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Mineral dust aerosol optical thickness (AOT) at 11 | m and effective radius are
retrieved from ground-based spectral infrared (8-13 ! m) radiance observations collected
by the Atmospheric Emitted Radiance Interferometer (AERI) that was deployed to
Niamey, Niger, in 2006 with the Atmospheric Radiation Measurement (ARM) mobile
facility. The algorithm used in this study has the ability to differentiate between two
different mineral types, allowing the AOT and effective radius of each mineral, to be
retrieved as long as the minerals have significant and spectrally different absorption
bands in the infrared. Kaolinite, gypsum, and quartz, common minerals found in African
deserts, have different infrared absorption features and are utilized in this work. The
mineral combination that yielded the best fit to the observations, after accounting for the
increased degrees of freedom in the dual mineral fits, was identified as the ‘radiatively
relevant’ composition of the dust.

The results were analyzed as function of period (pre-monsoon, early monsoon, late
monsoon, and post-monsoon) as well as by backtrajectory direction. High AOT events
occurred in all four periods, with more high AOT events occurring during the drier pre-
and post-monsoon periods. Kaolinite is an important component to the dust, with 94% of
the retrievals having a significant amount of this mineral. Kaolinite+gypsum was
determined to fit the spectral observations the best in nearly two-thirds of the
observations. Additionally, the amount of gypsum was dependent on the backtrajectory
direction, with a larger fraction of the total AOT due to gypsum when the flow was from

east of the Niamey site.
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1. Introduction

Climate change, and in particular anthropogenic climate change, is arguably one of
the more important issues facing our policymakers today. However, in order to
characterize and quantify anthropogenic climate change, many components of the climate
system need to be better understood. In particular, aerosol radiative forcing is very
uncertain in climate models [Schwartz and Andreae 1996]. Mineral dust composes a
significant fraction of the atmospheric aerosol, yet the total radiative forcing due to dust
can be either positive or negative at the top of the atmosphere due to a large number of
factors such as the size distribution of the dust particles, the optical depth of the dust, the
surface albedo, etc. [Tegen et al. 1996]. Additionally, aerosol forcing in the infrared is
generally not included in many climate models, even though atmospheric dust can have a
large impact on the infrared radiative fluxes at the surface and top of the atmosphere
[Vogelmann et al. 2003].

Mineral dust in the atmosphere is often episodic, and particular atmospheric
conditions are needed to loft the dust from the Earth’s surface into the atmosphere (e.g.,
[Washington et al. 2006a,b]). Atmospheric dust can impact surface temperatures [Tegen
et al 2006], and due to the radiative heating in the column, dust can also modify the
circulation of the atmosphere [Tegen et al. 1996]. Thus, the impact of dust on climate is
very uncertain [IPCC 2001].

Atmospheric dust is primarily composed of clay minerals and silicates [Falkovich et
al. 2001], but the exact composition depends on a multitude of factors including the
parent surface, the process that mobilized the dust initially, and the atmospheric

conditions that are keeping the dust aloft [Sokolik and Toon 1999]. Atmospheric dust
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must be traced back to its source region and the optical properties and chemical
composition characterized in order to improve dust emission and transport models [Kinne
et al. 2003].

A variety of investigators have attempted to retrieve the composition of mineral dust
from ground-based remote sensors. Dubovik et al. [2000,2002] have developed a method
to retrieve the refractive index of atmospheric dust from AERONET sunphotometer data
[Holben et al. 1998]; however, this method has significant uncertainties when the visible
optical depth is low (i.e., below approximately 0.15). Kassianov et al. [2005] used solar
direct and diffuse observations from a multi-filter rotating shadowband radiometer
(MFRSR) to derive the refractive index and particle size of dust aerosols, but their
method fails when the aerosol particles are too large. Koven and Fung [2006]
investigated the differences in dust optical properties in the visible and near infrared over
North Africa. Dust composition has also been inferred from space-borne MISR
observations [Kalishnikova et al. 2005]. All of these techniques used radiance or
irradiance observations in the visible or near-infrared mainly to characterize the amount
of hematite in the dust, as hematite has an absorption band in the visible portion of the
spectrum.

In this study, we are using spectrally-resolved zenith infrared radiance (8-13 um) data
to determine the composition of the airborne dust, as well as the optical depth and
effective radius of the dust particles. Rathke et al. [2002] were able to identify the
“radiatively relevant” aerosol composition using spectrally resolved infrared observations
in Antarctica to infer the chemical composition of the aerosol. As Rathke et al. point out,

some aerosol chemical species do not have spectral signatures in the 8-13 um band (e.g.,
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infrared radiation. The field-of-view of the instrument is 46 mrad. The AERI
periodically views two well-characterized, high emissivity blackbodies, one of which is
held at 60°C while the other floats at ambient temperature. During RADAGAST, the
AERI measured downwelling radiance from the atmosphere for 3 min, and then looked at
each of the blackbody targets for approximately 2 min, resulting in a complete
measurement cycle of about 7 minutes per sky spectrum with excellent signal-to-noise
ratio across the spectrum.

The dust retrieval algorithm assumes that the instrument has good radiometric
calibration. The absolute calibration of the radiance data is better than 1% of the ambient
radiance (3-! ) and is achieved through accurate monitoring of the blackbody
temperatures (as well as the structural temperatures around the blackbodies) together with
corrections for the instrument self-apodization and non-linearity in the MCT detector
[Knuteson et al., 2004b]. The radiometric uncertainty of the AERI observations is
determined from the imaginary portion of the calibration equation [Knuteson et al.
2004b], and thus the scene-dependent instrument noise is determined directly for each
AERI observation. AERI data have been used to evaluate and improve radiative transfer
models, inverted to retrieve profiles of temperature and humidity, and to retrieve cloud
properties in ice-only, liquid-only, and mixed-phase clouds.

An important feature of all ARM AERI systems, including the system deployed to
Niamey, is that the front end of the optical system, i.e., where the scene-selection mirror
and blackbodies are located, is enclosed and a ventilating fan is used to direct air upward
out of the AERTI’s sky port. The incoming air is filtered to remove any particles, and the

outgoing airflow keeps atmospheric dust from settling on the scene mirror. If large
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yielded the best single-mineral fit and dual-mineral fit for each sample were identified. A
statistical F-test was then applied to determine if the best dual-mineral fit was indeed
statistically better than the best single-mineral fit; the best-fit retrieval (whether single- or
dual-mineral) was saved for that AERI observation.
Table 1 goes here

Finally, while there is information on the vertical distribution of the aerosols
above Niamey from the AMF micropulse lidar, the lidar is sensitive primarily to the
vertical distribution of the fine mode aerosols because it operates at a wavelength of
0.523 I'm. Thus, we have assumed that the mineral dust is a homogeneous layer (i.e., has
constant infrared extinction) from the surface to 1.5 km. The assumed constant
extinction profile may result in a small error in the effective radiating temperature of the
dust layer that translates into an error in the retrieved optical depth; however, the impact

is relatively small for optical depths less than 1.

4. Results

The MIXCRA retrievals were applied to all of the cloud-free AERI observations
during the AMF deployment to Niamey, as radiance from clouds (even thin cirrus) would
affect the ability of the algorithm to determine the mineral composition of the dust. The
micropulse lidar data and the temporal variability of the AERI radiance at 11 ! m were
used to identify cloudy periods and eliminate them from the analysis, but a large number
of samples were analyzed since a large fraction of the dataset was cloud-free (e.g., Fig 6).
We first will illustrate the aerosol retrieval algorithm’s capability on a 4-day period in
March when a significant dust storm event occurred in the Sahel. Then, the results from

the year-long analysis will be presented and discussed.
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AOT and the effective radius, with the effect being larger in the latter because these
cirrus clouds were optically thin.

The AERI-retrieved AOT results in Fig 6 illustrate that there were several episodes
during this storm event, with significant increases in the AOT on the 7™ at 12:00 UTC, on
the 8" starting at 12:00 UTC, and again on the 9" starting at 03:30 UTC. The effective
radius of the kaolinite component of the dust retrieved from the AERI observations was a
maximum of nearly 3.4 | m during the first wave of dust over Niamey, and then gradually
decreased during the next several days. The number of relatively large particles on the
7™ is supported by the fair agreement between the 0.5 ! m optical depths from the
MFRSR and the 11 ! m optical depths from the AERI. However, the relative number of
smaller particles in the atmosphere increases significantly during the 8"-10", as the
MFRSR-derived optical depth, which is sensitive to both the fine and coarse mode
aerosol particles (see Fig 4), is significantly higher than the AERI-retrieved AOT.

Fig 6 goes here

4.2. Year-long analysis

The Sahel region of Africa experiences a significant change in the meteorological and
dust conditions depending on the location of the intertropical front (ITF) [e.g., Mbourou
et al. 1997]. When the ITF at its more southerly location, Niamey and the entire Sahel
area experience dry and dusty conditions; however, when the ITF moves towards its
northerly location the Sahel experiences monsoon conditions and is much moister with
significant amounts of precipitation. Furthermore, the change in the ITF location changes
the wind patterns over the Sahel [e.g., Slingo et al. 2007]. Therefore, it is reasonable to

expect changes in the AOT and composition associated with the location of the ITF.
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Slingo et al. [2007] have indicated that the onset of the monsoon was not as dramatic
over Niamey as is typically experienced at this location. Thus, we have elected to divide
the year into 4 distinct periods: a pre-monsoon period when the ITF was south of the
AMEF site (from 7 Jan to 15 Apr), an early monsoon period that experienced the ‘false-
monsoon’ (16 Apr — 3 Jul), a late monsoon period when the ITF was well north of the
AM site (4 Jul — 28 Oct), and a post-monsoon period when the ITF moved well south of
the AMF site again (29 Oct — 6 Jan).

The time-series of 11 ! m total for the year is shown in Fig 7, with the four periods
identified. The dust storm on 7-10 March is clearly the largest aerosol loading event,
from an 11 ! m point-of-view, during the entire year; however, there were significant
aerosol loading events in the post-monsoon period as well as the early monsoon period.
There are relatively fewer AOT retrievals during the two monsoon periods, especially the
late monsoon period, due to the increased presence of clouds. The distributions of AOT
for the four periods are shown in Fig 8. The AOT distribution is fairly similar for the
pre- and post-monsoon periods, but the AOTs are significantly smaller during the late-
monsoon period.

Figs 7 and 8 go here

A natural question is: how accurate are the AERI-retrieved dust optical depths? To
address this question, we compared the 11 ! m AOTs retrieved from the AERI with the
1.02 I m AOTs derived from the Cimel sunphotometer (level 1.5) collected at
Banizoumbou in clear sky cases. A Cimel was installed at Niamey but was not
operational until Aug 2006; thus we elected to use the larger data record at Banizoumbou

for this comparison (Fig 9). The two datasets showed an excellent correlation (r = 0.913),
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with a linear relationship of Cimel AOT(1.02 pm) =2.175 * MIXCRA_AOT(11.0 pm)
+ 0.106 determined via simple linear regression (Fig 9a). Using the level 2 AERONET
Cimel data from Banizoumbou in the comparison changes the statistics slightly, yielding
a linear relationship of Cimel AOT(1.02 pm) = 2.165 * MIXCRA AOT(11.0 um) +
0.121 and a correlation coefficient of 0.905, but the number of points available from
version 2 is only 1026 vs 6033 using level 1.5 Cimel data. The Angstrom exponent
derived from the 1.02 pm Cimel data and the 11 pm MIXCRA retrievals is 0.526 +
0.232, which is quite similar in both mean value and standard deviation to the Angstrém
exponent derived from the 0.675 pm and 1.020 um Cimel data (0.487 + 0.215).
However, while the mean values and the distribution (Fig 9c¢) of these two different
Angstrom values are similar, the correlation is poor (r=0.095).
Figure 9 goes here

As indicated above, a significant change in the wind direction is associated with the
change in the location of the ITF. Slingo et al. [2007] show a substantial difference in the
backtrajectories at 500 m (where the dust is assumed to reside) for the 4 different periods;
the predominate backtrajectory direction is from the northwest-to-east during the pre-
monsoon, rotating to the southwest with some notable events from other directions during
the early monsoon period, to being predominantly from the south-to-southwest during the
late monsoon period, and then rotating back to a easterly direction during the post-
monsoon periods. Figure 10 shows the distribution of the daily-averaged AERI-retrieved
11 um AOT as a function of the backtrajectory direction, separated into octants, during
the four periods. The gray diamonds are the actual daily-averaged AOT values, with the

number of samples in that octant listed directly below the octant’s label. The filled black
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determined to have single-mineral compositions typically had 11 ! m AOT values below
0.1; however, there are also a significant number of cases with AOT < 0.1 that were
determined to have dual-mineral compositions (Fig 11). The late monsoon was
characterized by flow from the south, low dust aerosol optical depths (Fig 8 and Fig 10),
and significantly larger precipitable water vapor amounts than the pre- and post-monsoon
periods [e.g., Slingo et al. 2007]. As the PWV increases, the downwelling radiance is
more heavily dominated by the water vapor emission (which increases by approximately
the square of the PWYV in the microwindows used in these retrievals). Thus, for larger
PWYV amounts, the uncertainty in the aerosol optical depth retrieval increases, especially
for cases with low amounts of aerosol, and the quality of the fit is decreased. Nalli et al.
[2006] point out how fluctuations in PWV, especially when the PWYV is large, can mask
the signal from aerosol fluctuations; fortunately, the accurate water vapor retrievals from
the MWR [Turner et al. 2007] account for the majority of the fluctuations in water vapor.
Nonetheless, the decrease in the quality of the fit when the PWV is large does not depend
largely on the aerosol composition, and thus the F-test will tend to select the single-
mineral fit as the ‘best-fit composition’ for cases with larger PWV, because the
uncertainty in the computed radiance due to the uncertainty in PWV is larger when the
PWV is large. This effect is observed in table 2, where the frequency of single-mineral
fits ranges from 24%, 34%, 72%, and 18% in the pre-monsoon, early monsoon, late
monsoon, and post-monsoon periods, respectively, where the PWYV is largest during the
late monsoon. Nonetheless, the single mineral fits during the late monsoon still indicate
that kaolinite is the dominant mineral in the dust, with gypsum also an important

component.
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most common solid-phase sulfate aerosol constituent in his global analysis of
anthropogenic and natural aerosols. Furthermore, Tegen et al. [2006] have pointed out
that the diatomite aerosols from the Bodélé depression are significantly different than the
clay particles from the northern Sahara. The easterly backtrajectories over the AMF site
cross over the Bodél¢é depression, and therefore it seems possible that the decrease
(increase) in ! »45 (! og ) retrieved from the AERI observations is due to the lofting and
advection of mineral dust from this depression over Niamey. However, it is also possible
that the gypsum over Niamey is the result of transport from much further away.

MIXCRA also retrieves the effective radius of the particles for both compositions,
and thus the characteristic size of the dust particles can be investigated. Figure 13 shows
the distribution of effective radius for both kaolinite (top) and gypsum (bottom) from the
kaolinite-only (solid gray) and kaolinite+gypsum (hashed) retrievals. In general, the
kaolinite particles have a smaller effective radius (between 1-3 pm) than the gypsum
particles, which have effective radii between 3-5 um. Diatomite particles from the
Bodél¢ have been shown to be lofted from the surface in “flakes” [Tegen et al. 2006], and
the same may happen with possibly gypsum particles as well. The effective radius for the
kaolinite in the kaolinite-only retrievals is slightly smaller than the effective radius of the
kaolinite in the kaolinite+gypsum retrievals; this result may be due to a small amount of
cross-talk in the retrieval algorithm (especially at lower optical thickness when the
aerosol signal is small).

Fig 13 goes here.
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We have presented a method that derives the infrared optical depth, effective radius,
and the radiatively relevant composition from mineral dust observed over Niamey, Niger,
in 2006. These dust properties were retrieved from high-spectral-resolution infrared
radiance data observed at the surface by the AERI instrument, one of the AMF
instruments deployed during RADAGAST. The retrieval technique uses a physical
retrieval to determine these dust properties, and propagates uncertainties in the radiative
temperature of the dust layer, the amount of water vapor, and in the AERI radiance
observations to provide uncertainties in the retrieved quantities. Three different minerals
were used in the retrieval process (kaolinite, gypsum, and quartz), all of which have
distinctively different absorption spectra in the thermal (8-13 ! m) infrared. The retrieval
algorithm was only run in cloud-free cases, yet over 16700 valid retrievals were made
during the one year deployment.

Comparisons with the year-long dataset of 11 ! m dust optical depths retrieved from
the AERI with Cimel sunphotometer-derived optical depths at 1.02 ! m showed a good
linear correlation coefficient (r = 0.913). However, the AERI retrievals have a small
positive bias in AOT relative to the CIMEL, even after a small warm bias is removed
from the AERI radiance observations.

When the year was separated into 4 distinct periods (pre-monsoon, early monsoon,
late monsoon, and post-monsoon), the 11 I m AOT and radiatively relevant composition
show a dependence on season. The late monsoon period has the lowest mean dust AOT,
and the composition of the minerals was indicated to be kaolinite-only,

kaolinite+gypsum, and gypsum-only in 54%, 19%, and 18% of the samples, respectively.
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useful in characterizing the radiative properties of the mineral dust over the site (e.g.,
[McFarlane et al. 2008]), evaluating aerosol transport models (e.g., [Kinne et al. 2003]),
and for validation of satellite retrievals of dust optical depth over relatively bright
surfaces.
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Table 1: Wavelength regions used in MIXCRA retrieval of mineral dust. These spectral

regions are chosen in “microwindows” in the spectrum that are relatively free of water

vapor or other gaseous absorption lines. No microwindows were used in the 980-1080

cm™' region due to the strong ozone contribution to the radiance in this spectral region.

Starting Ending Center Starting Ending Center
Wavenumber | Wavenumber | Wavelength Wavenumber | Wavenumber | Wavelength
[em™] [em™] [} m] [em™] [em™] [} m]
770.9 774.8 12.94 898.2 905.4 11.09
785.9 790.7 12.69 929.6 939.7 10.70
809.0 812.9 12.33 959.9 964.3 10.39
815.3 824.4 12.20 985.0 998.0 10.09
828.3 834.6 12.03 1076.6 1084.8 9.25
842.8 848.1 11.83 1092.1 1098.8 9.13
860.1 864.0 11.60 1113.3 1116.6 8.97
872.2 8717.5 11.43 1124.4 1132.6 8.86
891.9 895.8 11.19 1142.2 1148.0 8.73

1155.2 1163.4 8.63
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728

729  Table 2: Best-fit mineral composition by period. The 16755 valid retrievals are about
730  25% of the total number of AERI observations from 7 Jan 2006 — 6 Jan 2007; the other
731  samples were excluded due to clouds in the AERI field-of-view, the retrieval not

732 converging, or the retrieval was considered to have too much uncertainty in the retrieved

733  variables.

Pre- Early Late Post- Entire
Composition
Monsoon Monsoon Monsoon  Monsoon Year
Kaolinite-only 17.8% 29.9% 54.2% 13.7% 20.0%
Gypsum-only 5.9% 4.1% 18.1% 4.0% 5.7%
Quartz-only 0.0% 0.0% 0.0% 0.0% 0.0%
Kaolinite+Gypsum 68.7% 57.6% 19.0% 74.6% 66.6%
Kaolinite+Quartz 7.3% 8.2% 7.3% 7.5% 7.5%
Quartz+Gypsum 0.2% 0.1% 1.5% 0.1% 0.3%
Number of retrievals 5522 1999 1220 8014 16755
734
735
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Fig 6: Time-series of MIXCRA-retrieved 11 pm AOT (blue) and effective radius of the
kaolinite component (red, pm) during the March 2006 dust storm. Vertical light gray
bars indicate periods when thin cirrus were in the AERI’s field-of-view. The AOT data
show that there were several pulses of dust in this particular storm, whereas the effective
radius data show that the initial episode of dust had the largest dust particles (~3.5 um)
and that the effective size slowly decreased over the life of the storm. The visible (0.5
um) AOT derived from the MFRSR are provided in green, as well as the 1.02 pm AOT
from the Cimel, where the latter have been converted to 11 um AOT by multiplying by

log(11.0 pm / 1.020 pm).

Fig 7: Daily-averaged retrieved 11 um AOT over the AMF during cloud-free AERI
observations in 2006. There were significant aerosol loading events in each of the four

periods; however, the largest AOT values occurred in the pre- and post-monsoon periods.

Fig 8: Distribution of daily-averaged 11 pm AOT during each of the four periods.

Samples with AOT > 1 are grouped together with the AOT=1 bar in the histogram.

Fig 9: (a) Scatterplot of the AERI-retrieved 11 um AOT vs. the Banizoumbou Cimel
sunphotometer 1.02 pm AOT. (b) The distribution of 11 pm AOT from MIXCRA (gray)
and the Cimel (hashed), where the Cimel 1.02 um AOT observations were scaled by
log(11.0 pm / 1.02 um). (c) The distribution of Angstrém exponent computed from 11
pm MIXCRA and 1.02 pm Cimel data (R1, gray) and 1.02 um and 0.675 um Cimel data

(R2, hashed).
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Fig 10: Distribution of daily-averaged 11 ! m AOT as a function of backtrajectory
direction at 500 m for the four periods. The solid dot denotes the median, the open black
rectangle illustrates the interquartile spread (most easily seen in the early monsoon period
from the south direction), and the thin black bar denotes the 5™ to 95™ percentile spread.
The number under each direction indicates the number of AERI samples included in that
cluster. The gray points indicate the actual AOT values, and thus illustrate the outliers in
the distribution of AOT in each cluster. The data are not shown for clusters with less

than 2 values.

Fig 11: Distribution of 11 ! m AOT for cases determined to have a single-mineral
composition (shaded) vs. dual-mineral composition (hashed) for the entire year of data.

Samples with AOT > 0.5 are grouped with samples with AOT=0.5 in the histogram.

Fig 12: The distribution of kaolinite fraction, defined as Fy,o = !'«a0 / ! o1, for each of the 4
periods (gray). The black histograms illustrate the subset of the data where the

backtrajectories are from the eastern octant.
Fig 13: Distribution of the effective radius of kaolinite (top) for kaolinite-only (solid

gray) and kaolinite+gypsum (hashed) retrievals, and the distribution of effective radius

for gypsum (bottom) for kaolinite+gypsum retrievals in each of the four periods.
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846  Fig 5: AERI-observed infrared downwelling radiance (blue), LBLDIS computed radiance
847  where the input dust properties were retrieved from the observations by MIXCRA, and
848  aerosol-free radiance calculations (gray) for 4 different cloud-free times during the March
849 2006 dust storm. The retrieved 11 ! m AOTs for kaolinite and gypsum are given by T,
850  and T, respectively. A “radiance unit” (RU)is | mW / (m” sr cm™).
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Fig 6: Time-series of MIXCRA-retrieved 11 um AOT (blue) and effective radius of the
kaolinite component (red, pm) during the March 2006 dust storm. Vertical light gray
bars indicate periods when thin cirrus were in the AERI’s field-of-view. The AOT data
show that there were several pulses of dust in this particular storm, whereas the effective
radius data show that the initial episode of dust had the largest dust particles (~3.5 um)
and that the effective size slowly decreased over the life of the storm. The visible (0.5
um) AOT derived from the MFRSR are provided in green, as well as the 1.02 pm AOT
from the Cimel, where the latter have been converted to 11 pum AOT by multiplying by

log(11.0 pm / 1.020 pm).
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Fig 7: Daily-averaged retrieved 11 ! m AOT over the AMF during cloud-free AERI
observations in 2006. There were significant aerosol loading events in each of the four

periods; however, the largest AOT values occurred in the pre- and post-monsoon periods.
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Fig 8: Distribution of daily-averaged 11 ! m AOT during each of the four periods.

Samples with AOT > 1 are grouped together with the AOT=1 bar in the histogram.
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Fig 9: (a) Scatterplot of the AERI-retrieved 11 um AOT vs. the Banizoumbou Cimel

sunphotometer 1.02 pm AOT. (b) The distribution of 11 pm AOT from MIXCRA (gray)

and the Cimel (hashed), where the Cimel 1.02 um AOT observations were scaled by

log(11.0 pm / 1.02 um). (c) The distribution of Angstrém exponent computed from 11

pm MIXCRA and 1.02 pum Cimel data (R1, gray) and 1.02 um and 0.675 um Cimel data

(R2, hashed).
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Fig 10: Distribution of daily-averaged 11 ! m AOT as a function of backtrajectory
direction at 500 m for the four periods. The solid dot denotes the median, the open black
rectangle illustrates the interquartile spread (most easily seen in the early monsoon period
from the south direction), and the thin black bar denotes the 5™ to 95™ percentile spread.
The number under each direction indicates the number of AERI samples included in that
cluster. The gray points indicate the actual AOT values, and thus illustrate the outliers in
the distribution of AOT in each cluster. The data are not shown for clusters with less

than 2 values.
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Fig 12: The distribution of kaolinite fraction, defined as Fy,o = ka0 / ! 101, for each of the 4

periods (gray). The black histograms illustrate the subset of the data where the

backtrajectories are from the eastern octant.
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Fig 13: Distribution of the effective radius of kaolinite (top) for kaolinite-only (solid

gray) and kaolinite+gypsum (hashed) retrievals, and the distribution of effective radius

for gypsum (bottom) for kaolinite+gypsum retrievals in each of the four periods.
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