of wavelength in the
rect radiative forcings using combined lidar, sun-photometel W has also been treated later in reference books about at-

mospheric aerosols such as by d’Almeida et al. (1991) and
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15 ‘ ‘ ‘ ‘ —Volz (1973) such as by Otto et al. (2007) who calculated a mean real and
— Volz (1983) (used here) imaginary part extracted from a wide range of the literature
—Hess et al. (1998)

data by applying a moving average, emphasizing the large
variability of the dust refractive index in the literature. To a
lesser extent the measurements from McConnell et al. (2010)
are, on average, also in agreement with the refractive index
chosen in this study at least between 6 and 10 um (no data
are shown above 10 um in McConnell et al., 2010).

At this point it is important to recall that our analysis is
based on the assumption that pure dust is present, besides the
fact that during its transport from the source to the Barcelona
region, MD might mix with different aerosol types and at
different attitude levels (although it remains the dominant
aerosol in the atmospheric column). In those cases the refrac-

‘ ‘ ‘ ‘ ‘ tive index changes and consequently modifies the aerosol op-
° 5 R, D ® 0 ® tical properties and the radiative budget (Gémez-Amo et al.,
2010). Such cases have been discarded as far as possible by
Figure 1. Mineral dust spectral dependency of the (bottom) real applying restrictive criteria in the MD discrimination method
part,nr, and (top) imaginary part;, of the refractive index from  (see next section).
different literature sources.

2.2 Size distribution, concentration and aerosol
optical depth

Krekov (1993), and in the software package OPAC (Optical
Properties of Aerosols and Clouds) (Hess et al., 1998). ThereThe MD size distribution and concentration have been re-
the authors have compiled previous studies and have come upieved by long-term AERONET (Aerosol Robotic Net-
with “corrected” refractive indices. work; Holben et al., 1998) sun-photometer measurements in

The values of the refractive index considered here comeBarcelona during the period 23 December 2004-15 Septem-
from measurements taken in Meppen in western Germanyer 2012. Only level-2 data have been considered. In the
(Volz, 1983). The table giving the refractive index as a func- above-mentioned period a total of 4529 size distribution in-
tion of the wavelength was found in Krekov (1993). MD par- versions are available.
ticles, including soot, one of the main drivers of the absorp- MD aerosol size distributions are assumed to be log-
tion, were obtained after removal of water solubles and ofnormal. MD particles have been discriminated by apply-
particles with radii greater than 1.5 um (Molz, 1983). Figure 1ing the method described in Gobbi et al. (2007) and Basart
shows the variation of the MD refractive index as a function et al. (2009) that classifies the aerosols as MD when the
of wavelength from 0.2 to 40 um. For comparison, indices Angstréom exponent, Alzg g7o, is less than 0.75, and the
from Volz (1973) and Hess et al. (1998) are also reporteddifference AE = AE440 675 — AEs75 870 IS less than 0.3.
The figure shows large spectral variations in the infrared at-AE;, ;, refers to the Angstrém exponent calculated between
mospheric window (8-13 um), which have an important im-the two wavelengths.; and A,. To guarantee errors less
pact on the infrared radiative budget of the atmosphere. Th¢han 30 %, Gobbi et al. (2007) recommend applying an addi-
real parts of the refractive index,, are nearly equal in the tional criterion on the aerosol optical depth (AOD) at 675 nm:
entire spectral range. The imaginary part,of Volz (1983)  AOD > 0.15. The distribution of all points with AOB 0.15
differs from the two others in two regions. It is lower above at 675 nm is shown in Fig. 2 in a so-callédE versus AE
18 um. However, this difference i will have a negligible  plot. The measurements representatives of MD patrticles ac-
impact on the radiative forcing calculations as the radiativecording to the discrimination described above fall inside the
forcing at wavelengths greater than 15um is close to zeraged rectangle: there are a total of 134 measurements, dis-
(see Sect. 4). In the 3 to 8 um range the imaginary part otributed over 54 days. The average size distribution of those
\olz (1983) is clearly above the others, by a value-d.05. 134 measurements, represented in Fig. 3, shows the strong
The most probable reason for that difference is the MD ori-predominance of the coarse mode, as expected. Incidentally,
gin: Volz (1973) and Hess et al. (1998) do not refer directly it is very similar in shape and magnitude to the size distri-
to transported MD. For example, the refractive index in Hessbution of a MD event with AODs at 500 nm of 0.38 and
etal. (1998) is dominantly from d’Almeida et al. (1991) who described as typical MD aerosol conditions in southwestern
defines a dust-like aerosol by measuring soil dust obtaine®pain (Cachorro et al., 2008). The mean values of the fine
by evaporation of rain and snow water (Volz, 1972), without and coarse volume median radi;s and ryc, their asso-
referring directly to MD. Finally, the refractive index of Volz ciated standard deviationsys andoy,c, their volume con-
(1983) is also in good agreement with more recent studiegentrations, Cys and Cy, respectively, and the total AOD
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Table 1.Characteristics of the MD model. Each value in the table is accompanied by a standard devjaiwhs, are the volume median
radius and standard deviatiafly the volume concentration amg and N the median radius and number concentration.

Fine mode Coarse mode
Refractive index Volz (1983); blue curve in Fig. 1
rv [Um] (rg [Um]); ov 0.146 +0.023 (0.057+0.013); 0.56 +0.06  2.001+0.297 (0.649 +0.099); 0.61 +0.06
Cy [um3pm™2] (N [cm™3])  0.036+0.018 (13.728+8.647) 0.176+0.074 (0.029+0.010)
AQOD at 500 nm 0.37+£0.13
0.14

* 0,15<A0D<0,3
1 0,3<A0D<0,4

0,4<A0OD<0,7
% 0,7<A0OD<1,0

0.12f

0.1f

0.08f

[pm3um =2

——

ElE
< |E0.06-
S

0.041

10°
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AE440 870 ' ' Figure 3. Size distribution of the MD model. It has been calculated

’ as the average of the 134 AERONET size distribution retrievals in

Figure 2. AERONET measurements in Barcelona idAE ver- Barcelona identified as MD particles in the period 23 December

sus AE plot diagram. The Angstrém difference is defined as2004 to 15 September 2012. More information is available in Ta-
8AE = AE440675—AEg75870- Lines are computed fary = 1.4 and ble 1.

nj = 0.001. The black solid lines are each for a fixed fine-mode ra-

dius,rg 1, and the dashed black lines for a fixed fraction of the fine-

mode contribution to the AOD at 675 nm. al., 2009; 2011; Muller et al., 2010, 2012). One finds among

the explanations of those discrepancies: measurement tech-
nigue inaccuracy (cut-off problem, e.g. AERONET inver-

at 500 nm are reported in Table 1. All those magnitudes arsion algorithm retrieves particles with radii between 0.05 and

products from the AERONET inversion code (Dubovik and iS#eTg’ ?ﬁ:?ﬂﬁg:hggﬁgfiﬁg’ Pg:'gfotrﬁg%ens(teoe%z:;}n;?é
King, 2000; Dubovik et al., 2000). Because of the long- P ' ' gl It u '

range transport of the MD between the source and the regioﬁhehu::cif rtallcr:';]y n t:‘t? lc omlalte;( re:ractlr\l/tev\;n:jke ;(han,\ﬁ [ghir?\?n'
of Barcelona, the coarse-mode radius and volume concenls-annge?(/)ga al"atepraseSeerZI da se (I)Df Ieosne rar? etraens o?t an?jsit
tration ratio found herer(;c = 2.001 um andCy, / Cys ~ Y 9 9 P

5) are lower than those measured near the MD source iArz;ear¥1q?;ﬁ?gﬁ;?ﬁ;g?&gﬁﬁ (\g;tgla %"Orgftgr ; elroeL:EI)
Bahrain, Persian Guli;c = 2.540 um andCy,c/Cvs ~ 10) ini P ng " 1Y N

and in Solar Village, Saudi Arabian(c =2.320um and 20%3:,"105“6;%6;333:\7'@%104& is the median (equivalent to the
Cvc/ Cys ~ 50) (Dubovik et al,, 2002), which are represen- triF:: mean) radiugy, and the standard dgviati of
tative of so-called pure desert dust. The mean total AOD a heolme | distrib &, I h il Ofb’be
500nm is 0.37+0.13. Because of the influence of MD this ; ognormal distri utlon_, aswe a?:)lt € parrt]me numoer,
value is much larger than the mean summer AOD of 0.20 (at:lo'\EongNpé\_rram?ters are gl\éen n Tah e 1. The conversion of
532 nm) measured in Barcelona (Sicard et al., 2011). Sev: vo'umetnc products to those parameters is given
eral authors have commented on the discrepancies of siz& the Appendix.
distributions of large particles (with a diameter >10 pum) ob-

served between AERONET and in situ measurements near

the source (Reid et al., 2003; McConnell et al., 2008; Otto et
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Figure 4. Number of days per month with MD from AERONET 061 i
measurements in Barcelona. The numbers above the bars indicate™ %4 1
their frequency with respect to the total annual number of days with 021

MD. The number of days with MD in spring and summer represent 0, 6 8 10 15 20 30 20
66.8 % of the total annual number of days with MD. Wavelength [um]

Figure 5. Wavelength dependence of the optical properties of the
bimodal distribution of MD defined in Table 1. Top: extinction coef-

2.3 Mineral dust model in Barcelona ficient normalized at 500 nm; centre: single-scattering albedo; bot-
tom: asymmetry factor.

The climatology established in Sect. 2.2 allows for the deter-
mination of the most representative model of MD observed

in our region. In order to determine how the MD events 0-001 up to 25um (except for Fig. 7c and d). The spectral

are distributed over the year in Barcelona, we represent irpehaviour of all three parameters is shown 'é‘ Fig. 5. The
Fig. 4 the number of days per month of MD observed by MD particle density has been taken as 2.6 geriHess et

the AERONET sun-photometer. The discrimination method@'-» 1998). Those three optical parameters have a general ten-
from Gobbi et al. (2007) has been used on all the AOD re-dency to decrease with wavelength: at 4 um the particles are

trievals from AERONET in the period 23 December 2004 Moderately absorbingog ~ 0.8) and their scattering rather

to 15 September 2012. 270 days were found, which, oveforward @ ~ 0.7); at 40 um the particles are highly absorb-
the whole period, represents 9.6 % of the time. This value ig"9 (@o ~ 0.2) and their scattering rather isotropic-t 0.2).

lower than the 17 % of African dust frequency in the region In the range 8-15 um strong spectral variations are observed.

of Barcelona referenced by Pey et al. (2013) based on sur-

face PM measurements. The main reason is that in a larg .

number of cases the MD is embedded in clowsdgthat, by 3 Radiative transfer model

using only level 2 AERONET data, those cases have beefyagiances in the long-wave spectral region have been cal-
discarded here. Anyway, a close correspondence betweegated using a fast yet accurate RTM, referred to as the
PMj and columnar MD detected from the AOD spectral de- g AME code (Dubuisson et al., 2004; 2006). GAME allows
pendency is not expected since transport processes over thge 1o calculate upward and downward fluxgsat the bot-
Mediterranean Sea frequently force the MD layers to travelgm, (BOA) and at the top (TOA) of the atmosphere in the
above the marine boundary layer and notinto it, especially innr5req spectral range (4-50 pm). For this study 40 verti-
summer (Marconi et al., 2014). Two thirds of the events occur.4) |evels have been used between ground and 100 km height
during the spring—summer period, while almost 40 % occuryith 4 resolution of 1 km from the surface to 25km, 2.5km
during the spring period alone. A peak of about 6 days/month,atveen 25 to 50 km, 5km at 55 and 60 km and 20 km at 80

in May appears clearly above the others. Those results are ignq 100 km. Aerosol forcing has been calculated as
relatively good agreement with Pey et al. (2013), in which

the contribution of MD has been estimated monthly from 10 A fgop = (FéVOA b —F¥a T) — (Foa ¥ —FSon T) (1)
years of ground-based measurements ofifiM several ar- and

eas across the Mediterranean Basin, in spite of the differ-

ences between the two approaches: we refer here to the totd F70a = (Fioa + —Ffoa 1) = (Ffoa V —Ffoa 1) (2)
columnar amount of MD, while Pey et al. (2013) refers to the = — (F'IWOA 0 _F$OA T) ,

amount of MD at ground level.

The extinction coefficienty, normalized to that at 500 nm, where FW and F° are the radiative fluxes with and without
the scattering albedayg, and the asymmetry factog, are  aerosols, respectively. Theand4 arrows indicate whether
calculated using a Mie code in a tunable range of 115 wavethe fluxes are downward or upward, respectively. The sim-
lengths. The size distribution is integrated between radius oplification of Eq. (2) implies the assumption that the amount
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of the incoming solar radiation at the TOA is equal for both Zhao et al., 2011). Indeed, Dufresne et al. (2002) have shown
cases with and without aerosols. With this convention, a negthat the TOA LW RF could be increased by about 50 % when
ative sign of AF implies an aerosol cooling effect indepen- this process is taken into account. The scattering effect is in-
dently of whether it occurs at the BOA or at the TOA. In cluded in the sensitivity study proposed in this work, but the
Sect. 5, the SW spectral component is also estimated to quarstudy has been refined with respect to Dufresne et al. (2002)
tify the LW/ SW forcing ratio. Both the SW and LW spec- to be more representative of long-range transported MD:
tral components have been treated separately. A descriptioBufresne et al. (2002) used an AOD of 1 at 500 nm which is
of the model in the SW spectral region (0.2—-4 um) can bemuch higher than the mean AOD of 0.37 of our MD model.
found in Roger et al. (2006), Mallet et al. (2008) and Sicard The spectral optical properties of aerosols are defined for

etal. (2012). each atmospheric layer where dust is present, including the
S moments of the phase function, the single-scattering albedo
3.1 Model description in the LW spectral range and the extinction optical depth (the total columnar AOD is

o . assumed to be distributed vertically homogeneously within
GAME accounts for thermal emission, absorption and scatyne qust layer). The moderate spectral resolution of GAME

tering, as well as their interactions, using the Discrete Ordi-makes it possible to account for the spectral variations of
nates Method (DISORT) (Stamnes et al., 1988). This accuyerosol properties, especially in the infrared window.

rate method makes it possible to calculate solar and thermal

infrared fluxes (from 0.2 to 50 um) at any atmospheric level3.2 Model parameterization

with the assumption of a vertically inhomogeneous media,

stratified into plane and homogeneous layers. In addition, théesides aerosol optical properties, the RTM is sensitive to at-

GAME code has a fixed spectral resolutigtn(= 20 cm 1) mospheric parameters such as the relative humidity and the

over the whole infrared spectral range. air temperature profiles, the surface emissivity and tempera-
Gaseous absorption §8, CO,, O3, N2O, CO, CH, and ture or the aerosol vertical distribution. Some other parame-

N») is treated from the correlateddistribution (Lacis and  ters (e.g. the sun position) are involved in the calculation but

Oinas, 1991). Considering a layer at pressBrand temper-  are not commented on here, because they have a negligible

atureT, the transmission function for a spectral intergal effect on the LW RF.

is approximated by an exponential summation over a limited

numberN of absorption classes as 3.2.1 Atmospheric profiles
N In a first approximation the RTM model was run with a mid-
Tay(P,T) = Zai exp—ki(P, T)u(P,T)], 3) latitude summer (MLS) profile taken from the US Standard
i=1 Atmosphere, 1976 model (McClatchey et al., 1972). In order

) , to check how the model compares to real atmospheric pro-
with u the absorber amount. The weightrepresents the a5 \ve use the results from Sicard et al. (2013) in which the
probability associated to the mean absorption coeffidient | g profiles are compared to the seasonal mean profiles of
fpr each absorption clagsThe coefﬂuents of the exponen- temperature, pressure and relative humidity measured by ra-
tial series ¢ andki) have been determined with reference yjngoundings launched every day in Barcelona between June
calculations from a line-by-line (LBL) code (Dubuisson et 5408 and February 2013 at 12:00 UT. The mean profiles of
al., 1996, 2005), using the spectroscopic database HITRAN}q igined spring and summer seasons have also been calcu-
(Rothman et al., 2009). The coefficientsandki are then  |51eq as the spring and summer seasons represent together

calculated for a set of reference pressuteand tempera- 14 thirds of the MD frequency in Barcelona (see Sect. 2.3).
tureT with the LBLDOM (LBL Discrete Ordinates Method) | general the MLS model overestimates the values of tem-

code (Dubuisson et al., 1996). Thalistribution coefficients  ,eratyre and relative humidity at all heights and for all sea-
are available upon request to the authors. For a given atmoggns while the profiles of pressure are all similar. Similari-
spheric profile, these coefficients are calculated using interies were found between the MLS and the summer temper-
polations. Note that the correlatéedistribution technique  a¢re profiles and between the MLS and the autumn relative
makes it possible to account for interaction between gaseoug,midity profiles. Those similarities have a direct impact on
absorption and multiple scattering with manageable cOMynq |\ RF also given in Sicard et al. (2013) as a function
puta_’uona! time. In addryon, the impact of the ab;orptlon of wavelength: the MLS and the summer profiles give very
continua is modelled using the CKD (Clough, Kneizys and gimijar RF at the BOA, while the best agreement at the TOA
Davis) formulat|op (C'OUQ*_‘ et al., 1989). , is obtained for the autumn season. The largest difference be-
One of the main specificities of the GAME code in the yeen the MLS and the spring—summer period occurs at the
LW range is the complete representation of the LW aerosohga gnd nearly reaches 30%. Because the MLS and the

scattering which is most of the time neglected in regionalgping_summer profiles give quite different RF, the latter are
and global climate models in spite of its effect on the LW | ,caq'in the sensitivity study.

RF (Yu et al., 2006; Yoshioka et al., 2007; Lau et al., 2009;

Atmos. Chem. Phys., 14, 9213231, 2014 www.atmos-chem-phys.net/14/9213/2014/
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Table 2. Generic parameters for the sensitivity study. The parameters from CERES are accompanied by a standard deviation.

Value Source
Atmospheric profiles Fig. 4 in Sicard et al. (2013)
Surface albedo 0.017+0.001 CERES spring—summer
Surface temperature 297.49+7K CERES spring—summer
Aerosol vertical distribution  1.5-3.5km Adjusted to model levels after Papayannis et al. (2008)
Zenith angle o -
3.2.2 Surface properties mean is 1434 + 441 m and the top mean is 3608 £ 1605 m. In

order to adjust those layers to the vertical levels defined in

Contrary to the short-wave region, where the albedo (or re<GAME, the MD vertical distribution in Barcelona has been
flectivity), o, can be highly directional, in the LW it is pos- set to 1500-3500 m. Below 1500 and above 3500 m, it is as-
sible to approximate the surface as Lambertian. If Earth issumed that no aerosol is present. In those layers the extinc-
considered in thermodynamic equilibrium, the emissivity, tion coefficient has a mean value 70 Mm~1 with peaks
is related to the albedo by=1— p. The surface emissiv- that can exceed 100 Mn# (Sicard et al., 2011).
ity has been calculated as the mean of the surface emissiv-
ities available in the Single Scanner Footprint (SSF) Level2
products of the CERES (Clouds and the Earth’s Radiant En4 Sensitivity study in the long-wave spectral range
ergy System) sensor in the spectral range of its WN “win-
dow” (8.1 to 11.8 um) for the seasons of spring and sum-The MD model parameters and the generic parameters of the
mer between June 2007 and May 2012. The surface emissensitivity study are given in Tables 1 and 2, respectively.
Sivity is Computed based on observed CERES scene type&igures 6 and 7 show the LW RF as a function of different
MODIS (Moderate Resolution Imaging Spectroradiometer)Parameters. The sensitivity study is motivated by the effect
imager data and a lookup table of spectral albedo (emissivof large particles on the LW RF through their radiative prop-
|ty) for each scene type More details can be founutm: erties stressed by several authors (Otto et a.l., 2007, 2009,
Ihwww-surf.larc.nasa.gov/surf/pages/explan.hffile corre- ~ 2011; McConnell et al., 2008; Ryder et al., 2013b). However,
sponding surface albedo over the Barcelona region is 0.0170ther parameters on which the LW RF is dependent, such as
The associated standard deviation is 0.001, indicating a ver$he aerosol load, the coarse/fine mode concentration ratio, the
low variability of this parameter (its minimum and maximum @aerosol vertical distribution, the surface temperature and the
values are 0.013 and 0.018, respectively). The value of 0.01urface albedo, are also studied.
is lower than values of soil albedo based on 58 data sets of Figure 6 shows the LW spectral RF as a function of wave-
ASTER in the same spectral range shown in Otto et al. (2011)ength at the BOA and at the TOA, and for the fine and the
and is representative of a mixture of ocean and land. Indeeg§oarse mode. Most of the forcing occurs in the atmospheric
CERES SSF Level2 products are given for a spatial resoluWindow of 8 to 13 pm where large spectral variations of the
tion equiva|ent to its instantaneous footprint, 38 by 31km refractive index occur (See Sect. 21) The Spectral forCing at
at nadir, which covers a |arge area encompassing the city oqhe surface is about twice as high as at the TOA. This is due
Barcelona. to the fact that the main source of LW radiation, the Earth, is

The surface temperature was also calculated as the medﬂose to the lowermost aerosol Iayers. Atthe TOA, the overall
of the surface temperatures available in the SSF Level2 prodeffect of aerosols is to reduce the upward long-wave radiation
ucts of CERES for the same seasons of spring and sumemitted by the surface through absorption and scattering. At
mer. The surface temperature contained in those files is basdfie TOA large particles have also a non-negligible effect on
on the Global Modeling and Assimilation Office (GMAO)'s the spectral RF in the 17 to 22 um range. At both the BOA
Goddard Earth Observing System (GEOS). The mean surand the TOA the effect of small particles represents approxi-
face temperature over the Barcelona region is 297.49 K withmately 10 % of the LW spectral RF.
an associated standard deviation of 7 K (minimum and max- The LW RF atthe BOA and the TOA as a function of AOD

imum values of 279.64 and 318.52K, respectively). Thoseat 500 nm is shown in Fig. 7a. As the height of the MD layer

values are summarized in Table 2. (1.5-3.5km) is relatively close to the surface where the main
source of LW radiation is, the MD layer produces a LW RF
3.2.3 Aerosol stratification at the surface higher than at the TOA.

Figure 7b shows the behaviour of the RF as a function
The aerosol vertical distribution was set to the MD layer of the MD layer height, assuming a MD layer thickness of
characteristics based on observations over a period of 3 yeaflskm. Aerosols scatter, absorb and re-emit radiation in all di-
(Papayannis et al., 2008). In Barcelona, the MD layer baseections. A temperature effect on the forcing at the surface is
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Figure 7. LW RF as a function ofa) AOD at 500 nm{b) MD layer height assuming a 1 km thicknegs),particle median radius maintaining
and(d) maintaining the volume constarfe) coarse/fine-mode rati¢f) surface temperature arid) surface albedo. The legend(a) is the
same for all the plots. Ifd), the lines in grey represent the RF without considering the aerosol scattering properties. The red arrows indicate

the values taken for the MD model.

clearly visible: the lower the aerosol layer, the higher its tem-Forrg < 0.02 umN has to be larger thar 1000 cnt3. This
perature, and therefore the higher its absorption. This effecvalue of N was measured by Wagner et al. (2009) inside a
is well reproduced in Fig. 7b where the LW RF at the BOA dust plume with an AOD of- 0.4 at 440 nm (higher than the
is high near the surface and decreases with increasing heigf®tOD of 0.37 at 500 nm of our MD model) for submicron
while at the TOA it behaves oppositely. It is believed that the particles. Thus we set this value 8f as the upper limit be-
forcing at the TOA is driven by scattering since in our MD yond which Fig. 7c stops from having a physical meaning.
model the scattering occurs preferably in the forward direc-In the figure the region in whiclv exceeds that limit, and
tion (g ~ 0.5 in the 8 to 13 um range, Fig. 5). therefore the curves lose their physical meaning, is marked
Figure 7c shows the particle size dependency of the LWhy a semi-transparent, grey rectangle and is not discussed
RF for a constant AOD of 0.37 at 500 nm. The size distri- in the following. Between 0.02 and 0.5 pum in radius and in
bution is assumed to be monomodal and the AOD is mainthe LW spectral range the absorption coefficient decreases
tained constant by adjusting the particle numberTo main-  and the single-scattering albedo increases from nearly zero.
tain the AOD constant for small particles, it is necessary toFrom 0.5um, the absorption as well as the scattering in-
increase the particle number to unrealistically large valuescrease, hence the increase in the RF seen in Fig. 7c. We note
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that the LW RF of the MD modeH(6.02 W n12 at the BOA 8
and+3.58 W nT 2 at the TOA, see the RF in Fig. 7a at the red
arrow) falls between the two red arrows indicating the fine 71 1
and coarse mode of the MD model. The increase of the LW
RF for radii > 0.1 pm up to values of 20 W m2 at the BOA 6 1
and~ 11 W2 at the TOA are quantitatively and qualita-
tively in good agreement with the calculations of LW RF by
Otto et al. (2011) for various particle diameter (see the plots
over land in Fig. 14 of that reference).

Figure 7d shows the LW RF as a function of the particle
size maintaining constant the volume occupied by the par-
ticles. The AOD is no longer constant. A monomodal dis-
tribution is considered. We depart from particles with a me-
dian radiusy = 1 pm and calculate the particle numbat,
necessary to obtain an AOD of 0.37. For all the values of
rg explored in Fig. 7d the produc(trg)3 x N is maintained ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
constant and equa| toé)B X N/. The standard deviation of 0 300/0 300/0 300/0 _300/9 300/0 390{0 300/0 39(1)/0 300/0 300/0 300
the size distribution is maintained constant. Here again, it Extinction coefficient [Mm -]

is necessary to increase the particle number to unreaIIStIFigure 8. Lidar-derived profiles of the aerosol extinction coefficient

cally large values to maintain the produgg)® x N constant  for the 11 cases. The case number is indicated below the upper ab-
for small particles: the limit ofv = 1000 cm 3 is reached  scissa axis.

for particles with a radius of 0.03 um. The semi-transparent,
grey rectangle in Fig. 7d represents the region whérex-
ceeds that limit and where the figure is not discussed. We Finally, Fig. 7f and g show the LW RF as a function of
have mathematically checked that maintaining constant théhe surface temperature (in the range 02@pand the sur-
volume occupied by the particles is equivalent to maintain-face albedo (in the range 0-0.3), respectively. The range of
ing constant the volume concentratiéq. For particles with  the surface albedo was chosen according to the results from
a radius lower than 0.1 um nearly all the extinction is dueWang et al. (2005) in which the spectral emissivity of many
to absorption ¢g = 0), while for greater radius the optical kind of ground materials has been estimated and is always
properties are similar to those of Fig. 5. For very large parti-larger than 0.7 in the spectral range from 3 to 14 um. From
cles ¢g > 10 um),wo ~ 0.5 andN is very low. This produces  Fig. 7f the LW RF at the TOA is more sensitive to surface
the LW RF to be nearly 0. In Fig. 7d the LW RF neglecting temperature change than the LW RF at the surface. This fig-
scattering (grey lines) clearly show that for radii lower than ure illustrates well the works from Dufresne et al. (2002) in
0.1 um the scattering properties have no effect on the LW RFwhich a simple conceptual model formalizes that sensitivity:
For radii greater than 0.1 um, the scattering effect contributeshe LW RF at the TOA is proportional to the absorption and
to the LW RF up to 18 % at the BOA and up to 38 % at the reflection coefficients of the aerosol layer (that multiplies the
TOA. The highest contribution is reached for particles with upward irradiance at the surface which depends directly on
a radius of 0.5 um, which is close to the coarse radius of outhe surface temperature) whereas at the BOA it is propor-
MD model, 0.649 um. This point emphasizes the importancetional to the reflection coefficient. Figure 7g shows that the
of the scattering effect when studying the LW RF of long- LW RF decreases with increasing surface albedo. This result
range transported MD. was expected since as the surface albedo increases, its emis-
Figure 7e shows the LW RF dependency on the ratio ofsivity decreases and therefore less LW radiation reaches the
coarse to fine mode particle concentratinfy,/ Ns. One sees aerosol layer.
that the amount of RF produced by small particles is less than
14 % at the BOA and less than 10 % at the TOA compared to
that produced by large particles. Figure 7e follows the sames  Application to real cases over Barcelona
shape as the single-scattering albedo veiysNs at 8.5 um
for the “Sahara dust—Barbados” aerosol type shown in SokoThe RF is estimated for 11 real cases of MD outbreaks in
lik et al. (1998). According to the results from Sokolik et Barcelona which took place between 2007 and 2012. All
al. (1998) (o versusN./Ni nearly constant at 11 and 12 pm, cases are documented by lidar, sun-photometer, radiosound-
and increasing at 8.5 um), we conclude that the increase ahgs and CERES SSF Level2 products and have been iden-
RF with increasingV./ Ns is mostly due to the low values of tified as MD outbreaks by applying the method described in
the single-scattering albedo around the wavelength of 8 unGobbi et al. (2007) (see Sect. 2.2). Both the SW and LW ra-
(see Fig. 5). diative forcings have been calculated with the GAME code
and are reported in Table 3. Except cases 7 and 8 which are

1 2 3.4,5}6 7 8 9 10 11

a1
I

Height agl [km]
B

w
T
L
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Table 3. Instantaneous radiative forcing (last four columns) estimated for the 11 cases for which the MD layer radiative properties have
been calculated. Time refers to the lidar start time (all lidar measurements are of a duration of 30 min). AOD is the AOD measured by the
sun-photometer at 500 nnA# is the overall thickness of the MD layer. SA is the surface albedo calculated from the surface emissivity
measured by CERES. ST is the surface temperature measured by CERES. Mn stands for “mean”.

Case Day Time AOD Ah SA ST BOASW TOASW BOALW TOALW
km] [°K] [Wm~2]
1 21/05/2007 16:11 0.28 4.95 0.017 298.04-54.8 —155 +6,9 +2,1
2 24/05/2007 17:26 0.31 2.76 0.018 298.20-36.5 —18,6 +6,2 +1,6
3 08/09/2008 17:32 0.34 3.60 0.018 300.74-2.8 —4,0 +5,2 +2,3
4 15/10/2008 17:25 0.39 3.75 0.018 297.15-1.9 -34 +4,5 +1,2
5 12/09/2009 17:45 0.38 5.80 0.018 293.80-53.1 —24.,6 +5,9 +1,5
6 21/07/2009 1824 0.38 5.83 0.017 301.15-55.4 —22.8 +7,4 +5,2
7 22/07/2009 12:12 059 4.62 0.017 301.49-93.1 +8,5 +10,2 +5,8
8 12/04/2011 09:53 0.17 3.06 0.018 292.29-24.4 —-6,6 +2,8 +0,6
9 22/08/2011 18:05 0.24 4.65 0.018 302.63-16.9 —-16,3 +4,3 +2,2
10 01/09/2011 18:54 0.23 3.55 0.017 300.68-0.5 -13 +3,7 +1,5
11 28/06/2012 18:47 050 4.33 0.018 302.05-12.1 —-16,4 +9,3 +4,2
Mn - - 0.35 426 0.018 298.93 —31.9 —11.0 +6.0 +2.6

Table 4. Parameters of interest for the calculation of the SW ra- radiative properties in the SW spectral range are given in
diative forcings for the 11 cases. Time refers to the lidar start timeTable 4. The AERONET-derived single-scattering albedo at
(all lidar measurements are of a duration of 30 mify)is the solar 440 nm varies essentially between 0.90 and 0.94, except for
zenith angle. AOD is the AOD measured by the sun-photometer at.55e5 6 (0.79) and 7 (0.83) which are cases of MD with strong
500 nm.wg andg are, respectively, the single-scattering albedo andabsorbing properties — see Sicard et al. (2012) and the dis-
the asymmetry factor retrieved by the sun-photometer at 440 NM.ssion hereafter. The AERONET-derived asymmetry factor
Mn stands for “Mean’. at 440 nm is quite stable between 0.71 and 0.77. While our
Case Day Time 6, AOD 2 values ofwg are in agree_ment with the values_ of Valenzuela
[°] et al. (2012) measured in Southeastern Spain, our values of
g are higher — Valenzuela et al. (2012) found values; of

L 21/05/2007 16511 %68 028 091 0.71 at 440 nm of 0.70+0.02. That difference is probably the re-
g Sg’;ggggg; ggg g;:g 8:;11 8:8; 8:;2 sult of their_less restrictive_z dust classification method based
4 15/10/2008 1725 888 039 094 076 on back-trajectory analysis. The range of our values®f

5 12/05/2009 17:45 80.3 038 093 0.74 andg is in total agreement with the calculations of the same
6 21/07/2009 1824 77 038 0.79 0.75 parameters derived from measured size distribution inside a
7 22/07/2009 12:12 21.1 059 083 0.77 dust plume over the Canary Islands (Otto et al., 2007).

8 12/04/2011 09:53 41.0 0.17 094 0.71 In order to check the suitability of GAME to estimate

9

22/08/2011 18:05 83.3 0.24 0.92 0.72 correctly the outgoing LW radiation (OLR) at the TOA,

10 01/09/2011 18:54 86.2 0.23 093 0.72 fluxes simulated with GAME are compared to those mea-
11 28/06/2012 18:47 86.1 050 091 0.74 sured by CERES (Fig. 9) for the 11 cases. At the surface
Mn - - 035 080 074 such a comparison is not possible because of the lack of
flux measurements in the LW spectral range in Barcelona.
CERES measurements are either from the AQUA satellite
. . . (overpass over Barcelona between 1200 and 1300 UT) or
at mornlpg/noon time, all cases are in the afternoon. Th(;Trom the TERRA satellite (overpass over Barcelona between
AQD varies l_)etween 0.17 {case 8) and 0.59 (case 7). TheiOOO and 1030 UT). The uncertainty on CERES OLR has
mean value is 0'35’. close to the value founq for_the I\/lDbeen calculated as 2.9 % of the OLR value. This uncertainty
mOde.I (0.37). The thickness of the MD layers is quite Iarg(."\:corresponds to the CERES instantaneous LW TOA flux
it varies between 2'75 (case .2) and 5.83km (case 7). I:'g[mcertainty for Terra Angular Distribution Models (ADMs),
ure 8 shows the vertical profiles of the 11 cases. A large

variability of the dust vertical distribution is observed: the in the mid-latitude region and for clear-sky available at
top of the MD layers varies between3.3km (case 2) and https://eosweb.larc.nasa.gov/sites/default/files/project/ceres/

72k 6). Inside the | h fincti ici tquality_summaries/ssf_toa_terra_edzB.ﬁ'dfe time differ-
-cKm (case 6). Inside the layers the ex Inction coeticienty , -e phetween CERES and the lidar measurements (taken as
varies commonly between 50 and 180 Mhwith peaks up

L the instantaneous simulation time in GAME) is not relevant
to 250Mnt 1 (case 4). Some characteristics of the aerosol )
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Figure 9. Comparison of the outgoing LW radiation simulated by
GAME with that measured by CERES at the TOA. The number 10,0 +
beside each diamond is the case number (see Table 3). _. 50
E o0 W I
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— neither in terms of solar LW radiation since the latter is I,,;g—»lo,o »
nearly constant during daytime hours, nor in terms of surface < 150
albedo since the latter is also quite constant (see Sect. 3.2.2] 20,0
The only parameter on which the time difference could have
an impact is the surface temperature. Another difference
is the spectral range: CERES measurements are in the
spectral range of its WN “window” defined between 8.1 and
11.8 um whereas the fluxes calculated by GAME are in the (©) 1200
range 8.06—11.9 um. Figure 9 shows a moderate variability
of the points around the 1/1 line which is reflected by a
root mean square (rms) of 2.52Wth However, there 80,0 -
are approximately the same number of points above and g
below the 1/1 line which means that GAME OLR does not 3 %0
=

|| mTOA LW

22,0 B TOASW

-30,0

258 %209 %243 %119%351%12% 26% 15% 12% 7% 4%
100,0

present a systematic bias compared to CERES OLR. The BATM LW

normalized bias, equal te-0.8 %, is very low indeed. We & HATM SW
would like to draw attention to the difficulties of extracting 20,0 I I I I
. -
1 9 8 2 5 1 6 7

any magnitude from CERES footprint radiance in coastal

areas, such as Barcelona. In such areas some footprint 00 T
10 4 3

are not representative either of land or of sea because the! g
contain information from both sources. Except for cases

1, 5, 6 and 11, GAME OLR falls within the CERES error Figure 10. Instantaneous SW and LW RE) at the BOA, (b) at

bar. The quantitative agreement between the observed arifie TOA and(c) in the whole atmosphere for the 11 cases. The case

modelled OLR provides an important check on the accuracy‘”mber (see Table 3) is indicated below the abscissa axis. The cases
of GAME. are ordered by increasing SW RF (in absolute value) at the BOA.

To perform the LW calculations with GAME, the refrac- Percentages on top of the graphs represent the LW/ SW forcing ra-

tive index has been taken as in Table 1. The MD size distribu-

tion and concentration were taken from the AERONET sun-

photometer level 2.0 inversion products the closest in time

to the lidar measurement time. For each case the profiles ofertical distribution was retrieved by means of lidar-derived
pressure, temperature and relative humidity were taken fronextinction profiles at 532 nm.

the radiosoundings at 1200 UT of the corresponding day. The The SW and LW RF calculated by GAME at the BOA and
surface albedo was calculated from the surface emissivityat the TOA for the 11 cases of MD are given in Table 3 and
available in the CERES SSF Level2 products. The surfacegepresented in Fig. 10a and 9b. The RF of the aerosols in the
temperature was taken from the same products. The AODQwhole atmospheric column is represented in Fig. 10c. At the
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BOA (Fig. 10a) the SW RF has always a cooling effect andfor the three cases with low SW RF. In the other cases (ex-
varies from—93.1 to—0.5 W n 2 while the LW RF has al-  cept case 7) the LW contribution varies between 6 and 26 %
ways a heating effect and varies frop2.8 to+10.2 W nT 2. (with opposite sign). Di Sarra et al. (2011) found instanta-
The range of values of the SW RF is consistent with forc-neous LW/SW RF ratio at the TOA of the order of 17 %
ing measurements made in southwestern Spain during that Lampedusa. Perrone and Bergamo (2011) found values
summer season (Horvath et al., 2002; Cachorro et al., 2008pf 8-14 % in a coastal city in southern Italy. Case 7, thor-
in a coastal city in southern Italy (Perrone and Bergamo,oughly documented in Sicard et al. (2012), presents the high-
2011), over a French Mediterranean coastal zone (Saha st AOD, the second lowest single scattering albedo (0.83
al., 2008) and with Meloni et al. (2003) who found at the is- at 440nm) and the highest imaginary part of the refrac-
land of Lampedusa-70.8 W nT?2 at the BOA for an AOD tive index (0.01 at 440 nm). By comparing those results to
of 0.511 at 415nm. It is interesting to compare those num-other studies such as Dubovik et al. (2002) and by looking
bers to the summer, regional mean value over the broadesit CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Mediterranean Basin 0£26.5W n2 found by Papadimas Satellite Observations) aerosol subtyping observations and
et al. (2012). The values of the LW RF are consistent withMODIS (Moderate Resolution Imaging Spectroradiometer)
results obtained by Liao and Seinfeld (1998) and Highwoodimages, Sicard et al. (2012) concluded that the strong absorb-
et al. (2003) among others. At a regional scale over Wesing properties of that case might be due to a mixing of dust
Africa and during an intense dust event, Mallet et al. (2009)with polluted and smoke aerosols. Such a case is remarkable
found an instantaneous (at noon) SW RF at the BOA simi-since the strong absorbing properties counteract the usually
lar (—86.6 Wm2) to case 7 for an AOD of 0.6 at 560 nm predominant scattering ones resulting in an unusual positive
and a LW RF larger{15.9Wn1?2). In the cases with low SW RF at the TOA. One sees that cases 6 and 7 which have
SW RF (3, 4 and 10) and thus with less impact on the Earththe highest vertical extension of MD (see Fig. 8) produce the
radiative budget, the LW RF is higher than the SW RF (in ab-strongest LW RF at the TOA (see Table 3) as expected from
solute values). The lower SW RF calculated for those casethe sensitivity analysis (see Fig. 7b).

is due to the low incoming solar radiation at the date and The contribution of the aerosols in the whole atmospheric
time of the RF estimation. All three cases are in the after-column is quantified by the atmospheric forcidgfarm , de-
noon and in September or October: cases 3, 4 and 10 havefmed as

solar zenith angle of 88.3, 88.8 and 86, Bespectively. In the F — AFros— AF @)
other cases the LW RF represents between 11 and 26 % (with / A™ = AFToA BOA:

opposite sign) of the SW RF, except in case 11 for which theThe atmospheric forcing is shown in Fig. 10c. If we leave
LW contribution is 77 % (with opposite sign). Di Sarra et aside all cases for which the SW atmospheric forcings are
al. (2011) found instantaneous LW / SW RF ratio at the BOA low, i.e. |AFarm| <+5Wm™2 (cases 3, 4, 9, 10 and 11),
on the order of 20% at Lampedusa. Perrone and Bergamthe SWA Farwv is positive and ranges from17.8 to+39.3
(2011) found values of 9-22 % in a coastal city in southern(for case 7 it is exceptionally hight101.5W n12, since
Italy. We note that the SW RF of case 11 is the lowest onethe two components at the BOA and at the TOA sum up).
(—12.1Wn1?) after the cases 3, 4 and 10. The highest LW For comparison, these values are found to be consistent with
RF (+-10.2 W n1?) is produced by the case with the highest those obtained by Mallet at al. (2008) who measured at-
AOD (case 7) as expected from the sensitivity analysis (seenospheric forcings slightly highes-43.1 W2, near the
Fig. 7a). Note also that case 2, the case with the lowest verdust source and for higher aerosol loads (AOD of 1.06 at
tical extension of MD (see Fig. 8) produces a relatively high 440 nm). Papadimas et al. (2012) found a summer, regional
LW RF (+6.2 W n12) at the BOA because of its proximity mean atmospheric SW RF over the broader Mediterranean
to the surface (see Fig. 7b). Basin of +20.1Wn12. The LW AFaryv is negative rang-

At the TOA (Fig. 10b) the aerosols have also a coolinging from —4.8 to —2.2Wn1 2, and represents between 4
effect in the SW spectral range (except for case 7, see explaand 26 % (with opposite sign) of the SW component. Di
nation below) with a RF ranging from24.6 to—1.3 W n1 2. Sarra et al. (2011) found instantaneous LW/SW RF ra-
Comparable values were found in a coastal city in south-tio in the atmosphere of the order of 24 % at Lampedusa.
ern ltaly (Perrone and Bergamo, 2011) and over a Frenclt8lingo et al. (2006) demonstrated that, in high MD loads
Mediterranean coastal zone (Saha et al., 2008). Here again {i. < AOD <4), RTM underestimate slightly the solar absorp-
is interesting to compare those numbers to the summer, retion within the atmosphere. Assuming that this tendency per-
gional mean value over the broader Mediterranean Basin osists in cases with lower MD loads, SWFarv might be un-
—6.3Wnr 2 found by Papadimas et al. (2012). In the LW derestimated and therefore the LW /SW ratio overestimated.
spectral range they have a heating effect with a RF ranging The aerosol heating/cooling rate has been computed from
from +0.6 to+5.8 W nT 2. The LW values are comparable to GAME as described in Roger et al. (2006). The profiles
estimations made from satellite data by Zhang and Christoof heating/cooling rate are shown in Fig. 11. For the sake
pher (2003) and near the MD source region (Highwood etof clarity all cases are not plotted in the figure. The cases
al., 2003). Here again the contribution of the LW RF is high with low SW RF (cases 3, 4 and 10) have been discarded.
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10 and based on almost 8 years of AERONET sun-photometer

measurements. It shows that:

— The LW RF has a quasi-linear relationship (with a pos-
itive slope) with the AOD both at the BOA and at the
TOA.

— The closer the dust plume to the BOA/TOA, the high-
est the LW RF at the BOA/TOA. A mid-point exists at
~ 3.5km where the LW RF at the BOA and at the TOA
are equal.

Altitude [km]
(9]

— The LW RF is highly dependent on the coarse mode of
the dust size distribution: it becomes significant for radii
greater than 0.1 um and increases strongly up to radii of
1 um. Between those two radii the dust absorption and
the scattering increase.

-0.2 0.2 0.6 1.0 14 1.8 2.2

Aerosol heating/cooling rate [K-Day"] — The LW RF becomes significant for coarse/fine mode

ratio, Nc / Nf, greater than 10% and increases strongly
Figure 11. Aerosol heating/cooling rate in the LW (red lines) and up to 102 The LW RF produced by MD with a

in the SW (blue lines) spectral range for case 11 (strongest SW RF  size distribution dominated by small particles represents
at the BOA, dashed line), case 7 (lowest SW RF at the BOA, dotted only 14% at the BOA and less than 10% at the TOA
line) and the mean of all cases, excepting cases 3, 4 and 10 (solid compared to that produced by a size distribution domi-
line). nated by large particles.

— For radii lower than 0.1 um the scattering properties
Among the other cases we have represented the case with have no effect on the LW RF. For radii greater than
the strongest (in absolute value) SW RF (case 11), the one 0.1 pum, the scattering effect contributes to the LW RF
with the lowest SW RF (case 7) and the mean of all cases.  up to 18 % at the BOA and up to 38 % at the TOA. The
The amplitude of the SW heating rate of case 11 is simi- highest contribution is reached for particles with a ra-
lar to that estimated by Guerrero-Rascado et al. (2009) of a  dius of 0.5 um.

dust intrusion in southern Spain with similar AOD. The mean

SW heating rate profile reaches 0.55-0.57 Kdaletween The short-wave and long-wave direct radiative forcing of
4 and 6 km, while the mean LW cooling rate profile reachesMineral dust has been estimated in 11 daytime cases over the

—0.07 K day ! between 1 and 3km. For all cases the peak Ofperiod 2007-2012 in Barcelona. Measurements from lidar,

the SW heating rate profile occurs at a higher altitude than théUn-photometer and satellite were used to constrain the ra-
peak of the LW cooling rate profile. Quantitatively, the mean diative transfer model. We have found that the LW RF varies

profile is in good agreement with results from Fougquart etPetween+2.8 and+%0.2Wm‘2 at the BOA and between
al. (1987), for example, who found daily averaged SW heat-10-6 and+5.8Wnr= at the TOA. This represents between
ing rate of 0.7 K day® and LW cooling rates of 0.2 K day 11 and 26 %_(W|th opp.osng sign) at the BOA and between 6
for a SW AOD of 0.32. A heating, related to the tempera- 21d 26 % (with opposite sign) at the TOA of the SW com-
ture gradient between the ground and the atmosphere, is vi®0nent. The LW/SW ratio has no marked tendency with in-
ible near the surface for both cases 7 (0.1 Kdgyand 11 C€reasing SW RF, neither at the BOA, nor at the TOA. The

. . B 2
(0.12 K dayY). This is not systematic for the other cases. ~ -W atmospheric forcing varies from4.8 to —2.2Wmn~,
while the atmospheric LW /SW ratio varies from 4 to 26 %

(with opposite sign) and roughly decreases with increasing
6 Conclusions SW RF. As the LW/SW ratio can reach 26 % at all levels
(BOA, TOA and in the atmosphere) it is recommended not to
This work quantifies the sensitivity of the aerosol direct LW neglect the direct LW radiative forcing produced by mineral
RF including absorption and scattering effects to MD par-dust even in daytime studies, unless the authors can explic-
ticle microphysical and optical properties, dust plume loaditly demonstrate that its contribution is small compared to the
(in terms of AOD) and height, as well as surface temperatureSW forcing.
and surface albedo. The sensitivity study was performed with
a particle model (fine- and coarse-mode radius of 0.057 and
0.649 um, respectively, and AOD of 0.37) representative of
the typical long-range transported mineral dust in Barcelona
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The aerosol properties to which the LW RF is sensitive,
such as size distribution and concentration, are highly vari-
able with transport. Because of the lack of knowledge of the
aerosol properties in the LW range, MD particles remain dif-
ficult to accurately parameterize at a large geographical scale
in regional and global climate models: the dust load and size
distribution as well as the height of the dust plume, on which
the LW RF is strongly dependent, are spatially highly vari-
able. In that sense, this study may help to estimate the LW
component of the net (short-wave plus long-wave) radiative
forcing in other Mediterranean regions where the dust load is
similar to that of Barcelona.

Atmos. Chem. Phys., 14, 9213231, 2014
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Appendix A: AERONET size distributions are bimodal The standard deviation associateadas
volumetric lognormal distributions
0g=0v. (A3)
av(r) ON(r) 4 30N(r) The volume concentratiorGy, refers to the integration of
=V =_7nr , (A1) . A 2
alnr dlnr 3 dlnr the volumetric lognormal distribution between minimum and

where V is the volume,r the particle radius anav the maximum radius:

particle number. The definitions of the volume median ra- Tmax

dius, ry, and its associated standard deviatiop, can be ¢, = /

found at http://aeronet.gsfc.nasa.gov/new_web/Documents/

Inversion_products_V2.pdfThe fine- and coarse-mode sep-

aration technique is also explained in the same reference. Therom Egs. (3) and (6) the particle number is derived from

median radius of the lognormal distribution (input of the Mie

code) relates toy andoy as N = 3Cv ) (A5)
27r3e= 20V [erf('”rm%;'”m) - erf('“’my;“’v)]

(o}

aV(r)
alnr

dlnr. (A4)

Tmin

rg= r\/ef?’(ln”g)z. (A2)
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