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Abstract. As part of the international project entitled ranging from 268 to 461 cr?, but highly elevated volume
“African Monsoon Multidisciplinary Analysis (AMMA)”,  density with an average at 45 fem—3. NAMMA dust par-
NAMMA (NASA AMMA) aimed to gain a better under- ticle size distributions can be well represented by tri-modal
standing of the relationship between the African Easterlylognormal regressions. The estimated volume median diam-
Waves (AEWS), the Sahara Air Layer (SAL), and tropical eter (VMD) is averaged at 2.1 um with a small range of vari-
cyclogenesis. The NAMMA airborne field campaign was ation regardless of the vertical and geographical sampling
based out of the Cape Verde Islands during the peak of théocations. TheAngstom Exponent assessments exhibited
hurricane season, i.e., August and September 2006. Multiplstrong wavelength dependence for absorption but a weak one
Sahara dust layers were sampled during 62 encounters in thfer scattering. The single scattering albedo was estimated
eastern portion of the hurricane main development regionat 0.97+0.02. The imaginary part of the refractive index
covering both the eastern North Atlantic Ocean and the westfor Sahara dust was estimated at 0.0022, with a range from
ern Saharan desert (i.e., 5222 and 10-35W). The cen-  0.0015 to 0.0044. Closure analysis showed that observed
ters of these layers were located at altitudes between 1.5 argtattering coefficients are highly correlated with those calcu-
3.3km and the layer thickness ranged from 0.5 to 3km. De{ated from spherical Mie-Theory and observed dust particle
tailed dust microphysical and optical properties were characsize distributions. These values are generally consistent with
terized using a suite of in-situ instruments aboard the NASAliterature values reported from studies with similar particle
DC-8 that included a particle counter, an Ultra-High Sensi-sampling size range.

tivity Aerosol Spectrometer, an Aerodynamic Particle Sizer,
a nephelometer, and a Particle Soot Absorption Photome-
ter. The NAAMA sampling inlet has a size cut (i.e., 50%
transmission efficiency size) of approximately 4 pm in diam-
eter for dust particles, which limits the representativeness of,

! - A recent analysis of MODIS (Moderate-Resolution Imag-
the NA.MMA observat|on.al findings. The NAMMA dust O.b.' ing Spectroradiometer) satellite observations indicates that
servations showed relatively low particle number densities

'an average of 244 80Tg of mineral dust is transported
from the Saharan Desert each year downwind over the North
Atlantic by the prevailing trade winds (Kaufman et al.,

Correspondence toG. Chen 2005). These dust outbreaks occur frequently from spring
BY (gao.chen@nasa.gov) to summer and are visually prominent in satellite imagery as
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tions within the MDR are needed to facilitate more accurate
assessments of dust influence on the atmospheric radiation
budget and implications to the development of the Atlantic
hurricanes.

In addition to direct radiative cooling effects, Saharan dust
can affect cloud formation and microphysical properties. Sa-
haran dust is known to act both as efficient ice forming nu-
clei (IFN) at relatively warm temperatures in the upper tro-
posphere (Demott et al., 2003; Sassen et al., 2003; Van
den Heever et al., 2006) and as efficient cloud condensa-
tion nuclei (CCN). Studies have indicated that dust particles
act as CCN at relatively modest water vapor supersaturation

e (Rosenfeld et al., 2001; Twohy et al., 2009), which can affect
" nerosol Optical Thickness precipitation rates, cloud microphysical and optical proper-
ties and, potentially, tropical storm development and intensi-
Fig. 1. Composite images of Terra MODIS AOT of a dust outbreak fication. Zhang et al. (2007) found that dust could actas CCN
across the Atlantic Ocean from 19-22 August 2006. Sunglint isand induce changes in the hydrometeor properties, modify-
shown in white in the middle of the image. ing the latent heat distribution and ultimately influencing the
storm intensity through complex dynamical processes. In
a more recent work, Zhang et al. (2009) showed that dust
illustrated by the August 2006 MODIS observations showncould indirectly affect the eyewall development by modify-
in Fig. 1. The dust is generally thought to be confined to aing the latent heat release in rainbands. Both studies note that
warm, dry “Saharan Air Layer” or SAL, which rides west- more detailed observational information on Saharan dust mi-
ward with the strong and steady North Atlantic trade winds crophysical properties and vertical distributions is needed to
up to approximately 6000 km from the North African coastin further develop a mechanistic understanding of the potential
the summer. The SAL tends to be stable, possibly because afffects of dust on hurricane genesis and intensity.
heating related to enhanced solar extinction by dust, and can A number of recent airborne and ground based field cam-
maintain its integrity over extremely long distances reach-paigns were conducted under the framework of African
ing the western Caribbean Sea (Dunion and Velden, 2004)Monsoon Multidisciplinary Analysis (AMMA) interna-
Using successive CALIPSO observations, Liu et al. (2008)tional project bttp://amma.mediasfrance.oy¢p investigate,
tracked a clearly defined Saharan dust layer from its origin tctamong other things, Saharan dust generation, transport and
the western Gulf of Mexico. regional impacts. These studies were focused over the east-

Ground-based and satellite measurements of aerosol optern Tropical Atlantic and North Africa and carried out var-
cal thickness (AQOT) indicate that Saharan dust layers ofterious measurements of Saharan dust spatial distributions and
cover vast regions of the North Atlantic, which has led many characteristics, including optical, chemical, and microphys-
to speculate that the SAL might have significant direct andical properties. The Dust Outflow and Deposition to Ocean
indirect impacts on regional radiation budgets and hydrologi-(DODQO) campaign was conducted in Dakar, Senegal during
cal cycles, including tropical storm development and intensi-February and August 2006 (McConnell et al., 2008); the Dust
fication. Lau and Kim (2007) noted a strong negative correla-and Biomass-burning Experiment (DABEX) was conducted
tion between dust loading and sea surface temperature (SST) January and February 2006, with an airborne component
in the hurricane development region of the eastern North At-based in Niamey, Niger (Osborne et al., 2008); and the Sa-
lantic. By contrasting 2006 and 2005 satellite observationsharan Mineral Dust Experiment (SAMUM), was also car-
these investigators further conjectured that lower SST andied out in Southern Morocco during May and June in 2006
enhanced Saharan dust in 2006 may have been an importa(tieintzenberg, 2009). To specifically improve understand-
factor for the decreased hurricane activity in that year (Lauing of the relationship between the African Easterly Waves
and Kim, 2007) as compared to 2005, which had one of thgAEWS), the SAL, and tropical cyclogenesis, the NAMMA
most active hurricane seasons in recent history. In a latefNASA AMMA) field campaign was based on the Cape
study, Sun et al. (2008) pointed out the potential linkage be-Verde Islands during August and September 2006 (Zipser et
tween the activeness of hurricane seasons and dust loading al., 2009). The airborne component of NAMMA consisted
both the main development region (MDR, 102R0and 15—  of 13 science flights operated from Sal Island and was pri-
65° W) and the western North Atlantic (WNA). Using par- marily focused on the eastern portion of the MDR, cover-
ticle properties inferred from remote sensor measurementdng both eastern North Atlantic and western Saharan desert
Lau and Kim (2007) were able to crudely confirm the dust (i.e., 5-22 N and 10-38W) during the peak of the hurri-
impact on SST, but they noted that accurate measurements eaine season. In addition to AMMA associated studies, there
dust size distributions, optical properties and spatial distribu-were other Saharan dust studies, including the Saharan Dust
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Experiment (SHADE) operated from the Sal island of Capesion of the larger particles, e.g., dust and sea salt particles
Verde in September, 2000 (Ténet al., 2003) and the Puerto (Clarke et al., 2007; McNaughton et al., 2007).
Rico Dust Experiment (PRIDE) in June—July 2000 (Maring A set of three TSI condensation particle counters (CPC)
et al., 2003a). Collectively, these investigations have pro-was used to obtain the number density of particles with di-
vided a wealth of information on the microphysical/optical ameters greater than 3 nm (ultrafine CPC, TSI-3025) and the
properties of Saharan dust particles. Detailed comparisomonvolatile and total number densities of particles with di-
and contrast of these findings with the NAMMA observa- ameter greater than 10 nm (*hot” and “cold” CPCs, respec-
tions are provided in Sect. 3to 5. tively) using two TSI-3010 instruments. Here, the difference
To serve its overarching science objective, NAMMA em- between number densities from the TSI-3025 and the TSI-
ployed the NASA DC-8 aircraft instrumented with a variety 3010 represents the number density of ultrafine (with diame-
of in-situ sensors to establish particle microphysical and op-ter between 3 and 10 nm) particles. The hot CPC draws sam-
tical properties, as well as a differential absorption lidar to ples through a 40 cm-long section of tubing heated to°8D0
determine the vertical distributions of water vapor, aerosolto evaporate volatile aerosol components (i.e., organics, ni-
particles, and clouds (Ismail et al., 2010). The NAMMA trates, sulfate, etc.) and leave behind refractory particles
sampling strategy involved a balanced mix of observationssuch as soot, dust and sea salt. Post campaign tests suggest
of AEWs and characterization of vertical distribution and that the heated tube may cause a 30% particle loss (in num-
properties of Saharan dust (Zipser et al., 2009). This stratber density) due to thermophoretic effects. Aerosol number
egy provided an optimal opportunity to observe how inter- densities are reported for ambient pressure and temperature
actions between the SAL and AEW affected convective de-conditions. In the absence of high ultrafine aerosol number
velopment. The primary objective of this paper is to provide densities, the estimated measurement precisions for the in-
high-quality, detailed information on dust vertical distribu- struments are 5% for the hot and cold CPCs and 10% for the
tions and physical characteristics that can be used in furtheultrafine CPC. The precisions are based on the uncertainties
studies of dust impacts on SST, SAL self-heating, and cloudn the flow rate and temperature measurements.
physics. In Sect. 2, we describe the measurement approach Dry aerosol size distributions for the 0.07 to 1 um diameter
and instrument suite and then, in Sect. 3, provide a detailedange were measured with an Ultra-High Sensitivity Aerosol
analysis of the scattering and absorption coefficient comparSpectrometer (UHSAS) manufactured by Droplet Measure-
isons between the direct measurements and spherical Mignent Technologies (Cai et al., 2008). The dry condition is
Theory calculations based on measured particle size distribudefined here as relative humidity (RH) less than 30%. Only
tions and reasonable assumptions of dust refractive indiceglata up to 0.6 um diameter were used due to instrument prob-
shape factor, and mass density. In Sect. 4, we summarize tHems related to a reduced counting efficiency at the larger
overall microphysical/optical properties of the dust. Finally, sizes during the NAMMA deployment. The UHSAS has 99
in Sect. 5 we assess the vertical distribution of the Sahar&hannel resolution and was calibrated before and periodically
dust layers as observed during the 33 soundings recordeduring the mission using latex spheres. The UHSAS was not
during NAMMA. operational for the second half of the NAMMA campaign.
The aerodynamic size of particles in the 0.7 to 5um (aero-
dynamic diameter) range was determined with a TSI model

2 Observations 3321 Aerodynamic Particle Sizer (APS). The upper size limit
reflects the inlet size cut. The instrument was calibrated with
2.1 Measurements both latex and silicon spheres; dust particle aerodynamic di-

ameters were converted to geometric diameters using the dy-
In-situ measurements of aerosol microphysical propertiesnamic shape factor and particle mass density as discussed in
(number density, size distributions, and volatility) and op- Sect. 3.
tical parameters (scattering and absorption coefficients) were Aerosol scattering coefficients were measured at three
recorded aboard the NASA DC-8 aircraft using cabin- wavelengths (450, 550, and 700 nm) under dry instrument
mounted instruments that have been modified and charactecondition (i.e., RH< 30%) with a TSI Integrating Neph-
ized for use at reduced pressures (i.e., Thornhill et al., 2008)elometer (model 3563), which integrates light scattered
Sample air was provided to the instruments using a forwardwithin a cylindrical sampling volume betweefi @nd 170.
facing, window-mounted inlet probe. Real-time measure-Values were corrected for size-dependent truncation errors
ments of air speed, static pressure, and temperature werngsing the methods derived by Anderson et al. (1996). Un-
used to maintain isokinetic flow through the inlet tip to min- certainties were estimated for instrument noise, calibration,
imize inertial enhancement or depletion of coarse particlesdrift, and angular correction to 90% confidence follow-
Detailed measurements made during the spring 2003 DC-&g Anderson and Ogren (1998). The TSI nephelometers
Inlet Characterization Experiment (DICE) showed that thewere calibrated using pure G@as as a scattering medium.
inlet (labeled as UH inlet) has-a50% sampling efficiency Particle absorption coefficients at three wavelengths (470,
at 5um (dry aerodynamic diameter), which limits transmis-532, and 660 nm) were measured with a Radiance Research
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Fig. 2. (a) LASE (Lidar Atmospheric Sensing Experiment) vertical profiling data recorded on 20 August 2006 which identifies dust layer
location (highly enhanced aerosol extinction) and b)time series plot of detailed microphysical and optical characterization (550 nm scattering
and 532 nm absorption coefficients, scatteﬂmgystrbm exponent, and coarse particle volume density) provided by NASA DC-8 decent and
ascent through the dust layer. The black frame in péajedhows the time limits plotted in pan@d).

Particle Soot Absorption Photometer (PSAP). The data werdgo obtain dust microphysical and optical properties. Such a
corrected for scattering by the filter media using the approactsampling approach is demonstrated in Fig. 2. From Fig. 2a,
developed by Lack et al. (2008). The PSAP sample filtersLASE vertical soundings along the flight track recorded in

were heated to 40C to decrease the RH and are thus consid-20 August 2006 reveal an extensive dust layer marked by

ered to be representative of dry particles. greatly enhanced extinction betwee@ and 5 km. Ismail et
al. (2010) showed that this dust layer was associated with the
2.2 Dust layer identification southern edge of the SAL and had propagated off the west-

ern coast of North Africa on 20 August 2006. HYSPLIT

As discussed by Zipser et al. (2009), satellite observations inpack—trajectones (Draxier and Rolph, 2010) along the cen-

dicate that the SAL was a persistent feature over the eastertrp‘leorrgef dt r}folr?]yﬁ: eSl\jvgegS(:::ﬁdpt:r? t Otfh ?h:u;;ﬁg:gﬂedse\g:grgg rans-
l\rllorth ,gltlantm dunﬂg the NAMMA f|e!g campa|gn.th WETE 25 N and 5-10 W) 40-70 h earlier. The data collected from
o o o e ey v NASA D8 vertcal rofing of e st ayr at s
. . ) . identified by the LASE observations (in Fig. 2b) shows dra-
tical location, based on scattering properties of the SAL (Is'matic increases in particle scattering coefficient at 550 nm
mail et al., 2010), and use the onboard in-situ aerosol sensors '
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osp(550 nm), absorption coefficient at 532 nogy(532 nm), PSAP-derived absorption coefficients. Since all instruments
and integrated particle volume (0.7-5 um) density (measuredghared a common sampling inlet, the scattering closure and
by the APS instrument). The scatteriﬁggstrbm exponent absorption analysis provide a quantitative examination of
(&p), estimated for 450 to 700 nm, decreases to near zereonsistency between our NAMMA size distribution and op-
in this layer. It has been well documented tig is in- tical property measurements. A quantitative understanding
versely related to particle size (e.g., Eck etal., 1999; Schusteof the scattering closure is essential to use NAMMA data
et al., 2006 and reference therein) and that values less thdior model assessment. In this study, scattering closure tests
one are indicative of particles dominated by sea-salt and/owere performed on all identified NAMMA dust cases. The
dust (e.g., Schuster et al., 2006; Holben et al., 1991). &Tanr wavelengths chosen for these analyses were 550 nm for the
et al. (2003) showed that ttg, values derived from Cape scattering and 532 nm for absorption, which are in the middle
Verde AERONET observations were generaly).2 dur-  of the solar visible range.

ing prevalent dust season, including August and September. As described Sect. 2.1, the NAMMA particle size distribu-
Note that in Fig. 2b, the marine boundary layer (MBL) flight tion observations were primarily constructed from measure-
leg at~0.5 km exhibitedgs, values around 0.5, significantly ments provided by the UHSAS and APS. The UHSAS instru-
higher than those recorded within the dust layer. One mayment reports particle number concentration as a function of
hypothesize that thig, difference is related to the particle optical diameter, which closely approximates the geometric
type difference between dust and MBL aerosols. Transmisdiameter. The APS data are in aerodynamic diameter, which
sion electron microscopy and energy dispersive X-ray specmust be converted to geometric size for Mie-Theory calcula-
trometry of collected particles larger than about 0.1 um intions. The size conversion factor (SCF), defined as the ratio
diameter showed that the predominant particle types in theof aerodynamic diameter to geometric diameter, is the square
SAL were Saharan dust, with typical dust containing silicon root of the particle density to shape factor ratio. Literature
and aluminum, as well as smaller amounts of iron, potasvalues for dust particle density range from 2.1 to 2.6 g&gm
sium, calcium and magnesium. In the marine boundary layerdepending on composition (e.g., Reid et al., 2003, 2008). Re-
both sea-salt and primary dust, as well as dust mixed withcent studies of Saharan dust have used a value of 2.6 cm
soluble material such as sulfate and salts, were present (Tde.g., McConnell et al., 2008, Schladitz et al., 2009), which
ble 1). Thus, we opt to limit the dust layer analysis to the is about 10% higher than values derived from earlier ground-
free troposphere to effectively minimize the potential inter- based measurements (Maring et al., 2000). The shape fac-
ference of sea-salt and processed dust. This is a reasomer is used to correct the non-spherical shape in the Stokes
able assumption considering that strong temperature inverregime. Typical literature values for dust shape factor range
sions were commonly observed at the top of MBL through-from 1.2 to 2 (e.g., Reid et al., 2003, 2006). We opted to
out the NAMMA sampling period (see detailed discussion use the mid value of 1.6, which yields an SCF value of 1.27.
in Sect. 5). The working criteria for dust layer identification This value is 10% lower than the value (i.e., 1.41) derived
are (1)osp(550 nm) significantly elevated above background, by Maring et al. (2000), which was used in a later study of
(2) &p (450-700 Nm)<0.2, and (3) condensed water content Saharan dust by Reid et al. (2003). These latter investigators
<0.01gn73 (the NAMMA DC-8 condensed water content also noted that, because of its non-ideal flow characteristics,
measurement was provided by Twohy et al. (2009) using thehe APS is less efficient at sampling large dust particles. A
counterflow virtual impactor instrument). Based on these cri-more recent study by Reid et al. (2008) on Asian dust pro-
teria, a total of 62 dust layer encounters were identified fromposed modified values for the dust shape factor that account
NAMMA observations. Five were over the Africa continent for the APS’s non-Stokesian flow conditions. These recom-
and the rest were over the northeastern Atlantic Ocean withimended values range from 1.7 and 2.8 and are almost 50%
the Atlantic MDR. higher than the conventional shape factor values of 1.2 and 2
that are quoted above. The corresponding SCF values range
from 1.21 to 0.94, with a mid value of 1.04. In this study,
we opt to test three SCF values, i.e., 1.04, 1.27, and 1.41, to
assess the scattering closure.

The scattering (absorption) coefficient can be readily cal-
culated by integrating the product of dust scattering (absorp-
To establish confidence in characterization of the dust partion) efficiency, particle geometric cross section, and number
ticle properties, it is essential to examine if consistency ex-size distribution over the observed particle size range. The
ists between the particle size distribution measurements andcattering (absorption) efficiency was estimated using Mie-
the optical property measurements. The observed size distrifheory with spherical particle assumption (i.e., Bohren and
butions can be used to calculatg,(550 nm) based on Mie- Huffman, 1983) and refractive index values taken from pre-
Theory for spherical particles. The calculated values carvious studies. The reported values for the real part of the
then be compared with direct observations from the neph-dust refractive indexn,, are generally consistent and be-
elometer. A similar comparison can also be made with thetween 1.53 and 1.56 (Haywood et al., 2003; McConnell et

3 Assessment of dust particle microphysical and
optical measurements
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Table 1. Particle types identified by electron microscopy/X-ray analysis

Sampling location f Sizée (um) Dust SalP Othef Mixed’

Date Median Mean Range (%) (%) (%) (%)
SAL Layer 1 107 0.30 0.48 0.09-4.23 73 0 7 20
5 September 2006 SAL Layer2 100 0.54 0.74 0.11-5.26 95 5 0 0
5 September 2006 MBL 1 100 0.56 0.64 0.10-1.66 7 19 9 65
5 September 2001 MBL 2 100 041 050 0.09-1.42 33 40 1 26
26 August 2006

1pata presented as particle number fractions of each type compared to the total pogujation

2 Number of individual particles analyzed. Particles larger than approximately 0.1 um and 0.5 um were collected by impaction onto formvar-nickel grids downstream of a counterflow
virtual impactor inlet with the counterflow turned off. Analysis was performed on a Philips CM12 transmission electron microscope with X-ray capability for elemental analysis.
Results from both size categories are combined here.

3 Physical particle size, as the average of length + width as measured by the microscope.

4 Dust: Silicates (rich in Si, variable contributions from Na, Mg, Al, K, Ca, and Fe) and carbonates (rich in Mg and/or Ca with large C contribution).

5 Salt: Chlorides and sulfates of Na, K, Ca and Mg.

6 Other: Sulfates, industrial metals, or carbonaceous compounds.
7 Mixed: Combinations of [3, 4, 5]; for NAMMA, the most common mixture was dust mixed with sulfate, chloride, or salts.

al., 2008; Osborne et al., 2008; Schladitz et al., 2009). Inplained by the variability observed in the size distribution.
contrast, reported values for imaginary index, vary by  The linear orthogonal distance regression (ODR) slope for
as much as an order of magnitude (Schladitz et al., 2009)the truncation-correctedsp(550 nm) is~0.75, which sug-

For example, DABEX observations yielded a Saharan dusgests either the Nephelometer had a high bias or the Mie-
n; of 0.0004 (Osborne et al., 2008), whereas values of ap-calculation underestimated tlgy(550 nm) due size distri-
proximately 0.004were derived from SAMUM experiments bution measurement biases, or a combination of both. An
(Haywood et al., 2003; Petzold et al., 2009; Schladitz et al.,earlier ground-based scattering closure study showed a slope
2009). The variation of the; values are attributed to its de- of 0.81 with anR? value of 0.99 (Maring et al., 2000). A
pendence on the dust iron oxide content, which naturally is anore recent study suggested the Mie-Theory calculation may

function of source region. underestimate the scattering coefficient by 36% to 46%, for
a reasonable range of the refractive index values, at high dust
3.1 Dust par’[ic|e Scattering closure assessment concentration conditions (Schladitz etal., 2009). These field

study results are corroborated by a laboratory intercompar-

Figure 3a comparessy(550 nm) measured directly by a ison stu_dy which_ showed that TSI nephelometer_ observed
nephelometer with values calculated from observed size disSUP€rmicron particle scattering was about 30% higher than
tributions using Mie-Theory. Each symbol represents onethe values frorT_l Mie-Theory cglculanon (Hemtzenberg etal.,
identified NAMMA dust layer encounter, while the solid cir- 2006). The failure of essentially all these independent as-
cles and open squares corresponag550 nm) values with sessments to achieve full closure raises some fundamental
and without corrections for nephelometer truncation errors.concerns which deserve further examination.

respectively. The x-error bars represent one standard devia- Studies have typically attributed the difference between
tion calculated over the dust layer sampling and the y-erroobserved and calculated dust particle scattering coefficients
bars indicate the Mie-calculation uncertainties propagated0o one or a combination of three factors: (1) non-spherical
from the size distribution standard deviations. In this caseparticle effects on the Mie-Theory calculation (e.g., Schla-
the SCF was set to 1.27, based on a dust particle density dfitz et al., 2009), (2) nephelometer observational bias, possi-
2.6gcnt? and a shape factor value of 1.6. This is regardedbly due to the truncation-error correction and/or other instru-
as the standard case in the closure analyses. The adopt&gent limitations, and (3) APS undersizing of the particle size
value ofn, is 1.53, taken from the DODO experiment (Mc- distribution (e.g., Anderson and Ogren, 1998; Maring et al.,
Connell et al., 2008), which was focused on Saharan dust and000; Heintzenberg et al., 2006).

conducted in the same general time frame as NAMMA. The Kalashnikova and Sokolik (2002) highlighted the signifi-
same value was also reported in an earlier work (SHADE) bycance of the dust particle shape impact on its optical prop-
Haywood et al. (2003). The value @f was setto 0.0022, de- erties, i.e., single scattering albedo @nd extinction coeffi-
rived from this study (see discussion in Sect. 3.2). As showrcient (pep). Using model simulations, these authors showed
in Fig. 3a, both observed and calculated quantities are highlghat the spherical assumption may lead to an underestimation
correlated with arnkR? value of 0.99. This suggests that the in dust particle extinction up to 30%. Recent work by Schla-
variability in nephelometer observed scattering can be exditz et al. (2009) showed that the non-spherical shape effect
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one standard deviation calculated over the dust layer sampling and the y-error bars indicate the Mie-calculation uncertainties propagatec
from the size distribution standard deviations.

is around 16% at 550 nm and further suggested that the dismade using the algorithm developed by Anderson and Ogren
crepancy in their scattering closure might be accounted for, a€1998). This correction is based on the b&lkgstlt')m expo-
least to a large extent, by the non-spherical shapes of the surent. Quirantes et al. (2008) argued that this type of correc-
permicron particles. Other modeling studies have suggestetion is not appropriate, especially for large particles. Their
a much smaller impact (e.g., Liu et al., 2002; Quirantesmodel simulation showed the correction factor becomes am-
et al., 2008). The difference between these earlier worksiguous (or multi-valued) when th&ngstrbm exponent ap-
is likely due to their own assumptions of particle shapesproaches zero, as it often does when a significant fraction
and size distributions. Using the NAMMA size distribution of the scattering arises from supermicron particles. These
data described in this paper and T-Matrix calculations, Omarauthors developed a new truncation-correction based on the
et al. (2010) estimated the extinction-to-backscatter ratio ofeffective size parameter and the width of the size distribu-
dust aerosols using a spheroidal assumption for the particléon, both of which can be derived from the observed size
shape. These calculations showed at most a 7% differencdistributions. Two NAMMA test cases were picked for the
between the spherical and spheroidal scattering coefficientsidentified dust layer encounters. The estimated truncation
Regarding possible errors in the direct scattering meafactors fqr 550 nm using Quirantes et al. (2008) correction
surements, Heinzenberg et al. (2006) compared 10 identiScheme is found to be-30% lower than those based on
cal TSI nephelometers and found that their output signalg*nderson and Ogren (1998). Laboratory tests should be
agreed to better than 7% when sampling ambient aerosolferformed to fu_rther evaluate this new truncz_ﬂtlon co_rrectlo_n
More detailed laboratory tests yielded a 6% average differ-Scheme, especially for_ the supermicron particles. Finally, it
ence from the ensemble average with a range of from 2 tgshould be noted that Fig. 3a shows nearly perfect agreement
11% for the submicron particles; results varied from 5 to Pe€tween the Mie-Theory calculation and raw nephelometer
29%, averaging at 13% for supermicron particles. While data (without Anderson and Ogren truncation-correction).

these tests provided encouraging results, the scattering clo-n€ latter is about consistently 27% lower thag(550 nm).

sure for the supermicron DEHS (di-ethylhexyl-sebacate) par- The potential APS undersizing problem has been widely
ticles revealed that the observed scattering coefficients werdiscussed in the literature. Reid et al. (2008) provided an ex-
about 30% higher than values calculated from APS size distensive review and stated that the APS may undersize dust-
tributions (Heinzenberg et al., 2006). Using model simula-like particles by 10 to 30%. Interestingly, Heintzenberg et
tions, these authors also showed that the nephelometer trumd. (2006) showed that a 20% adjustment for APS undersiz-
cation loss is a strong function of particle size. The esti-ing bias would raise the Mie-Theory calculated values about
mated truncation-correction for TSI nephelometer increased% higher than the nephelometer observations. In this study,
from <10% for particles<0.5 um to over 50% for particle a similar level of closure would be achieved if the SCF value
size >5um. The truncation-correction has been typically were decreased to 1.04. This value corresponds to a dust
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particle density value of 2.6 and a shape factor of 2.3. The 30
latter is the midpoint of the range of non-Stokesian shape fac-
tors derived by Reid et al. (2008) for Southwest Asian dust.
On the other hand, if the size conversion factor (i.e., 1.41)
used by Maring et al. (2000) were adopted, the calculated% 20

N
a

llllllllllllllllllllllll

osp(550 nm) would be~36% lower than the direct measure- g o
ments. For all three cases with different SCF valuesRhe & 45

values remains at 0.99. Again this establishes the high lev-— o
els of correspondence between the obses¢g®50 nm) and 10

the observed particle number size distribution. Moreover, the

level of scattering closure is very sensitive to the SCF value. 5

.. R . llllIllllllllllllllllllllllll
Additional constraint on the SCF value would require a dust
- red ‘ 35 30 -25 -20 15 10 -5
mass measurement which can be used for an independent a: )
sessment of mass closure. This may be of particular signif- Longitude
icance given that the performance of individual APS instru-
ments may vary considerably and it is difficult to experimen- Fig. 4. Geographic location of the 62 NAMMA dust layer
tally and quantitatively determine the magnitude of APS un-encounters.
dersizing. At the same time it should also be recognized that
the irregular shapes of the dust particles make the definition . -
i . . .-~ . “'error bars reflect both ambient variability and lowered mea-
of particle size ambiguous. Thus, the APS undersizing issue - :
. . Surement precision at these low absorption levels. The data
must be linked to how well the geometric size represents the . . . . o
. . : points displayed in the plot are restricted to those with signal
effective cross section or equal-projected-area for dust par: . . . .
. . . to noise ratio values (i.e., the average divided by the stan-
ticles. Finally, we note that the closure tests are unsuitable

for examining the reasonableness of the UHSAS measure(—jard deviation)-2. Lack et al. (2008) stated that the PSAP's

N 200 2 i .
ment (responsible for part of fine particle sizing) since its accuracy is limited to 20-30%, primarily because its data is

. . .~ subjected to empirical corrections for filter transmission and
size range contributes less than 20% of the total scattering. scattering. Virkkula et al. (2005) showed that the scatter-

ing correction factor for high scattering particles ranges from
0.011 to 0.023. In the case of NAMMA absorption mea-
surements, this range represents an average uncertainty of
8%. For the lowestap(532 nm) values (i.e., between 0.5—
Mm~1), the uncertainty can reach nearly 100%. Because of
the PSAP measurement uncertainties and the absorption de-
Bendence on actual dust particle composition, the absorption
closure is not as robust as the scattering closure analysis.

3.2 Dust particle absorption assessment

The results of the absorption comparison is displayed in
Fig. 3b as a scatter plot of observed versus calculated gree
absorption coefficients, i.eqap(532nm). The solid circle
symbols in Fig. 3b were based apvalue of 0.0022, which
was adjusted to best reproduce the observations. The soli
line represents the linear ODR fit of the solid circles and two
additional dotted lines are ODR fit lines corresponding to
n; values of 0.0015 and 0.0044. Like in the scattering clo-4 saharan dust optical and microphysical properties
sure analysis, the calculategh(532 nm) is highly correlated observed in NAMMA
with the observed value with ak? value of 0.86. This again
strengthens our confidence in the size distribution measurethe above scattering closure test and absorption compari-
ments that the observed size distribution variability is highly son indicate that the NAMMA particle size distribution mea-
consistent with that in absorption measurements. Given thgurements are quantitatively related to thg(550 nm) and
results displayed in Fig. 3b, one would conclude the besto,(532 nm) in terms of variability. The systematic discrep-
n; estimate is 0.0022 for NAMMA airborne observations. ancy found in the scattering closure may be explained by a
Within the combined observational uncertainty and ambientcombination of instrumental and particle microphysical un-
variability, n; estimates fall between 0.0015 and 0.0044. Thiscertainties. Thus, we believe that NAMMA observations can
range is in good agreement with the values reported in recengrovide a consistent and reasonably accurate characteriza-
field studies, i.e., SHADE, DODO, and SAMUM (Haywood tion of the optical and microphysical properties of the Sa-
et al., 2003; McConnell et al., 2008; Schladitz et al., 2009)haran dust particles. The discussion that follows contrasts
as well as some reported values derived from AERONET ob-the characteristics of the Saharan dust with those of back-
servations (e.g., Taaret al., 2003). ground aerosols within the same altitude regime outside the
Note that in Fig. 3b, the x-error bars represent the standarihfluence of SAL.
deviation of the observed values while the y-error bars cor- Figure 4 illustrates the sampling locations of the 62 dust
respond to the calculated uncertainties propagated from th&ayer encounters, which were mostly in the east portion of the
particle number size distribution uncertainties. The larger x-MDR, an area where tropical storms are frequently spawned
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Table 2. Summary of NAMMA dust layer met parametérs

Alt(km) T(( RH U(ms?l vms}

Dust Average 2.50 287 48% —-11.3 0.4
Layer Std. Deviation 0.90 7 16% 7.3 45
Median 2.27 288 49% -10.8 0.6
10th percentile 1.52 278 25% —20.8 —4.4
90th percentile 3.69 295 69% -3.0 4.2
Back-  Average 2.67 284  70% —4.7 2.7
ground  Std. Deviation 0.71 5 21% 8.1 7.3
Median 3.03 283  74% —4.5 1.9
10th percentile 1.53 279 36% —-15.7 -5.2
90th percentile 3.29 291 94% 6.5 11.0

* Alt=sampling altitude,T = static temperature, RH =relative humidity,= eastward/westward wind speed component, East is positizeyorthward/southward wind speed
component, North is positive.

Table 3. Summary of microphysical parametéfer NAMMA dust layers and background.

cm=3)  (em3) nPem=3)  @mPem=3)  (um)
Dust Average 350 13 70% 168 45 2.07
Layer Std. Deviation 78 5 6% 76 22 0.20
Median 334 13 71% 166 44 2.09
10th percentile 268 7 62% 86 20 1.83
90th percentile 461 22 T77% 299 79 231
Back-  Average 355 2 45% 21 3.4 0.88
ground  Std. Deviation 403 3 26% 27 5.8 0.55
Median 275 0.1 53% 9.7 0.8 0.87
10th percentile 136 0 7% 0.3 0.0 0.21
90th percentile 626 5 74% 50 9.0 1.56

* N 10nm=number density for particle diameters lager than 10Ny ;m = number density for particle diameters lager than 10 um, nvf=non-volatile number fratticurface
area density, Vol = volume density, VMD =volume median diameter.

and undergo cyclogenesis. Table 2 presents relevant statistiéC-8 wind measurements showed a much stronger average
to describe the meteorological conditions that existed withineasterly wind within the dust layers than typical ambient con-
the dust layers as identified by NAMMA in-situ observations; ditions,—11.3 compared te-4.7ms L.

it also includes statistics for background aerosols sampled in Table 3 shows statistics for several key particle microphys-
the same altitude regimes outside the dust impacted regiongcal properties for the dust layers and background air. The
The center of the observed NAMMA dust layers ranged be-average number density of particles with diameters larger
tween 1.5 and 3.7 km in altitude. The average air temperaturénan 10 nm,N-19nm, iS about the same for the dust layers
was 287 7K for the dust layers, which is 3K higher than and background. The standard deviation for the dust layer is
the average background temperature. Again, background isver a factor of 5 smaller than the background value, which
defined here as the region within the same altitudes outsidguggests the dust layers have a much narrower range of vari-
the SAL. Comparison of the RH suggests that the averagation. TheN. 10nm value for dust layer ranges from 268 to
SAL RH was 48t 16%, significantly lower than the back- 461 cnt3 (10th and 90th percentiles), with a median value
ground value of 7& 21%. The observed temperature and of 334cnt3. For the supermicron particles, the number
RH are generally consistent with previous studies which in-density, N-.1,m, is much higher for the dust layers with an
dicate that dust layers were associated with the SAL. Theaverage at 13 cn¥, in contrast to 2 cm?® for background.
higher RH value (e.g., approximately 70%) dust cases weréd-or dust layersN.1,m constitute about 3.5% aWV-10nm
encountered near the edge of SAL or where the SAL was im-Also displayed in Table 3 is the non-volatile fraction (nvf)
pinging on convectively active regions. Finally, the NASA of particles derived from the ratio of heated (to 3@) and

www.atmos-chem-phys.net/11/723/2011/ Atmos. Chem. Phys., 1174032011



732 G. Chen et al.: Observations of Saharan dust microphysical and optical properties

unheated particle number density measurements. On aver
age, 70t 6% of dust layer particles are non-volatile. Con- 400
sidering the potential 30% particle loss for the heated CN
counter (see Sect. 2.1), the dust nvf value can potentially be="
well over 90%. This suggests dust layers are consistently
composed primarily of non-volatile particles, even in the sub-
micron modes. For the background, the average nvf value is
at 45+ 26%. The difference in integrated surface and vol-
ume densitiesS and Vol, are as dramatic as the contrast in
N-1,m values. The elevatefiand Vol values can directly be
attributed to the contribution from the coarse mode patrticles.
This is further discussed in the context of size distributions 0
in the text that follows.

Figure 5 displays the observed particle number and vol-

300

200

dN/dlogDp (cm

100

ume size distributions for three individual dust layers rep- 140

resenting the integrated volume density values at the me- 1 b

dian, 10th, and 90th percentiles (given in Table 3). The open ~ 120_;

and solid circles represent the UHSAS and APS measure- 'g 100

ments, respectively. The value of the volume density inte- g .

grated over the open and solid circles corresponds to the me = 80_: T
dian NAMMA dust layer Vol (see Table 3). The curve V50 & 401 ® APS
is the tri-modal lognormal fit for the open and solid circles & 3 v
and curve V10 and V90 are the fit lines for dust layers cor- § 40 - -- V90
responding to the 10th and 90th percentile of the dust vol- ° 20_:

ume densities (also in Table 3), respectively. The tri-modal .

lognormal parameters are given in Table 4 for the number O—ﬁé ! T

o“ ]
-

size distribution curve fits. The patrticle size is shown in ge-
ometric diameter and the standard case SCF value of 1.2
is used here for converting APS aerodynamic diameter to
geometric diameter. With the various choices of the shapd-ig- 5. Observed Saharan dust) particle number an¢b) volume
factor and dust particle density, the SCF has a considerablgize disFributions. Particle size is given in geometric diameter. Open
range of possible values. Therefore, the coarse particle siz{@lcgl Soé'd symbols denote UHSAS and APS observations, respec-
shown in Fig. 5a and 5b is inherently uncertain due to its de-Ve: Erfor bars represent one standard deviation estimated during
. the dust layer sampling period. Curve V10, V50, V90 are tri-modal
pendencg O,n SCF,' At the same time, the Closur? tests hawggnormal fits of the size distributions for the volume density values
shown, within a wide range of SCF values, the high degreecolrrespcmding to 10th, 50th, and 90th percentiles.
of correlation between the particle size distribution and scat-
tering measurements. Furthermore, a high level of quanti-
tative closure was obtained between these two independemargest difference in number size distribution between curve
measurements. Thus, Fig. 5a and 5b can be considered &90 and curves V50 and V10 is in the submicron mode, es-
reasonable representations of the Saharan dust particle sipecially between~0.3 and 1 um. Similar features are also
distributions, provided the impact of the 4 um sampling inlet seen for several other dust layers with the high Vol values.
size cut is limited. This size range has limited contribution to the total integrated
Figure 5a and Table 4 suggest that the observed dust layetolume density (see Fig. 5b), but may have significant im-
number size distribution can be reasonably well representegiact on cloud formation and cloud properties because of the
by a tri-modal lognormal curve. In the submicron portion, much high number density. We believe it is important for fu-
all three curves have two modes around 0.1 and 0.6 umture studies to verify the NAMMA observation and to exam-
The curve V90, however, has a significantly larger mode atine the potential impact of submicron-sized dust on regional
1.56 um. TheV..1,m value associated with V90 is 23 cry CCN budgets.
a factor of 1.7 and 3.4 higher than those of V50 and V10, Not surprisingly, Table 3 shows that the volume median
respectively. For all 62 observed dust layers, the supermidiameter (VMD) for the SAL is a factor 2.4 larger than that
cron particles contribute an average of88% to the total  of background air, which is attributable to the preponderance
volume density and 66 4% to the total surface area density, of coarse particles residing within these relatively fresh dust
S. Thus the sharp contrast $i and Vol shown in Table 3 plumes and easily accounts for the average difference seen
is consistent with the differences between the dust layer anéh Vol and, to a much lesser extent, 1 However, the
backgroundv. 1m. Finally, it is interesting to note that the NAMMA average dust VMD is almost a factor of 2 lower
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Table 4. Tri-modal lognormal parametersor NAMMA size distribution (0.6—6 pum).

Ny o1 D1 N2 o2 Dz N3 o3 D3
10th percentile 591 1.85 0.10 408 136 0.58 226 1.62 1.05

SD (V10)

Median SD 506 1.78 0.11 50.8 1.44 066 386 175 1.10
(V50)

90th percentile 620 1.86 0.12 198 156 0.60 27.6 154 1.56
SD (V90)

2
% dN 3 N; (InD—InD;)
AN =3 exp| —
dlogD Zl:l v/ 2nIno; p( 2|n2rri

than values derived from other recent studies, which also 1.6
used APS measurements. For example, Maring et al. (2003b ] ’
reported a VMD value of 3.6 um from the PRIDE airborne 1.4
observations. An even higher value of 4.3um was mea- T .
sured in a ground-based experiment (Maring et al., 2003b). __ ] ° e
It is noted that NAMMA and these earlier studies all used & 2] ° L7
APS for the coarse mode particle measurement. The smalle 2 ] T L7
NAMMA VMD value is at least partially due to the aerosol & 1.0 s’
inlet having lower transmission efficiency for dust particles & 7 s
larger than~4 pm (see discussion in Sect. 2.1). This effect @? 0.8 — 1"
can be seen clearly in Fig. 5b d@% /dlogDp value has a 8 ] ,
sharp decrease startingfap >4 pm. S 0.6- e

In addition to comparison with other in-situ measure- ] ’
ments, the NAMMA airborne dust particle size distribution 0.4 - L’ ’ 04 06 08 1.0
is assessed using the effective raditgg, from the version ) 1 MODIS AOD
MODIS aerosol products. The MODIgs retrieval is based 4,7
on the algorithm developed by Tanet al. (1997). Fig- 0.2 4T T T
ure 6 shows a direct comparison for the 30 co-located case: 02 04 06 08 10 1.2 14 1.6
(within 0.25’) between the MODIS retrieveds and the val- DC-8 R (Mm)

ues derived from the NAMMA observations. This compar-
ison shows the average MODIS to NAMMA DC-8 ratio is Fig. 6. Comparison of MODIS retrieved particle effective radius
1.15+0.15, ranging from 0.97 to 1.31. This range is well with the values derived from NASA DC-8 in-situ measurement size
within the uncertainties. The uncertainty associated MODISdistribution for 30 co-located encounters. Error bars represent the
value is estimated to be 25% (Remer et al., 2002). The DC-&stimated uncertainties.

reff uncertainty value is~35%, propagated from the overall
uncertainties inS and Vol. This close agreement is rather

. . . ; It is worth noting that the VMD range is fairly small (the
interesting because the MODIS estimate is based on a col- g g y (

hile the DC-8 h led onl tstandard deviationr<10% of the average) even though the
umn average while the Dt-c may have sampied only one ol o4 layer sampling region extended out 2000 km from the
the dust layers within the vertical column. As discussed in

Sect. 5 below, the vertical distribution of Saharan dust parti—Z?SL:;i%itirgg I(r)g;.ai n-lc-ar(]jlsr esau Sgogneasglsy t:(;ir:sttg?]td duus;tinrg)]atr::glivslsz'c-e
cles is often complicated, involving multiple overlapping lay- ward transport. This phenomenon was noted by Maring et
ers over the eastern North Atlantic. The DC-8 sampling aIti-aI_ (2003b) and was supported by the later observations by
tu_de ranged_from 1.6 to 3.8 km for the_dust layers involved in Liu et al. (2008), and Reid et al. (2008). Based on model
this comparison. The average DG+ is 0.80+0.07, SUS” - simulations, Maring et al. (2003b) showed that the Stokes
ge_stlng that the dust Iayegf_f may not l?ee_\str_ong.funcuon of ravitational settling of dust particles might be offset by a
altitude and the dust particle size distribution is reasonablygIight upward atmospheric motion 6f0.33cms?. As dis-

fcortﬁtanttfor I?g ers da‘;)va;;:ous alt'tUdei'thh'S hyp;r?th'\eﬂsglels ussed earlier, NAMMA observations showed that the SAL
urther strengthened by the agreement between the is significantly warmer+{3K) than the surrounding air and

retrieved columimey average and in-situ observations. that the vertical velocity measurements suggest the dust lay-
ers were in uplifting regions. These findings are generally
consistent with the hypothesis of Maring et al. (2003b).
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Table 5. Summary of optical parametérfor NAMMA dust layers and background.

osp(550 NM)  oap(532 Nm) ésp éap @WA70nm  @532nm  @670nm
(Mm~1) (Mm~1
Dust Average 141 5.2 0.009 4.13 0.95 0.97 0.99
Layer Std. Deviation 63 2.5 0.083 0.47 0.01 0.01 0.00
Median 138 49 -0.023 4.13 0.95 0.97 0.99
10th percentile 66 24 —0.075 3.66 0.94 0.96 0.98
90th percentile 244 8.0 0.140 4.67 0.96 0.97 0.99
Back-  Average 29 2.3 0.733 281 0.89 0.91 0.92
ground  Std. Deviation 42 2.0 0.793 131 0.12 0.12 0.13
Median 9.6 1.6 0.440 2.85 0.93 0.95 0.97
10th percentile 0.8 0.6 0.047 1.08 0.76 0.74 0.71
90th percentile 87 5.2 193 4.61 0.97 0.98 0.99

* osp(550 nm) = scattering coefficient at 550 nmisp(550 nm) = absorption coefficient at 532 nrésp=scattering Angstrom exponendap=absorption Angstrom exponent,
w470 nm= Single scattering albedo at 470 nmk35 ,m= single scattering albedo at 532 nig70 nm= single scattering albedo at 670 nm.

Table 5 provides a statistical summary of the observed opwas reasonably constant, at least within the NAMMA sam-
tical properties for both Saharan dust layers and the backpling region. This supports the earlier hypothesis by Maring
ground conditions. The median dust layeg(550nm) et al. (2003b) and is consistent with the observations by Liu
and oap(532 nm) are factors of 14 and 3 higher than back- et al. (2008).
ground, respectively. These differences are similar to those Also shown in Table 5 are scattering and absorption
in some of the microphysical properties, i.851,m, S, and Angstn‘jm exponentsé’aSp and éap, respectively. The%gp is
Vol. Figure 7a shows that both dust layey(550 nm) and  calculated over the wavelength range of 450 to 700 nm and
oap(532nm) are highly correlated with the volume density &, is derived between 470 and 660 nm. The background
with R? values of 0.98 and 0.81, respectively. These corre-aerosol exhibits largedsp and smallerdyp values than the
lations suggest that the high levels of scattering and absorpdust. Thed, difference is consistent with earlier discussions
tion are driven by the dust particle volume loading. Assum-on comparison of VMD, indicating background particles are
ing a density of 2.6 gcm?, the mass extinction efficiency, much smaller than dust particles. The background extinction
MEE, at 532 nm is estimated at 1.08 gr* for the dust par-  Angstidm exponent is averaged at 0.87 with a median value
ticles. The uncertainty for this estimate can be as high a®f 0.51. Previous studies suggest that in cloud free region
40% due to the potential uncertainties in the scattering andralues< 1 are indicative of either dust or sea-salt particles
volume density measurements. The low inlet sampling ef-or a mix of the two (e.g., Schuster et al., 2006). Available
ficiency for particles larger tharv4 um may result in alow  NAMMA data will not be able to resolve detailed aerosol
bias in mass estimate and high bias in MEE. The NAMMA type for background conditions. For the dust layers, the es-
airborne MEE assessment is, however, well within the rangeimated NAMMA &, andagp values are generally consistent
of the values reported by the NAMMA ground based studies:with those discussed in earlier reports (e.g., Maring et al.,
i.e., 1.23+0.71 and 0.93 0.17 nfg~* (Jeong et al., 2008), 2000; McConnell et al., 2008; Petzold et al., 2009; Schladitz
which was capable of measuring particles larger than 10 pmet al., 2009).

The NAMMA airborne MEE estimate is also highly consis-  An examination ofw (single scattering albedo) values
tent with the value of 1.14 Aqg~1 by McConnell et al. (2008) shows that the dust particles are only weakly absorbing in
derived from the other AMMA airborne study. Maring et the visible wavelength range. The SAL average single scat-
al. (2000), however, reported a significantly lower value of tering albedo at 532 nnwg32 nny is 0.97+ 0.01, compared to
0.50nf g~ for the mass scattering efficiency, which is very 0.91+ 0.12 for the background conditions. The much larger
close to MEE for dust because of very low contribution of ab- variability for the background estimate is likely due to the
sorption to dust extinction. The lower NAMMA MEE value larger measurement uncertainty associated wgib32 nm)

can partially attributed to the low sampling efficiency for par- values close to the detection limit. The backgrounsds nm
ticles larger than~4 um. Finally, as shown in Fig. 7b, the value itself should be treated with caution. The actual un-
dust layewsp(550 nm) andrap(532 nm) both have strong cor-  certainty associated witlh» assessment should include both
relation with N~ 1,m with R? values of 0.99 and 0.78, respec- atmospheric variability and error propagated from scattering
tively. These strong correlations wifi. 1,m are again con-  and absorption measurements. This is achieved by combin-
sistent with the notion that the Saharan dust size distributioring the standard deviation from Table 5 and error propagation
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300 - = 116 particles larger than-4 um. At the same time, some ground
4 | © Scatting, R*=0.98 Ok based studies reported similar SSA values derived from ob-
" 250 [ ™ _Absorption, R®=0.81 - © - 14 z servations with much higher efficiency sampling larger par-
§ ] . F 12 g ticles (e.g., Jeong et al., 2008; Schladitz et al., 2008), which
= . By [ T is likely to driven by the chemical composition of dust. It
§ 2007 " E108 is advised here for modeling studies to usealues derived
§ ] " c 9 from both in-situ and remote sensing observations. This will
g 150 C8 8 be an effective way to address the measurement uncertainties
% . o 6 2 associated witib measurement.
£ 100 - 3
£ -4 2 A
S 50 - ) 3,4 5 Assessment of Saharan dust vertical distributions
-1 (@] -
o—: a) o 0 The vertical structure of the SAL was probed during 33 DC-
LA B R B L 8, near-surface to mid-troposphere soundings. Among those,
0 20 40 60 80 . 100 3 vertical profiles were performed over the North African
Particle Volume Density (Lm cm ) continent, just downwind or over a dust source region. The
300 e - 16 remaining profiles were recorded at various distances off-
1| o Scatting, R”=0.98 ° o C shore, over the east side of MDR. The dust layer centers
<= 250 ] | ™ Absorption, R®=0.78 - C14z are between 1.5 and 3.7 km, with a median height of 2.3km
é . © C 12 g and their thicknesses, as defined by the half-peak values
?E’ 200 -] © =m - -2 osp(550 nm), varied from 0.5 to 3km, with a median value
g ] S B, m . - 10 S of 1.2km. By integrating in-situ measurements of scattering
E ] < 8 - -9 and absorption coefficients from the profiles, we were able to
§ 150_: = - " o. :_8 % assess the impact of the dust on the regional radiation bud-
o ] s ia [ 6 2 get. This AOT assessment yielded (dry) values at 532 nm for
£ 100 o *.l C 3 the continental-based dust layers that ranged from 0.3 to 0.7.
% ﬁ?. -4 3 AQT values for the 30 vertical profiles over the MDR ranged
8 50 e o = :_2 3_.‘ from 0.1 to 0.7, with a median of 0.4. These estimates are
1 °o" . by E = highly consistent with DC-8-based LASE observations (at
] ) C o ambient RH) reported by Ismail et al. (2010) which provided
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observations with a much more extensive geographical cov-
erage. The in-situ based AOT estimates also fall within the
range of monthly averaged AERONET observations on the
Sal Island for the period of 1994-1999 (Tarat al., 2003)

Fig. 7. Scatter plot of thesp(550 nm) andrap(532 nm) coefficients
as a function of(a) particle volume density an¢b) supermicron
particle number densitp).

and agree well with the average AOT values of 0.3-0.4 de-
rived from MODIS Terra and Aqua data for the NAMMA
time period and study area (i.e., 15230and 15-30W),
encompassing the NAMMA sampling region.

Figure 8 shows vertical profiles of temperature, RH, and
estimate, which result in a large uncertainty of 0.02. Thus,aerosol optical parameters that contrast the vertical distribu-
we believe the best estimateszonmis 0.97+0.02. This  tion of dust over land (dashed line) and ocean (solid line).
value agrees well with recently reported in-situ observationsThe data shown on the plots were from two individual DC-8
of Saharan dust, which ranges from 0.95 to 0.99 (Haywood evertical profiling measurements. The OL (over land) scat-
al., 2003; McConnell et al., 2008; Osborne et al., 2008; andering curve in Fig. 8b shows that the valuesg§(550 nm) is
Schladitz et al., 2009). A value of 0.95 for green wavelengthselevated and relatively constant from near surface to approxi-
was estimated from ground-based sunphotometer measureaately 2.5 km, then decreases with altitude. Fg€550 nm)
ments (e.g., AERONET), which is at the lower end of the color coding denotegsp, showing near-zero values (e.g.,
range derived from in-situ measurements (Dubovik et al.,approximately—0.1 and 0.2) under approximately 2.5km.
2006). It is noted here that oufs32 nm value has a depen- Higheras, values are seen above 2.5 km associated with the
dence on particle size distribution. If only supermicron dustrapidly decreasingsy(550 nm). The OL potential tempera-
particles were considered, the Mie-Theory calculation sug-ture profile (in Figure 8a) shows that the planetary bound-
gests that thevs3onm value would be 0.94. This suggests ary layer is capped by an inversion at approximately 2.5 km.
that the NAMMA assessment is likely to represent an upperThus, NAMMA observations suggest that bulk of the dust
limit value for SSA due to the inefficient sampling of dust layer over land should be confined within the boundary layer.
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Fig. 8. Vertical profiles of(a) RH and potential temperature atit) 550 nm scattering coefficient color coded by Angstrom exponent. The
dashed lines (OL) denote measurements over the African continent made on 5 September 2006 during a descent leg from 4 to 0.3 km anc
solid lines (OW) indicate the observations over the tropical eastern North Atlantic, taken on 19 August 2006 during an ascent leg from 0.3 to
8km. Pressure altitude is given in km above mean sea level.

The RH measurement suggests that the dust layer was vemyas often observed in profiles recorded over the MDR during
dry, i.e., RH less than 40%. Twohy et al. (2009) reported NAMMA. The label “FT” refers to the background free tro-
particles collected at 2.1 km during this flight were predom- pospheric altitude regime well above the dust layers which
inately unreacted Saharan dust or dust mixed with solubléhas the lowestsy(550 nm) values anésp values similar to
material. The OLogp(550 nm) curve shows significantly that of dust. The MBL has highersp(550 nm) values (ap-
lower but still elevated values above the main dust layersproximately 60 MnT1) and &sp Values (approximately 0.5)
and the color coding also indicates presence of large partithan the FT. Both MBL and F&sp(550 nm) values are sig-
cles at certain altitudes. Thus, some dust particles apparentlgificantly lower than those of DLA and DLB. Like the OL
mix up into the free troposphere. These vertical profiles arecase, the dust layer DLA is associated with very dry air layer
representative of the NAMMA continental observations andwith RH values often less than 50%. The somewhat higher
consistent with results from previous land-based studies e.gRH values for DLB (i.e., approaching to 60%) may be at
McConnell et al., 2008; Heese et al., 2009). least partially attributed the lower temperature (e.g.,kKd-5

. . L and mixing with the surrounding airmass.
In contrast to the OL observations, the vertical distribu- g 9

tion of dust in the offshore regime is much more complex Particle number and volume size distributions are shown
and variable. For example, the over-water (Q%(550nm)  in Fig. 9 to contrast the microphysical properties as a func-
curve (solid line) in Fig. 8b shows two highly-scattering tion of altitude for the OW case. The size distributions are
dust layers, DLA and DLB, above a clearly defined marine displayed as Fig. 9 shows the tri-modal and bimodal (for
boundary layer (MBL) inversion at 0.8 km (see OW poten- FT only) lognormal curves. Note that because of instrument
tial temperature curve). This type of strongly-capped MBL problems for the flight, this same type of analysis cannot be
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HYSPLIT trajectory model suggests two distinctly different
source regions as well as transport pathways and transport
times. DLA originated from the southwestern Sahara near
the Atlantic coast and was carried by southeasterly flow to
the sampling region in less than 96 h. In contrast, DLB was
transported from the southern end of the Sahara desert by the
easterly flow within the previous 36 h. These two cases pro-
vide more evidence of the size distribution uniformity of the
Saharan dust particles, at least in the size range of NAMMA
observations.

The MBL o05p(550 nm) value shown in Fig. 8b repre-
sents the median level of all 33 vertical profiles. The
overall NAMMA cloud-free (i.e., condensed water content
less than 0.01 g m*) medianosy(550 nm) derived from all
data recorded in the MBL is somewhat higher at 63Mm
with a range from 14 to 119 Mmt (10th and 90th per-
centiles). The corresponding median extinction value is es-
timated at 65Mm?! and the 10th and 90th percentiles are
15 and 121 Mmt. A strong correlation is found between
osp(550nm) and the coarse particle (i.e., 1-5um) volume
density, with aR? value of 0.85. This suggests that the
osp(550 nm) variability is predominantly driven by the par-
ticle loading, i.e., volume or mass density. Anthropogenic
1 emission influences on NAMMA MBL observations are
T 7 3 4ceral 7 3 fserg'] likely to be quite limited. As evidence, we note that the
04 Diameter 2 m) 10 NAMMA airborne CO measurement showed fairly low and

amerer constant values in the MBL (median value at 87 ppbv and
10th and 90th percentiles at 79 and 89 ppbv, respectively) that
are characteristic of relatively clean air. Furthermore, the to-
tal particle concentrations, ranging from 200 to 1200€m
are also consistent with the typical remote MBL conditions.
As discussed earlier, the majer0.1 um particle types ob-
] served during NAMMA were Saharan dust and sea-salt or
performed for the OL cases. Figure 9a shows that the bothg gerivatives. It is well known that both surface emission
MBL and FT may have a nucleation mode, i.e. less thanynq |oss of the sea-salt particles are strong functions of wind
0.1 um; while having significant components in the_superml-speed_ Mulcahy et al. (2008) showed strong correlation be-
cron mode. The MBL and FT VMD values are estimated atyyeen AOT and “steady-state” wind. In contrast, the analysis
1.4pm and 1.3 pm, respectively. The MBL number and vol-py \wjtek et al. (2007) revealed a more complicated relation-
ume densities are, however, about 11 and 6 times higher tha§hip between in-situ wind and the sea-salt mass loading. In
those of FT, respectively. As displayed in Fig. 9b, the supere case of NAMMA DC-8 observations, the overall correla-
micron portion contributes 11% to the MBL volume density {jo betweenrs,(550 nm) and wind speed is extremely weak
and 26% to that of FT. Because of high number density in the(i_e_, R? of approximately 0.02). The DC-8 wind measure-

submicroon mode, the MBL submicron surface area density ispent s an instantaneous reading, which may not accurately
near 50% of the total. In contrast, FT submicron Cont”b”t'onrepresent the large scale wind field if it is temporally and/or

is less than 30%. This contrast between MBL and FT maygpatially inhomogeneous. In this context, the interpretation
partially account for the difference aap,. of this weak correlation may result from wind-field inhomo-
The dust layers DLA and DLB exhibited very similar size geneity or alternatively, significant presence of the dust par-
distributions, which can be represented by a lognormal fitticles, which may be either from downward mixing from the
with three modes at approximately 0.1, 0.6, and 1.4 um. Fooverriding SAL or MBL advective transports from the source
both cases, the submicron mode accounts for over 80% ofegions. Itis noted that downward transport of SAL dust par-
the total number density, but less than 10% of the total vol-ticles was sampled from time to time in MBL by Jeong et
ume density. The DLA has about 20% higher volume den-al. (2008) at a surface station on the Sal Island, Cape Verde
sity than DLB, but the number densities are nearly identi-during the NAMMA sampling period.
cal. The VMD values estimated for the DLA and DLB are
2.2 and 2.0 um, respectively. It is interesting to note that the
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Fig. 9. Comparison of théa) particle number an¢b) volume size
distributions as observed for MBL, DLA, DLB, and FT cases label
in Fig. 8.
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6 Summary and conclusions It is shown in the scattering closure test and absorption
comparison that the size distribution measurements were
Multiple free tropospheric Saharan dust layers were samplegighly correlated with independent measurements of absorp-
during the 62 encounters in the eastern North Atlantic duringtion and scattering coefficients. AR? value of 0.99 was
the NAMMA airborne campaign, which took place in Au- estimated for the nephelometer observed scattering coeffi-
gust and September, 2006. The layers were identified, undefient and the values obtained from the spherical Mie-Theory
cloud free conditions, by having elevated aerosol scatteringzalculation based on the observed dust particle size distribu-
coefficients, enhanced coarse rpode particle concentrationgons. The corresponding slope of 0.76, indicating 24% un-
and near-zero values of scatteriggstiom exponent. The  derestimate from the calculated, is consistent with the similar
NAMMA study area extended over the region between 10—previous studies. The closure results provide a quantitative
25° N and 10-38W, which overlaps the eastern part of the basis for a comprehensive model assessment of both Sahara
Hurricane Main Development Region. The particle vertical dust microphysical and optical properties. At the same time,
profiles recorded downwind of African dust source regionsthijs study again demonstrates the need for future laboratory
showed complicated structures, with multiple dust layers,and field studies to identify the factors that limits our ability
at times, in the altitude regimes above the strongly-cappedo achieve a full closure in scattering coefficient.
MBL inversion. The centers of these layers were mostly I1o- The NAMMA estimated VMD value is a factor of 2
cated between 1.5 and 3.3km and layer thicknesses rangegaller than observed in a number of previous Saharan dust
from 0.5 to 3km, with a median value of 1.2km. In contrast, studies. Similarly, the NAMMA effective radius is about
profiles recorded over the continent near dust source regiong$so, smaller than the MODIS retrieved value. Both these
exhibited a much simpler vertical structure, with dust load- findings are at least qualitatively consistent with the fact the
ings that were relatively constant throughout the boundaryNAMMA in-situ sampling inlet has a 50% size-cut for ap-
layer, but dropped sharply at altitudes above approximatelyproximately 4 pm-diameter particles, which limits the ability
2.5km. These findings are generally in agreement with preto sample particles with larger diameters. This size cut may
vious studies. have significant impact on NAMMA dust volume and mass
It is acknowledged here that the NAMMA dust particle |oading assessments. Future studies should examine this po-
microphysical and optical observations were carried out ustential flaw in NAMMA observations. Furthermore, addi-
ing the sampling inlet with a size cut of 5 pm in aerodynamic tional measurements investigating the relationship between
diameter, which is equivalent to approximately 4 um for dustthe dust particle optical properties and chemical composition
particles. The observed dust layers exhibited relatively lowas well as to the extent of the MBL dust particle presence
particle number densities (268 to 461ty but rather en-  would be useful.
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