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[11 Accurate retrievals of aerosol size distribution are necessary to estimate aerosols’
impact on climate and human health. The inversions of the Aerosol Robotic Network
(AERONET) usually retrieve bimodal distributions. However, when the inversion is
applied to Saharan and Sahelian dust, an additional mode of intermediate size between the
coarse and fine modes is sometimes seen. This mode explains peculiarities in the behavior of
the Angstrém exponent, along with the fine mode fraction retrieved using the spectral
deconvolution algorithm, observed in a March 2006 dust storm. For this study, 15
AERONET sites in northern Africa and on the Atlantic are examined to determine the
frequency and properties of the intermediate mode. The mode is observed most frequently at
Ilorin in Nigeria. It is also observed at Capo Verde and multiple sites located within the
Sahel but much less frequently at sites in the northern Sahara and the Canary Islands. The
presence of the intermediate mode coincides with increases in Angstrom exponent, fine
mode fraction, single-scattering albedo, and to a lesser extent percent sphericity. The
Angstrom exponent decreases with increasing optical depth at most sites when the
intermediate mode is present, but the fine mode fraction does not. Single-scattering albedo
does not steadily decrease with fine mode fraction when the intermediate mode is present, as
it does in typical mixtures of dust and biomass-burning aerosols. Continued investigation is
needed to further define the intermediate mode’s properties, determine why it differs from

most Saharan dust, and identify its climate and health effects.
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1. Introduction

[2] One of the hardest physical attributes of aerosols to
quantify is the size distribution. Particles in the air can have
a broad range of sizes, and often aerosols in a given parcel
of air can be grouped into two or more discrete size catego-
ries or modes. In a bimodal distribution, for example, the
mode of larger particles (typically of a radius greater than
1 pm) is called the coarse mode and the mode of smaller
particles (typically of a radius less than 1 pm) is called the
fine mode.

[3] Understanding the details of the size distribution facil-
itates the simulation of particle transport and improves
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scientific understanding of the indirect effect that aerosols
exert on clouds and the effect of aerosols on human health.
A recent study by Ridley et al. [2012] has shown that
correctly proportioning the contributions of submicron parti-
cles to the total dust aerosol mass improves agreement
between model simulations and observations of aerosol
optical depth from Saharan dust events that cross the
Atlantic. The cloud nucleating ability of aerosol particles
has been shown by Dusek et al. [2006] to depend more on
the aerosol size distribution than on aerosol chemistry, and
Romakkaniemi et al. [2012] have observed that changes in
the aerosol size distribution can offset the influence that
changes in optical depth have on cloud properties.

[4] The effect that acrosols have on human health is the
subject of much speculation and study. Studies such as
Cohen et al. [2005] and Anenberg et al. [2010], for example,
estimate that particles with a diameter less than 2.5 pym
(PM, 5) cause significant loss of life each year, but they differ
on the specific numbers. The Sahara Desert and the Sahel
region directly south of the Sahara inject massive amounts
of dust aerosols into the atmosphere. West Africa has high
mortality rates for respiratory infections, but the degree of
research into the effects of Saharan and Sahelian dust on
these mortality rates has been insufficient to date [De
Longueville et al., 2010]. Recent research has, however,
implicated desert dust in outbreaks of meningitis in the
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Sahel [Martiny and Chiapello, 2013]. Satellite-derived
estimates of aerosol amounts can serve as an adequate proxy
measurement for surface levels of PM;, or particles with a
diameter of 10 um or less [Deroubaix et al., 2013]; in princi-
ple, this should help to more clearly define the connection
between dust particles and meningitis. It is not yet clear,
though, how significant the details of the size distribution
of desert dust aerosols are to their impact on the human health
issues observed in the western part of Africa.

[s] Some general information about the aerosol size distri-
bution may be inferred from radiometric data, since changes
in particle size lead to changes in the wavelength dependence
of the atmospheric extinction or optical depth. Hansen and
Travis [1974] used Mie scattering theory to demonstrate that
the extinction due to scattering of a given particle decreases
with increasing wavelength, provided that the particle radius
does not exceed the wavelength of the light. Many subse-
quent studies have built on this result to develop algorithms
that retrieve general information about the aerosol size distri-
bution. Kassianov et al. [2005], for example, devised an
algorithm that was then employed by Slingo et al. [2006] to
calculate the effective radius of Saharan dust particles using
direct beam radiometric data from a Mutifilter Rotating
Shadowband Radiometer (MFRSR) [Harrison et al., 1994]
instrument sited in Niamey, Niger.

[6] One way that scientists have used to determine more
specific information about the aerosol size distribution is to
calculate the Angstrdm exponent («), a measure of the wave-
length dependence of aerosol extinction. It is defined relative
to two wavelengths and obtained from the formula 7; =7,*
(A1/40)"%, where 7y and 7; are the aerosol optical depths
measured at the wavelengths 4y and ;. Larger particles, like
desert dust, have smaller Angstrém exponents. Values of o
measured in Saharan dust storms between 500 and 875 nm
typically range from O (i.e., no discernible change in aerosol
optical depth with wavelength) to 0.25 [Holben et al., 1991].
By contrast, smaller particles like biomass-burning aerosols
can have an Angstrom exponent in excess of 2.0 between
500 and 875 nm [Kaufman et al., 1992].

[7] A typical air mass can contain multiple types of aero-
sols in multiple size modes, so the wavelength dependence
of the optical depth due to each mode needs to be taken into
account when evaluating the size distribution in more detail.
Schuster et al. [2006] demonstrated that the Angstrom expo-
nent, when measured relative to different combinations of
wavelengths, can provide information on different aspects
of the size distribution. When « is derived from long wave-
lengths, like 675 nm and 870 nm for example, it provides
information on the relative concentrations of particles in
different size modes. And when it is derived from shorter
wavelengths, it provides information on the size of the
particles within the fine aerosol mode.

[8] The principal source of ground-based measurements of
aerosol optical depth and retrievals of size distributions is the
Aerosol Robotic Network or AERONET [Holben et al.,
1998]. AERONET has instruments on every continent and
several remote island locations. The measuring instrument
employed by AERONET is the CIMEL CE-318 automatic
sun-tracking photometer. This device measures the intensity
of the direct solar beam as the sun moves across the sky, from
which the aerosol optical depth at seven wavelengths
between 340 and 1020nm is calculated. Eck et al. [1999]

estimated uncertainties in AERONET optical depth measure-
ments to be ~0.01 at longer wavelengths and 0.02 at shorter
wavelengths. The primary source of error comes from cali-
bration errors, but errors in the calculation of optical depth
due to Rayleigh scattering and ozone play a role as well.

[o] Periodically during the day, the CIMEL instrument
measures scattered radiation at multiple angles, either through
an almucantar or a solar principal plane. Dubovik and King
[2000] devised a retrieval algorithm for AERONET which
combines the direct sun and scattered radiance measurements
at wavelengths of 440, 675, 870, and 1020 nm to retrieve the
full aerosol size distribution. The algorithm also retrieves
one value of the real and imaginary index of refraction and
the single-scattering albedo (the ratio of scattering optical
depth to total optical depth) at each of the corresponding
wavelengths. The retrieved size distribution is expressed as
the change in total aerosol volume with respect to the change
in the logarithm of the particle radius, d//d(In ), over 22 dif-
ferent size bins ranging from 0.05 um to 15.0 pm. Dubovik
and King [2000] estimated the uncertainty in dV/d(In ») due
to random errors to be less than 5% for nearly all particle sizes
except the extreme ones, for which the retrieved total volume
is usually very small. The original version of the algorithm
assumed all the particles were spherical, however. To correct
for errors that occurred when the aerosols being observed
were non-spherical dust particles, Dubovik et al. [2006] devel-
oped a new algorithm, called Version 2.0 that incorporates
spheroidal-shaped particles in addition to spherical particles.

[10] There have been a limited number of opportunities to
validate the AERONET inversion with direct measurements
of aerosol size distributions. Osborne et al. [2008] and
Johnson and Osborne [2011] have compared airborne
measurements of size distributions with AERONET re-
trievals of Saharan and Sahelian dust. Both these studies
showed generally good qualitative agreement between the
AERONET Version 2.0 algorithm and airborne measure-
ments, but there are some differences. In the Osborne et al.
study, the AERONET algorithm produced higher concentra-
tions of submicron particles than were measured on the
airplane, while airborne measurements of the Johnson and
Osborne study showed a dominant coarse mode of slightly
smaller-sized particles and a slightly narrower variance
compared to AERONET. The Angstrdm coefficients
measured by Osborne et al. were significantly lower than
those measured by AERONET, though, so the airborne
samples may not have been fully representative of the entire
atmospheric column.

[11] O’Neill et al. [2003] devised the spectral deconvolution
algorithm (SDA) to analyze bimodal aerosol size distributions
using only AERONET optical depth data. The algorithm
makes the assumption that the size distribution consists of
one fine mode and one coarse mode, where the coarse mode ex-
tinction is essentially constant with wavelength (its Angstrom
exponent and first derivative are both constrained to be close
to zero). The aerosol extinction at 500 nm is then retrieved for
both modes. The Dubovik et al. [2006] inversion also can be
used to calculate basic properties, like the effective radius and
variance, for the coarse and fine modes. It is important to note,
though, that the two algorithms define the coarse and fine
modes differently. The Dubovik et al. inversion separates the
coarse and fine modes at the radius between 0.439 um and
0.992 um for which is retrieved the minimum value of dV/d
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Table 1. A List of the Sites Used in This Study Along With Their Locations and Years of Available Data

Site Latitude Longitude Elevation Country Years
Agoufou 15.345 —1.479 305 Mali 2003-2009
Banizoumbou 13.541 2.665 250 Niger 1995-1997, 19992011
Blida 36.508 2.881 230 Algeria 2003-2010, 2012
Capo Verde 16.733 —22.935 60 Cape Verde 1996-1997, 1999-2012
Dakar 14.394 —16.959 0 Senegal 1996-1997, 2000-2001, 20032012
DMN Maine Soroa 13.217 12.023 350 Niger 2005-2010

IER Cinzana 13.278 —5.934 285 Mali 2004-2012

Ilorin 8.320 4.340 350 Nigeria 1998-2002, 20052012
Izana 28.309 —16.499 2391 Canary Islands 2004-2012

La Laguna 28.482 —16.321 568 Canary Islands 2009-2012
Ouagadougou 12.200 —1.400 290 Burkina Faso 1999-2007
Saada 31.626 —8.156 420 Morocco 2004-2012

Santa Cruz Tenerife 28.473 —16.247 52 Canary Islands 20052011
Tamanrasset INM 22.790 5.530 1377 Algeria 20062009
Zinder Airport 13.777 8.990 456 Niger 2009-2012

(In 7). By contrast, the O’Neill et al. algorithm separates the
modes in a way that does not directly refer to specific particle
sizes. It instead treats the curve of total aerosol optical depth
versus wavelength as the sum of two distinct curves, of which
the fine mode curve decreases more steadily with wavelength
and the coarse mode curve varies only slightly with wave-
length. The extinction curves of the two modes are constrained
based on a statistical analysis of actual data [O’Neill
et al., 2001].

[12] The low values of the Angstrdm exponent calculated
from optical depth measurements of dust from the Sahara
and Sahel indicate that the dust is dominated by larger, coarse
mode particles. At least one study [Gomes et al., 1990] has
suggested, though, that strong enough winds in the Sahara
can produce an additional mode of submicron dust particles.
Gomes et al. concluded that the likely cause of this submi-
cron mode is sandblasting. Reid et al. [2008] looked for evi-
dence of this additional mode and found nothing conclusive,
but their study took place in the United Arab Emirates, not in
the Sahara or the Sahel. Todd et al. [2007], on the other hand,
observed a distinct size mode with a peak in aerosol volume
at approximately 0.5 pum in AERONET size distribution re-
trievals from the Bodél¢ Depression in Chad during the
BoDEx 2005 experiment. They also reported that some in
situ dust samples showed similar results to the AERONET
retrievals. Eck et al. [2010] also observed this intermediate-
sized mode in AERONET retrievals from the site at Ilorin,
in the African nation of Nigeria, and identified the Bodélé
Depression as a possible source because of the consistency
between their observations and those of Todd et al.

[13] Ifthere is indeed an intermediate mode present at least
some of the time in Saharan and Sahelian dust events, some
understanding of the dynamical processes is necessary to de-
termine if the Bodélé Depression or some place else is the
likely source of these particles. For example, the analysis of
satellite data done by Schepanski et al. [2012] indicates that
the Bodélé Depression is the strongest individual source of
dust in the world, but plenty of other regions of the Sahara
and the Sahel (both to the east and west of the Bodélé
Depression) produce significant amounts of dust as well.
Furthermore, Fiedler et al. [2013] show that the nocturnal
low-level jets that lift dust out of the Bodélé Depression in
the dusty season from November to March come from the
northeast 68% of the time and from the east less than 20%
of the time. A jet from the northeast would blow the Bodélé

dust southwest toward Nigeria (and the AERONET site at
Ilorin), while a jet from the east would blow the dust west-
ward across the Sahel.

[14] This study shows that an intermediate mode has been
retrieved in AERONET inversions of Saharan and Sahelian
dust at multiple sites often enough to establish some general
characteristics. In particular, there are statistically significant
differences in the Angstrdm exponent, fine mode fraction,
and the single-scattering albedo when this mode is observed
in the data. Section 2 lists the AERONET sites used in this
study, explains the methodology used to identify the data
points in which the intermediate mode is significantly pres-
ent, and describes the statistical analysis performed on the
data. In section 3, it is shown that the intermediate mode
can explain some peculiarities in the radiative properties of
a well-documented Saharan dust storm that took place in
March 2006 [Derimian et al., 2008; Skonieczny et al.,
2011; Slingo et al., 2006; Thomas and Gautier, 2009].
Section 4 contains the main body of work. The frequencies
with which the intermediate mode is flagged in the
AERONET retrievals are presented for 15 sites, and the de-
gree to which frequency varies with optical depth is investi-
gated. For the 10 sites at which the frequency of occurrence
of the intermediate mode is shown to be significant, differ-
ences between the Angstrém exponent, fine mode fraction,
single-scattering albedo, and percent sphericity between the
data points in which the intermediate mode is and is not ob-
served are examined as well. A discussion of why the authors
believe the intermediate mode reflects physical reality and is
not an artifact of the AERONET inversion and how to pro-
ceed with further investigation of the intermediate mode is
presented in section 5. Section 6 contains the summary and
concluding remarks.

2. Data and Methods

[15] Table 1 presents a list of the 15 AERONET sites used
in this study. The sites cover the northern (Blida and Saada)
and central (Tamanrasset INM) Sahara; a belt of Sahelian
sites stretching from Niger westward to the Atlantic Ocean
(Zinder Airport, DMN Maine Soroa, Banizoumbou,
Agoufou, Ouagadougou, IER Cinzana, and Dakar); island
sites in the Atlantic influenced by Saharan and Sahelian dust
(Izana, La Laguna, and Santa Cruz Tenerife in the Canary
Islands, plus Capo Verde on Sal Island in Cape Verde); and
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Figure 1. A map of northern Africa and the adjacent por-
tion of the Atlantic Ocean. The locations of the AERONET
sites at Agoufou (Ag), Banizoumbou (Ba), Blida (Bl), Capo
Verde (CV), Dakar (D), DMN Maine Soroa (MS), IER
Cinzana (CI), Horin (I), Ouagadougou (Ou), Saada (Sa),
Santa Cruz Tenerife (SC), Tamanrasset (Ta), and Zinder
Airport (ZA) are identified, along with the location of the
Bodélé Depression (BD). Two additional Canary Islands
sites (Izana and La Laguna), located at different elevations
than Santa Cruz Tenerife but at a similar latitude and longi-
tude, are included in the study as well.

the site at Ilorin in Nigeria, which is frequently downwind of
dust storms emanating from the Bodélé Depression [Eck
etal.,2010]. The table also lists the years for which data were
obtained for each site, along with the versions of quality-
screened data used. Level 2.0 quality-screened data were
used for both the optical depth data and the size distribution
inversions at all sites. Level 2.0 SDA retrievals were used
at Blida, Ilorin, Izana, La Laguna, Santa Cruz Tenerife, and
Tamanrasset INM. The remaining sites use Level 1.5 SDA
retrievals due to a shortage or lack of available Level 2.0
retrievals at those locations. This allows for the SDA retrieval
results to be examined at all the sites, but the chance of
systematic errors in the retrievals due to calibration and
instrumentation issues and fewer data quality checks is
greater in the Level 1.5 screening.

[16] A map of the northern part of Africa, with letters
indicating the locations pertinent to this study, is presented
in Figure 1. The Dubovik et al. [2006] Version 2.0 algorithm,
which assumes a combination of spherical- and spheroidal-
shaped particles in order to better simulate desert dust optical
properties, retrieves size distribution, single-scattering
albedo, and percent sphericity. The bimodal size distribution
retrievals from the SDA are used as well. The SDA values are
taken from the closest data point in time to the results of the
size distribution inversion, provided that the time difference
is less than 1 h.

[17] In order to examine the properties of the intermediate
mode, it is first necessary to devise an objective means of
determining when it makes a significant contribution to the
total aerosol loading. For the sake of simplicity, a given size
distribution inversion is said to show a significant presence of
the intermediate mode if the Dubovik et al. [2006] inversion
retrieves two distinct peaks in dV/d(In ) at radii

corresponding to what the AERONET algorithm defines as
the coarse mode, but at least one of these peaks is retrieved
at a submicron radius. To illustrate this, Figure 2 shows the
daily mean value for the size distribution retrievals at Ilorin
during a dust event on 10 February 2000, for which the mean
optical depth at 870 nm is 1.67 and the Angstrédm exponent
between 440nm and 870nm is 0.336. The first vertical
dashed line on Figure 2, corresponding to a particle radius
of 0.439 pm, denotes where the AERONET inversion di-
vides the total aerosol loading into coarse and fine modes.
The second dashed line at 0.992 um is the cutoff above which
a peak will not be flagged as representing the intermediate
mode. The retrieved size distribution on this particular day
shows three distinct modes: a fine mode most likely due to
biomass burning, a large coarse mode typically seen in size
distributions of desert dust, and a clear intermediate mode
that peaks squarely within the defined size range.

[18] This methodology is admittedly inexact, and care
must be taken to avoid confusion in interpreting the data.
The SDA implicitly assumes one coarse mode and one fine
mode, and the AERONET inversion uses the retrieved size
distribution to calculate values of the optical depth, effective
radius, and effective variance for one coarse mode and one
fine mode even if the retrieved size distribution itself shows
a multimodal structure. An additional mode of intermediate
size would most likely not be completely categorized by
either retrieval into one size or the other, and in that case
the calculated properties of the coarse and fine modes would
both be affected. It is also possible that the adopted method-
ology will fail to flag some data points where the intermedi-
ate mode has a peak radius of a smaller size or that the
intermediate mode is present on some data points where it
is not significant enough relative to the primary coarse mode
for the AERONET inversion to retrieve a distinct peak for it.
Such data points would not be flagged in this study. The
ultimate objective, though, is to show that the intermediate
mode has significantly different radiative properties from
the coarse mode typically observed in Saharan and Sahelian
dust. It will be demonstrated that the adopted methodology
is sufficient and adequate for this purpose.
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Figure 2. The mean values for the AERONET size distri-
bution retrievals at the Ilorin site on 10 February 2000. The
vertical dashed lines denote the values of the particle radius
(0.439 um and 0.992 pm) between which a peak in the re-
trieved size distribution must lie for the intermediate mode
to be flagged.
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Figure 3. The daily mean values of optical depth at 870 nm
(solid), Angstrom exponent between 440nm and 870nm
(dashed), and SDA-retrieved fine mode fraction at 500 nm
(dotted) obtained from AERONET data at the Dakar site be-
tween 7 March and 16 March 2006. The error bars denote un-
certainties in the mean Angstrém exponent.

[19] All 15 sites are examined for the frequency of occur-
rence of the mode in the AERONET size distribution
retrieval. The sites for which the intermediate mode appears
in more than 1% of the data points are examined further, to
determine if there are statistically significant differences in
the Angstrom exponent (a, calculated by a linear regression
of the measured optical depths at 440, 500, 675, and
870 nm), SDA-retrieved fine mode fraction at 500 nm ( f;),
and single-scattering albedo (wy). For this statistical analysis,
individual data points are used as opposed to the daily mean
size distributions. While this raises the possibility of giving
extra weight in the results to days with a large number of data
points, it also allows for diurnal changes in the Angstrom
exponent and single-scattering albedo that correspond to
changes in the size distribution to be taken into consideration.

3. Case Study: The March 2006 Dust Event

[20] A major Saharan dust event in March 2006 shows how
the retrieval of the intermediate mode by the AERONET
inversion corresponds to real variations in the wavelength
dependence of aerosol optical depth during periods of large
dust loading. Figure 3 shows the daily mean values for the
optical depth at 870nm (solid), the Angstrém exponent
(dashed), and the SDA-retrieved fine mode fraction at
500nm (dotted), obtained from AERONET data at the
Dakar site in Senegal between 7 March and 16 March
2006. The uncertainties in the Angstrom exponent depicted
in the error bars are calculated according to the analysis of
Eck et al. [1999]. Variations of this graph have been
published before [Derimian et al., 2008; Skonieczny et al.,
2011], and both these studies commented on the decrease
in the value of a as the dust storm moved in on 8 March.
But on 9 and 11 March, the 2 days with the highest value
of optical depth during the event, o actually increases relative
to the day before by a greater amount than the estimated
uncertainties. The variation in the fine mode fraction during
this period of time shows a similar pattern to that of the
Angstrom exponent. The mean values of fine mode fraction
retrieved on 9 March (33.4%) and 11 March (31.7%) are
approximately as high, though, as they were before the storm

started on 7 March (32.0%). In fact, the highest fine mode
fraction and total optical depth in the plot both occur on 9
March, at the height of the event. So a significant portion of
the particles on the days with highest optical depth in this
major dust event is small enough to both raise the
Angstrém exponent and be classified by the SDA algorithm
as fine mode particles rather than coarse mode particles.

[21] Similar behavior in the aerosol measurements was
observed at a site in Niamey in Niger, located further east
and upwind from Dakar. Slingo et al. [2006] reported a sharp
increase in the optical depth measured by their MFRSR
instrument, from less than 2.0 to over 3.5 between the after-
noon of 7 March and the afternoon of 8 March. This increase
in optical depth corresponds with a sharp decrease in their
retrieved value for the effective radius, from 3.3 pm to
1.6 um. Thomas and Gautier [2009] compared a dust model
with optical depth data from AERONET and another device
with infrared wavelengths further in the infrared, in order to
make a detailed analysis of the physical properties and
chemical composition of the dust in this particular storm.
Among other things, they found that a modeled multimodal
structure consistent with the results of the AERONET inver-
sion produced the best fit to the data.

[22] The detailed AERONET size distribution retrieval
results shown in Figure 4 reflect the evolution of this storm
over the site at Dakar. On 7 March, before the dust storm
had set in, the maximum value of dV/d(In ») in the retrieval
occurred at a coarse mode radius of 1.30 um. A much smaller
relative maximum of dV/d(In r) occurred at a radius of
0.11 um, a typical value for fine mode particles. The storm
intensified on the following day, and coarse mode particles
predictably dominate the size distribution. However, a
noticeable portion of the total aerosol volume comes from
particles with a radius smaller than 1.0 um. On 9 March,
much of the total volume increase retrieved by AERONET
comes from typical coarse mode particles, as expected.
However, the proportion of particles of submicron radius
also increases, to the extent that a distinct mode with a peak
contribution to the total volume at a radius of 0.58 um can
be seen. The value of the particle volume retrieved at this
radius is a factor of 2.77 higher on 9 March than it was on
8 March; by contrast, the value of the particle volume
retrieved at the peak coarse mode radius of 2.24 um increased
between the 2 days by a factor of 1.78. Note that the optical
depth is directly dependent not on total aerosol volume but
on particle surface area, so the fractional contribution of this
intermediate mode to the total optical depth is greater than its
fractional contribution to total aerosol volume.

4. The Frequency and Characteristics of the
Intermediate Mode

[23] Table 2 shows the number of data points, along with
the percentage relative to the total number of data points for
which a size distribution is retrieved, that the intermediate
mode is and is not flagged for all 15 sites. The results are cat-
egorized according to the value of the total aerosol optical
depth at 870nm, with four bins representing 7 values
between 0.50 and 0.75, between 0.75 and 1.00, between
1.00 and 1.50, and greater than 1.50. The relative frequency
of major dust events, both with and without a flagged inter-
mediate mode, varies significantly depending on location.
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Figure 4. The mean values for the AERONET size distri-
bution retrievals at the Dakar site on 7 March (dotted),
8 March (dashed), and 9 March (solid) 2006. The vertical
dashed lines denote the values of the particle radius
(0.439 um and 0.992 pm) between which a peak in the re-
trieved size distribution must lie for the intermediate mode
to be flagged.

None of the sites north of the Sahel see an optical depth at
870 nm in excess of 0.5 in more than 10% of the data points,
and of these, only Tamanrasset in the center of the Sahara
sees the intermediate mode plus an optical depth above 0.5
in more than 1% of the data points. Of the remaining sites,
Ilorin clearly shows the greatest frequency of both high

optical depth events and data points for which the intermedi-
ate mode is flagged; 23.2% of the total data points from Ilorin
show an intermediate mode combined with an optical depth
in excess of 0.50. In fact, as optical depth increases, the like-
lihood of a data point at Ilorin showing the intermediate
mode increases as well. For data points at Ilorin where the
optical depth exceeds 1.50, the AERONET inversion flags
the intermediate mode 104 out of 115 data points. The site
with the next highest frequency of occurrence of the interme-
diate mode is Ouagoudougou, the second most southerly site
in the survey. The remaining Sahelian sites are comparable to
each other in terms of frequency, although the intermediate
mode appears slightly less frequently at Dakar on the
Atlantic coast and less frequently still at Capo Verde out on
the ocean.

[24] Without investigating further, the relatively high fre-
quency of occurrence of the intermediate mode at the most
southern sites in the survey allows for alternate explanations.
One is that the intermediate mode is a by-product of biomass
burning, which certainly makes a significant contribution to
the total aerosol loading at Ilorin [Eck et al., 2010].
Another has to do with the dynamics of dust transport, partic-
ularly coming out of the Bodélé Depression. Dust emanating
from the Bodélé Depression usually travels to the southwest
[Fiedler et al., 2013], so it is not necessarily surprising that
Ilorin sees high optical depth events at a greater frequency
than the Sahelian sites. Furthermore, dust that tracks west-
ward over the Sahel can mix with dust from additional

Table 2. The Number of Data Points Along With Their Percentage of the Total Data Points in the Set for Which the Intermediate Mode Is

and Is Not Flagged at the 15 AERONET Sites Used in This Study®

0.50<t<0.75 0.75<t<1.00 1.00<t< 1.50 1>1.50
Intermediate Mode Flagged? No Yes No Yes No Yes No Yes
Agoufou 493 142 241 101 165 94 50 25
(13.0%) (3.7%) (6.3%) (2.7%) (4.3%) (2.5%) (1.3%) (0.7%)
Banizoumbou 760 337 307 241 261 199 104 68
(9.8%) (4.3%) (4.0%) (3.1%) (3.4%) (2.6%) (1.3%) (0.9%)
Blida 43 1 29 2 3 1 0 0
(1.3%) (0.0%) (0.9%) (0.1%) (0.1%) (0.0%) (0.0%) (0.0%)
Capo Verde 454 41 117 30 57 10 22 1
(11.8%) (1.1%) (3.1%) (0.8%) (1.5%) (0.3%) (0.6%) (0.0%)
Dakar 828 96 297 70 154 66 33 18
(14.7%) (1.7%) (5.3%) (1.2%) (2.7%) (1.2%) (0.6%) (0.3%)
DMN Maine Soroa 233 47 104 37 56 25 27 13
(12.1%) (2.5%) (5.4%) (1.9%) (2.9%) (1.3%) (1.4%) (0.7%)
IER Cinzana 775 250 302 131 178 143 64 40
(12.2%) (3.9%) (4.8%) (2.1%) (2.8%) (2.3%) (1.0%) (0.6%)
Ilorin 550 78 247 169 103 285 11 104
(20.0%) (2.8%) (9.0%) (6.2%) (3.8%) (10.4%) (0.4%) (3.8%)
Izana 2 2 1 0 0 0 0 0
(0.1%) (0.1%) (0.1%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
La Laguna 38 1 2 0 0 0 0 0
(4.0%) (0.1%) (0.2%) (0.0%) (0.0%) (0.0%) (0.0%) (0.0%)
Ouagadougou 225 176 76 154 59 118 19 11
(7.1%) (5.6%) (2.4%) (4.9%) (1.9%) (3.8%) (0.6%) (0.4%)
Saada 207 7 37 4 7 1 0 0
(3.2%) (0.1%) (0.6%) (0.1%) (0.1%) (0.0%) (0.0%) (0.0%)
Santa Cruz Tenerife 67 13 20 2 4 2 1 0
(2.3%) (0.5%) (0.7%) (0.1%) (0.1%) (0.1%) (0.0%) (0.0%)
Tamanrasset INM 69 11 17 7 11 2 3 0
(4.1%) (0.7%) (1.0%) (0.4%) (0.7%) (0.1%) (0.2%) (0.0%)
Zinder Airport 80 42 37 28 37 21 4 5
(6.0%) (3.1%) (2.8%) (2.1%) (2.8%) (1.6%) (0.3%) (0.4%)

“The values are categorized by optical depth at 870 nm.
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Table 4. The Results of the Linear Regressions of Angstrom Exponent and SDA-Retrieved Fine Mode Fraction Versus Aerosol Optical
Depth Using Data Points for Which the Intermediate Mode is Flagged®

o (440-870) /¢ (500 nm)
Site b m t*se sig? b m t¥*se sig?
Agoufou 0.377 —0.099 0.028 Yes 0.329 0.025 0.010 Yes
Banizoumbou 0.383 —0.083 0.012 Yes 0.331 0.016 0.004 Yes
Capo Verde 0.372 —0.110 0.058 Yes 0412 —0.106 0.089 Yes
Dakar 0.354 —0.085 0.001 Yes 0.293 0.003 0.034 No
DMN Maine Soroa 0.376 —-0.077 0.032 Yes 0.319 0.003 0.005 No
IER Cinzana 0.373 —0.082 0.030 Yes 0.303 0.008 0.021 No
Tlorin 0.565 —0.101 0.035 Yes 0.385 —0.031 0.014 Yes
Ouagadougou 0.455 —0.096 0.062 Yes 0.348 0.000 0.067 No
Tamanrasset INM 0.287 —0.028 4971 No 0.290 0.001 1.654 No
Zinder Airport 0.397 —0.082 0.052 Yes 0.378 —0.008 0.063 No

“The variable b represents the y intercept, m is the slope, and #*se is the product of the 7 function at the 95% confidence interval and the standard error. The

statistical significance of the slope relative to a slope of 0 is also presented.

sources [Schepanski et al., 2012], perhaps diluting the signal
of the intermediate mode if the mode does originate from the
Bodélé Depression. In order to get a clear indication of
whether one of these explanations is likely to be correct,
more aerosol properties need to be investigated. Biomass-
burning aerosols have a higher Angstrém exponent (due to
smaller particle size), a greater fine mode fraction, and a
lower single-scattering albedo (due to stronger absorption)
than desert dust. They are also more spherical. An examina-
tion of how these properties vary with location, optical depth,
and the appearance of the intermediate mode in the size dis-
tribution retrieval should shed some light on what the inter-
mediate mode really is and what its properties are.

[25] The sites used in Table 3 are determined by
whether the total percentage frequency of occurrence of
the intermediate mode, over all four optical depth cate-
gories, adds up to at least 1.0%. This eliminates all the
northern sites from further consideration but leaves in
Tamanrasset and Capo Verde along with Ilorin and all
the Sahelian sites. The mean values of the Angstrom
exponent between 470 and 870nm, the SDA-retrieved
fine mode fraction at 500 nm, the single-scattering albedo
retrieved at 440 nm, and percentage sphericity are presented
for the same four ranges of optical depth at 870 nm used in
Table 2. The range of the 95% confidence interval of the
means, calculated using the Student’s # test method, is also
presented. This is done to determine if differences in the
mean values between when the intermediate mode is and
is not flagged are statistically significant over a given range
of optical depth.

[26] Given the high frequency of occurrence of the interme-
diate mode in the retrievals, the mode’s increase in significance
with increasing optical depth, and the fact that biomass-burning
aerosols are known to intermingle with dust in significant
proportions, the AERONET site at Ilorin is the most important
site in the study and warrants the closest scrutiny. At optical
depth values below 1.50, data points with the intermediate
mode flagged have a lower Angstrom exponent and fine mode
fraction than the points where the intermediate mode is not
flagged, but these trends reverse at optical depth values above
1.50. The decreased values of « and f; at optical depths below
1.50 can be explained if the presence of the intermediate mode
corresponds to an aerosol loading that consists more purely of
dust, while the absence of the intermediate mode corresponds
more frequently to a mixture of dust with biomass-burning

aerosols. In either case, the smaller biomass-burning particles
do not contribute as significantly to the total aerosol loading
when the optical depth exceeds 1.50, so a and f; increase when
the intermediate mode is present.

[27] The Ilorin site in general has lower values of single-
scattering albedo and higher values of percentage sphericity
than the other sites. These are both consistent with a signifi-
cant biomass-burning contribution to the total aerosol load-
ing. In all four categories of optical depth, however, the
mean single-scattering albedo is significantly higher when
the intermediate mode is flagged. In other words, the aerosols
absorb less when the intermediate mode is present. If the
presence of the intermediate mode had anything to do with
biomass burning, the opposite result would be expected.
The percentage sphericity is more highly variable than the
other quantities examined, and for Ilorin the differences
between when the intermediate mode is and is not flagged
do not reach statistical significance in any of the optical
depth categories.

0.95

0.851

0.8

0 0102030405060.7080.9 1
FINE MODE FRACTION

Figure 5. A plot of single-scattering albedo at 675 nm re-
trieved using the AERONET inversion algorithm versus the
fine mode fraction at 500 nm retrieved using the SDA algo-
rithm for the DMN Maine Soroa (black), Ilorin (red), and
Zinder Airport (blue) sites. The solid lines correspond to
the data points for which the intermediate mode is not
flagged, while the dashed lines correspond to the data points
for which the mode is flagged.
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[28] At every site other than Ilorin, and for each optical
depth category, there is a clear difference in the mean

ngstrom exponents calculated when the intermediate mode
is flagged in the AERONET size distribution retrievals than
when it is not flagged. The increase in Angstrdm exponent
in the presence of the intermediate mode is universal. With
the exception of Capo Verde and Tamanrasset at optical
depth values above 1.00 and Maine Soroa at optical depth
values above 1.50, the differences are statistically significant.

[29] It has already been observed in Figure 3 that for dust
storms containing the intermediate mode, the SDA can re-
trieve a value of the fine mode fraction at the height of the
storm that is greater than the value retrieved before the storm
even hit. An analysis of the mean-retrieved values at multiple
sites can show if the increase in fine mode fraction with the
presence of the intermediate mode is a general occurrence;
if this is indeed the case, the size distribution in dust events
cannot be categorically described as a strengthening of just
a primary coarse mode. As was the case with the Angstrém
exponents, the increase in fine mode fraction when the inter-
mediate mode is flagged is universal outside of Ilorin. In
general, the differences are large enough to be statistically
significant. There is enough variation to keep the difference
from being statistically significant in a few cases, like large
optical depth values at Capo Verde where the sample size
is small.

[30] There are some subtle but important differences, how-
ever, between how the Angstrom exponent and the SDA-re-
trieved fine mode fraction change with increasing optical
depth at a given site. Table 4 shows the results of linear re-
gressions of a (between 440 and 870 nm) and f¢ (at 500 nm
using the SDA algorithm) versus optical depth at 870 nm
for data points where ¢ exceeds 0.50 and the intermediate
mode is flagged. The slope from the regression of « is nega-
tive at all 10 sites and statistically significant to the 95%
confidence interval at 9 of the 10. This is an expected result,
as dust is composed of larger particles than the background
aerosols. If the dust consisted almost entirely of supermicron
“coarse mode” particles, the fine mode fraction would
decrease with increasing optical depth as well. But as
Table 4 shows, 6 of the 10 sites show an increase in fine
mode fraction with increasing optical depth. Two sites
(Agoufou and Banizombou) show a statistically significant
increase in fine mode fraction with increasing optical depth,
and two sites (Ilorin and Capo Verde, the two sites for which
non-dust particles contribute most significantly to the total
aerosol loading) show a statistically significant decrease.
This result can be explained if the particles being added as
the optical depth increases include particles small enough
that the SDA algorithm still identifies them as fine mode par-
ticles but large enough relative to background fine mode
aerosols to still lower the Angstrom exponent.

[31] As ameasure of the ability to absorb sunlight, the sin-
gle-scattering albedo provides some information on the type
and chemistry of the aerosol being examined. Included in
Table 3 are the mean values of w, at 440 nm retrieved by
the AERONET inversion. At every site except Capo Verde,
the mean value of w at optical depths above 1.00 is greater
when the intermediate mode is flagged than when it is not.
For optical depth values below 1.00, the mean single-scatter-
ing albedo is less when the intermediate is flagged only at
Capo Verde and Dakar, and in neither case is the difference

statistically significant. At DMN Maine Soroa and Zinder
Airport, the sites closest to the Bodélé Depression, the mean
value of w at 440 nm when the intermediate mode is flagged
becomes exceptionally large as the optical depth increases
(0.946 and 0.963, respectively, at optical depths greater than
1.50). This strongly suggests that the particles in the interme-
diate mode do not absorb sunlight with the same efficiency
that regular desert dust does.

[32] Figure 5, which plots the single-scattering albedo re-
trieved at 675 nm by the AERONET inversion versus the fine
mode fraction retrieved at 500 nm using the SDA algorithm
at the DMN Maine Soroa, Ilorin, and Zinder Airport sites,
further illustrates the absorption differences between the in-
termediate mode and ordinary desert dust. When the size dis-
tribution retrieval does not show an intermediate mode,
g generally decreases with fine mode fraction. This is con-
sistent with a fine mode containing a significant portion of
strongly absorbing biomass-burning aerosols. When the in-
termediate mode is present, however, there is an increase in
wy at all three sites as the fine mode fraction increases above
0.3. At Ilorin, the increase is only temporary; for fine mode
fractions greater than 0.5, biomass-burning aerosols domi-
nate and the effect of the intermediate mode vanishes. At
Maine Soroa and Zinder Airport, the difference in w, between
data points with a retrieved intermediate mode and those
without it increases with increasing fine mode fraction. As
these sites do not have the same degree of overlap between
biomass burning and dust observed at Ilorin, the fine mode
fraction almost never exceeds 0.5 when the intermediate
mode is present.

[33] The retrieved values of the percent sphericities show a
pattern, but the results are less conclusive than with the other
retrieved quantities. On a general level, the most southerly
site (Ilorin) has the highest amount of spherical particles,
due to the contribution of fine biomass-burning aerosols.
Outside of Ilorin, the percentage sphericity is usually higher
when the intermediate mode is flagged, but the difference is
large enough to be statistically significant only in a few cases.
Dakar, DMN Maine Soroa, Ouagadougou, and Zinder
Airport have size bins where the mean-retrieved percent
sphericity is lower when the intermediate mode is flagged,
but in none of these cases the difference is statistically signif-
icant. The results are complicated further because the re-
trieval of percent sphericity is not sensitive to the shape
particles with an Angstrdm exponent greater than 1.0
[Dubovik et al., 2006]. So the higher values of percent sphe-
ricity could stem from intermediate modes being less spheri-
cal than typical coarse mode dust, or they could stem from
the particles simply being smaller.

5. Discussion

[34] By themselves, neither the results of the AERONET
size distribution retrieval prove that the intermediate aerosol
mode observed in Saharan dust events does in fact exist and
is an artifact of the AERONET inversion nor do the results
quantitatively establish the size of the intermediate mode.
But AERONET optical depth measurements do show a con-
sistent, distinct difference in the Angstrdm exponent when
the intermediate mode is and is not seen. Table 3 shows, at
every site where the intermediate mode is present with a no-
ticeable frequency, a statistically significant increase in the
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Angstrom exponent when the intermediate mode has its own
peak in the size distribution retrieval. The results from the
SDA algorithm of O’Neill et al. [2003] likewise show an in-
crease in the relative contribution of smaller particles to the
total optical depth, but there are differences in the behavior
of the Angstrom exponent and the SDA-derived fine mode
fraction. Both of which are obtained using only direct beam
data that can be readily explained if the size distributions re-
trieved by the AERONET inversion are taken at face value.
Linear regressions of the Angstrom exponent with optical
depth when the intermediate mode is flagged have signifi-
cantly negative slopes at most of the examined sites, but the
fine mode fraction shows no conclusive evidence of a similar
trend. Furthermore, the dust event of March 2006 shows that
sometimes the Angstrom exponent actually increases with
optical depth during specific dust storms, and the SDA-re-
trieved fine mode fraction at the height of the storm can even
exceed its value before the storm. Substantial evidence exists
in the AERONET direct beam data, therefore, that particles
smaller than those in the predominant coarse mode but larger
than typical fine mode particles are present in significant
amounts in some major Saharan dust events.

[35] In addition, the frequency of occurrence of the inter-
mediate mode follows a physically plausible pattern. The in-
termediate mode is found with the greatest frequency at
llorin, the site most frequently downwind of the Bodélé
Depression. Sites more directly west of the Bodélé
Depression also see the mode, with diminishing frequency
at more remote sites like Capo Verde and Dakar. Of the sites
located further north than the Bodélé, only Tamanrasset in
the central Sahara sees the mode with any frequency. So
the presence of the intermediate mode in the AERONET in-
versions depends heavily on location, in a way that is consis-
tent with prevailing wind patterns. The Version 1.0
AERONET inversion could produce spurious additional
coarse modes when applied to dust [Osborne et al., 2008],
but the Version 2.0 inversion employed here does not appear
to suffer from the same issues. And if the example presented
in the Osborne et al. study was characteristic of the spurious
coarse mode, it had a larger particle size than the primary
coarse mode, not a smaller size.

[36] While more airborne studies at the right places and
times are needed to clearly define the size and the absorptive
properties of the intermediate mode, the limited number of
existing studies does show some agreement between airborne
measurements and the AERONET inversions. For example,
a recent airborne study by Chen et al. [2011] using the
Cape Verde island chain as its base determined that the size
distribution of their collected Saharan dust particles could
be parameterized using three lognormal distributions corre-
sponding to a coarse mode, a fine mode, and an intermediate
mode. Using the median parameters of these distributions,
the values of the effective radius of each mode are calculated
to be 0.13,0.46, and 1.20 pm. The first two values are consis-
tent with what is retrieved by AERONET, and the small
value of the third can be explained by limitations in the par-
ticle sampler, which had a cutoff diameter of 4 pm. Similar
studies based in locations like Ilorin or the regions of the
Sahel closer to the Bodélé Depression would be better situ-
ated to study the intermediate mode, however.

[37] Osborne et al. [2008] conducted a direct comparison
between size distributions obtained from airborne sampling

and those retrieved from AERONET data at the
Banizoumbou site. The comparisons presented in Figure 10
of that paper suggest that the AERONET inversion overesti-
mates the contribution of submicron particles to the total
aerosol volume, but the discrepancies may be a result of the
normalization of the data. In addition, the methodology of
this study would flag the intermediate mode in the airborne
measurements presented in the lower graph of Figure 10.
Johnson and Osborne [2011] also make a direct comparison
of volume size distributions obtained from airborne data and
AERONET data from Banizoumbou and Dakar. The respec-
tive means agree very well in general, although the aircraft
measurements give a coarse mode peak at a slightly smaller
particle size than the AERONET retrievals. In addition, the
mean normalized values of dV/d(In ) measured with the air-
borne particle sampler at approximate radius values of
0.55um and 0.9 um are nearly equal, which is consistent
with an at least occasional presence of an intermediate mode.

[38] Airborne studies can be combined with AERONET
and satellite data to show how dust properties, including the
size distribution, evolve over time as the cloud spreads both
horizontally and vertically. Examining the vertical distribu-
tion of dust clouds shown to contain the intermediate mode,
particularly with regards to how the size distribution changes
with height, can provide further insight into how this mode
propagates spatially and temporally.

[39] Not only does the source of the intermediate mode
need to be identified but also what it is about the mode’s basic
nature that distinguishes it from normal desert dust should be
investigated as well. For example, a connection may exist be-
tween the intermediate mode and the submicron dust acrosols
postulated by Gomes et al. [1990] to be formed from
sandblasting. If the Bodélé Depression is indeed the source
of the aerosols, then the unusual diatomite sediment found
there [Bristow et al., 2009; Todd et al., 2007] may have
something to do with the intermediate mode. Any establish-
ment of the source and nature of the intermediate mode
would also require an explanation for why the mode is more
significant in some major dust storms than in others and why
the mode’s ability to absorb sunlight is weaker than that of
normal desert dust.

[40] The work done for this study continues with an exam-
ination of the climatology of the intermediate mode at the dif-
ferent AERONET sites, along with an attempt to explain the
differences in retrieval results between the sites. While the
high frequency of the mode’s occurrence in dust events over
the Ilorin site suggests the Bodélé Depression in Chad as a
possible source, this still needs to be determined more con-
clusively. This can be done by combining the AERONET
data used in this study with satellite data and back
trajectory analysis.

6. Summary and Conclusions

[41] In order to precisely determine the effect of desert dust
on solar radiation and human health, it is first necessary to
quantify the aerosol size distribution. This is a daunting task,
as only AERONET makes routine retrievals of the size distri-
bution in significant detail, and the means to validate these re-
trievals are often lacking. Sometimes, when applied to dust
events in the Sahara or Sahel, the AERONET inversion re-
trieves a more complicated size distribution than the
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frequently assumed coarse/fine bimodality. This happens of-
ten enough, and with some characteristics that are consistent
over different locations, to justify examining the data further
in order to better clarify what is actually happening.

[42] In particular, a significant number of size distribution
retrievals taken during dust events show an aerosol mode of
an intermediate size between what is generally defined as
the coarse mode and the fine mode. The mode is present in re-
trievals taken during a number of dust events over multiple
AERONET sites. Included among these events is the major
dust storm of March 2006, where the Angstrém exponent ob-
served over Dakar counterintuitively increased with increas-
ing optical depth on the days when the intermediate mode
was observed, and the fine mode fraction retrieved using
the SDA algorithm at the height of the storm exceeded the
value retrieved before the storm began.

[43] A general survey of AERONET measurements at sites
in Africa and on the Atlantic shows a number of differences
between dust events where the intermediate mode is and is
not flagged as being present. The frequency of major dust
events in general and events which feature the intermediate
mode in particular is most common among the sites exam-
ined in this study at Ilorin, the site most frequently downwind
of the Bodélé Depression. The intermediate mode is ob-
served less frequently over the Sahel, and the frequency de-
creases further moving out over the Atlantic from Dakar to
Cape Verde. Excepting Ilorin, where biomass-burning aero-
sols contribute significantly to aerosol loadings when the op-
tical depth is less than 1.50, the Angstrdm exponent is
consistently and significantly higher when the intermediate
mode is flagged in the data. The SDA retrievals of O’Neill
et al. [2003] likewise show an increase in the relative concen-
tration of smaller particles, but the retrieved fine mode frac-
tion does not show the same decreasing trend with
increasing optical depth when the intermediate mode is
flagged that the Angstrém exponent does. The single-scatter-
ing albedo is also consistently and significantly larger when
the intermediate mode is flagged, suggesting that the particles
in the intermediate mode do not absorb sunlight as efficiently
as regular dust particles.

[44] The combination of the calculations of the Angstrém
exponent and SDA-derived retrievals of the fine mode fraction,
both of which require only optical depth measurements, can be
readily explained if the intermediate mode observed in
AERONET inversions using measurements of scattered radia-
tion indeed reflects physical reality. Also, the frequency of oc-
currence of the intermediate mode in the size distribution
retrievals follows a pattern that appears to be consistent with
prevailing wind patterns. This consistency can be tested further
by examining the climatology of the intermediate mode in
more detail on a site-to-site basis. But to establish the existence
and properties of the intermediate mode more completely, the
results of the AERONET inversions will need to be validated
using airborne data at locations and times where the intermedi-
ate mode is commonly observed.
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