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ABSTRACT OF THE THESIS

Estimates of the direct radiative effect of Sonoran Desert dust from origin soil mineralogy - a
multi-model study.

by

Blake C. Walkowiak

Master of Science in Oceanography

University of California San Diego, 2022

Professor Amato Evan, Chair

Mineral dust contributes significantly to the regional aerosol mass of the Sonoran Desert

where wind-driven dust storms are commonplace. These suspended dust particles scatter and

absorb solar and terrestrial radiation transmitted through the atmosphere. Here, we derive the

source dependent optical properties of airborne dust in the arid regions adjacent to the Salton Sea.

In effort to quantify the dust direct radiative effect, surface mineral abundance from the Airborne

Visible/Infrared Imaging Spectrometer (AVIRIS) mission are utilized to derive bulk refractive

indices (N = n� ik), extinction coefficients (bext), single scatter albedo (SSA), and asymmetry

parameter (g) of airborne dust (size range 0.1 – 100 µm). Dust optical properties are input into
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the Rapid Radiative Transfer Model (RRTM) to simulate dust influence on the atmosphere/Earth

radiation budget. Following implementation of these optical properties, the model output is used

to calculate atmospheric radiative fluxes (DF). Differences in dust iron content is found to be

responsible for regional variability in k and SSA. Simulations of radiation at the surface, within

the atmosphere, and top-of-atmosphere (TOA) reveal the dust shortwave and longwave direct

radiative effect (DRE). Estimates of DRE at the TOA range from -26.5 to -5.59 Wm�2 among

three emission sources, where greater iron content is associated with warming. Results indicate

distinct radiative effects of bulk dust that is dependent on modeled mineral composition as a

function of soil source mineralogy.
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Introduction

Suspended mineral dust is a significant constituent of the Earth’s atmosphere by mass and

aerosol optical depth (Kok et al., 2017). Dust emission occurs across the World’s arid regions

where vegetation is sparse and strong surface winds are frequent. Once in the atmosphere,

dust begins to influence the radiation budget of the Earth/atmosphere system by scattering or

absorbing solar and infrared radiation (direct effect). Dust particles can influence water and ice

cloud processes and cloud formation (indirect effect) under favorable atmospheric conditions

(Mahowald and Kiehl, 2003). During periods of large dust storms the local and regional broad

scale climate patterns can shift (changes in precipitation due to radiation perturbations), with

highly variable emission events found annually across the globe (Goudie and Middleton, 1992; Li

et al., 2004). Climate change and human land use can influence the mass of mineral dust in space

and time with significant effects on aerosol radiative forcing, cloud microphysics, precipitation,

human health, and ecological function (Rosenfeld et al., 2001; D’Odorico et al., 2013).

Compared to Greenhouse gases and other aerosol species, the dust direct radiative effect

(DRE) remains highly uncertain (Myhre et al., 2013). The physical and chemical composition

of dust particles are important for assessing the aerosol-radiation interactions. In regard to

size, particles near the solar (shortwave) spectrum are considered scattering (cooling effect,

negative DRE) for interaction with solar radiation. Those particle with sizes near terrestrial

(longwave) wavelengths are considered absorbing (warming effect, positive DRE). The chemical

composition of dust is less well known, particularly on smaller spatial scales (Balkanski et al.,

2007; Claquin et al., 1999). Regional radiative forcing by Earth System Models (ESMs) have

used the assumption of globally uniform dust properties (e.g., complex refractive indices, particle
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shape, mixing state, and mineral composition), a major source of uncertainty. Recent work has

focused on addressing these inaccuracies by describing the mineral composition of dust and

assessing the sign and magnitude of the regional and global DRE (Scanza et al., 2015;Li and

Sokolik, 2018). The minerals that make up a dust particle, unique to regional soil type, have

different spectral absorption potential (e.g., iron oxides, quartz, clay) that is described by the

imaginary part of the refractive index (Di Biagio et al., 2019). How and in what quantities

different minerals make up dust particles and how the related properties impact the dust DRE is

a motivating factor for this study.

Mineral maps have become available in the past two decades that quantify the mineral

species of unique surface soil types. However, these samples are relatively minimal and the

majority of semi-arid and arid regions do not have significant coverage (Journet et al., 2014).

In effort to increase the accuracy of mineral soil composition measurements the Earth Surface

Mineral Dust Source Investigation (EMIT) was commissioned by NASA (Green et al., 2020).

As of the completion of this thesis the EMIT mission has begun placement of a Dyson imaging

spectrometer on the International Space Station. The instrumentation will resolve the absorption

bands of dust-forming minerals that will be processed into reflectance spectra and a final gridded

surface map product of mineral composition for ESM initialization. Data used in this work

was accessible from the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) mission, the

on-planet testing and validation flights for EMIT.

Determined here is the mineral dust DRE over three suspected emission zones within

the Salton Sea region as a first impact study of the proposed products from EMIT. Surface

mineral composition data is obtained from AVIRIS flights over the region as the EMIT system

has a grace period between ISS install and fully functional operation. Soil mineral fractions

are first converted to dust aerosol fractions for calculation of a bulk dust refractive index. Next,

optical properties of the mineral dust are modeled using an irregular particle shape database

that employs light scattering computations. Dust optical properties and appropriate aeolian

dust atmosphere meteorology is input into a radiative transfer model for final DRE calculation.
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Findings suggest differences in the optical properties of intraregional dust emission is caused by

the spatial variability of specific mineral fractions, namely the iron containing species hematite.

Additionally, varying mineral content can affect the sign of the dust DRE (heating or cooling).
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Chapter 1

Methods

In the following sections, the process of deriving the bulk dust aerosol complex refractive

index (CRI) and modeling of dust/radiation interaction is described. Mineral fractions for source

soils and the AVIRIS/EMIT aerial products are passed through these methods to simulate dust

emission and investigate the DRE of the specified mineralogy.

1.1 Soil to Aerosol Mineralogy

Three regions west of the Salton Sea were chosen to represent important emission sources

of regional dust. Figure 1.1 shows the Clark Lake, Exposed Playa, and West desert emission

regions where soil mineral composition data was gathered from the AVIRIS web portal. The

Clark Dry Lake bed is located in a ”pull-apart” basin (an area of low elevation from fault activity)

that is arid most of the year (red shading, Figure 1.1). Exposed Playa is found surrounding the

shoreline of the Salton Sea and continues to reveal sediment with increased water loss through

evaporation (green shading, Figure 1.1). The West Desert region is located within the greater

Anza Desert and hosts multiple dry stream beds filled with fine sediments (blue shading, Figure

1.1). The AVIRIS grid maps provide mineral aggregated spectral abundance fractions for 9

minerals - illite, kaolinite, montmorillionite, calite, gypsum, hematite, goethite, chlorite, and

dolomite - along with the bare soil fraction, but does not provide information on quartz and

feldspar (key absorbing species in the longwave).
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Figure 1.1. Satellite image of the Salton Sea with surrounding agricultural fields and desert. The
Clark Lake, Exposed Playa, and West Desert emission regions are demarcated by the red, green,
and blue shaded polygons, respectively.

Derivation of bulk aerosol refractive indices requires knowledge of the clay (0-0.2 µm)

and silt (0.2-50 µm) mineral mass fractions specific to regional soil type (Scanza et al., 2015). The

emitting soil types of the West Sonoran Desert are Luvic Yermosols (Yl) and Calcaric Fluvisols

(Jc), the former is more expansive, encompassing the arid southwestern US, and the latter

represents the desert playa and agricultural top soil adjacent to the Salton Sea (FAO/UNESCO

Soil Map). Source soils and corresponding mineral information are obtained from the mean

mineralogical table developed by Claquin et al. (1999) and mineral database from Journet et al.
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Table 1.1. Soil mineral fractions specific to the Salton Sea region. Contains the clay and silt
mass fractions of each mineral corresponding to the Yl and Jc soil types as documented in the
mean mineralogical table developed by Claquin et al. (1999) and mineral database from Journet
et al. (2014). The second half of the table hosts the AVIRIS surface mineral composition for the
Clark Lake (CL), Exposed Playa (EP) and West Desert (WD) emission regions.

Soil type Clay fraction Silt fraction

Ill Kaol Mont Cal Quar Feld Gyp Hem Chl Dol Ill Kaol Mont Cal Quar Feld Gyp Hem Chl Dol

Jc 22 9 46 11 12 0 0 1 0.1 11 0 0 0 29 30 1 38 2 0.1 29

Yl 43 20 20 7 7 0 0 2 0 7 0 0 0 5 69 2 23 1 0.1 5

JcJ,2014 42.8 9.7 7.9 25.2 2.7 0 0 2.4 7.9 25.2 18.2 0 0 29 36.4 1 18.2 0 9.1 29

YlJ,2014 - - - - - - - - - - 18.2 0 0 5 36.4 2 18.2 1 9.1 5

Region AVIRIS

Ill Kaol Mont Cal Quar Feld Gyp Hem Chl Dol Goe

CL 1.9 0.11 21.4 0.2 - - 9e-3 8e-3 8.3e-4 0 0.06

EP 0.05 0.17 14.7 0.48 - - 1.6 0.02 0.01 0.02 0.06

WD 0.42 2.9 2.4 7.3 - - 4.9e-3 0.48 1.7e-3 2e-3 1.8

(2014) (Claquin et al., 1999; Journet et al., 2014). The mineral table contains data from sparse

sampling studies with large extrapolations whereas the mineral database is incomplete for the

clay fraction of the Yl soil type (Table 1.1). Soil mineral data and modified tables are aggregated

to include the soil fractions of the 9 AVIRIS/EMIT minerals with the addition of quartz and

feldspar. Missing quartz and feldspar fractions from AVIRIS in the clay and silt sizes are first

assumed to follow the Jc soil fraction (clay: 30% feldspar, 70% quartz; silt: 56% feldspar, 44%

quartz). A second partitioning of quartz and feldspar is modeled as an even split in the clay and

silt (50% quartz; 50 % feldspar).

Dust emission originates from surface soils primarily by saltation, a mechanism where

strong winds force sand sized particles (100-500 µm) to roll and bounce across the surface

whereby smaller dust sized aggregates (diameter < 20 µm) are ejected and can have long-term

suspension in the atmosphere (Gillette et al., 1974; Shao, 2001; Kok, 2011). Without this

sandblasting dust size particles would not be emitted from the surface as cohesive forces of the

soil particles counter the wind sheer. Modeled particle diameters extend to 100 µm to account

for short-term suspension near the emission source. Here, wind driven dust emission is modeled

following the Brittle Fragmentation Theory developed by Kok et al. (2011). Accordingly, dust
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aerosol production consists of one or more particles combined in aggregates such that the aerosol

size Dd is proportional to the volume fraction of origin soil particles with size Ds  Dd ,

dNd/dlnDd µ
Z

Dd

0
Ps(Ds)dDs

where Nd is the normalized emitted particle number of dust aerosols with size Dd and Ps is the

particle size distribution (PSD) of the soil. A log-normal expression is assumed to describe the

fully disaggregated size distribution of soil particles (Kolmogorov, 1941),

Ps(Ds) =
1

(Ds

p
2pln(ss)

⇤ exp[� ln
2(Ds/D̄s)

2ln2(ss)
]

where ss is the geometric standard deviation and D̄s is the median diameter by volume. The

”typical” dust PSD is defined by an average of multiple arid soil field measurements which

indicate a uniform average D̄s ⇡ 3.4µm and ss = 3.0. The origin soil mineral clay and silt

fractions that compose a given dust particle with size Dd are calculated by integrating over the

entire PSD following equations 3a and 3b from Scanza et al. (2015),

fsoil,clay =
Z

Dclay

0
Ps(Ds)dDs/

Z
Dd

0
Ps(Ds)dDs

fsoil,silt =
Z

Dd

Dclay

Ps(Ds)dDs/
Z

Dd

0
Ps(Ds)dDs

where Dclay = 2 µm, Dd > Dclay, and fclay and fsilt are the total clay and silt fractions which sum

to unity. We note that these variables are sourced from limited measurements and a portion of

the sampled PSDs were not fully dispersed. Specific chemical speciation within in PSD would

enable a more robust calculation of the individual mineral fractions in the soil clay and silt sizes,

rather than relying on the mineral maps comprised of relatively few measurements. Information

about how the minerals in our region are segregated by size within the local soil PSD was not

acquired for this thesis. Therefore, the information available from the soil maps is utilized for
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calculating the individual mineral clay and silt fractions. The equation presented for the PSD is,

however, used to derive the volume size distribution necessary in calculating the dust aerosol

clay and silt fraction.

The mapped soil mineral clay and silt fractions are then used to generate mineral abun-

dance weights calculated as follows:

wc,i = fc,i/ fV,i

ws,i = fs,i/ fV,i

where fc,i and fs,i are the individual mineral clay and silt fractions from the Jc soil (Table 1.1)

and fV,i is the total soil fraction of each mineral. The Jc soil type is used due to the expansive

surface coverage and complete mineral abundance values in both the clay and silt fractions.

Retrieved surface mineral fractions from AVIRIS/EMIT ( f Ei) are converted to soil clay and silt

mass fraction weighted products using the weight individual fractions wc,i and ws,i for clay and

silt, respectively.

f Ec,i = wc,i ⇤ f Ei

f Es,i = ws,i ⇤ f Ei

where f Ec,i and f Es,i represent the individual soil clay and silt particle fractions that constitute

emitted dust aerosol with diameter Dd . The next step is to calculate the the aerosol fractions. In

deriving the clay and silt aerosol fractions we first invoke equations 6a and 6b from Scanza et al.

(2015) which combine equations 3a and 3b with the PSD,

f Eclay(Dd) =
1+ er f [

ln(Dclay/D̄sp
2ln(ss)

]

1+ er f [ ln(Dd/D̄sp
2ln(ss)

]
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f Esilt(Dd) =
er f [ ln(Dd/D̄sp

2ln(ss)
]� er f [

ln(Dclay/D̄sp
2ln(ss)

]

1+ er f [ ln(Dd/D̄sp
2ln(ss)

]

where erf is the error function, f Eclay(Dd) + f Esilt(Dd) = 1 or, in other words, at each particle

size there exists a clay fraction and a silt fraction, and f Eclay � 1 and f Esilt  0 when Dd < Dclay.

Physical meaning of a clay fraction greater than 1 is that there exists only clay for that particle size.

Interest is in the bulk aerosol mineral fractions, next the soil and aerosol clay and silt fractions

are combined to produce a total aerosol mineral fractional abundance. First, we determine the

fraction of total dust aerosol from the clay and silt sizes by summation (over equivalent diameter

bin widths) of f Eclay and f Esilt averaged over the volume size distribution ( dVd

dlnDd

) such that,

dVd

dlnDd

=
Dd

cV

[1+ er f
ln(Dclay/D̄s)p

2ln(ss)
]exp[�(

Dd

l
)3]

dVd

dDd

=
dVd

dlnDd

/Dd

f Ec,aerosol =
Â f Eclay ⇤dVd/dDd

ÂdVd/dDd

f Es,aerosol =
Â f Esilt ⇤dVd/dDd

ÂdVd/dDd

where Vd is the normalized volume of size Dd dust aerosols, cV is a normalization constant (cV =

12.62µm), and l is the side crack propagation length obtained from measured fragmentation

of brittle materials (l = 12±1µm) (Kok, 2011). f Ec,aerosol and f Es,aerosol are then combined

with the individual soil clay and silt fractions producing the aerosol fraction of each mineral

( f Eaerosol,i).

f Eaerosol,i = f Ec,aerosol ⇤ f Ec,i + f Es,aerosol ⇤ f Es,i

We recognize the assumptions made in our derivations of f Eaerosol,i generate uncertainties.

Specifically, reliance on surface mineral fractions to partition the dust aerosol fraction is uncertain

due to temporal and spatial variability influences on the size distribution aloft (Mahowald
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et al., 2014). Despite how the particle sizes may change from emission source to boundary

layer entrained particles, the AVIRIS/EMIT soil composition products are a critical step in

understanding post emission direct dust aerosol effects, notwithstanding time evolution. Having

derived the aerosol mineral fractions, a bulk dust aerosol refractive index can now be calculated.

1.2 Derivation of a Bulk Aerosol Refractive Index

Aerosol population shape, morphology, and overall heterogeneity is described by the

mixing state (Riemer et al., 2019). Fully internally mixed aerosols contain equivalent proportion

of each species per particle. A fully externally mixed aerosol population is one in which each

particle is composed of a single species (Stevens and Dastoor, 2019). In a more rigorous sense,

populations can be treated as an internal or external mixture, where the former is a material, or

particle in our case, composed of a host matrix and a number of inclusions (n) and the latter

is a distribution of particles in a confined spherical volume with constant density inside the

sphere (Markel, 2016). We first utilize the matrix/inclusion formulation to derive an internally

mixed dust aerosol population following the Maxwell-Garnett (MG) formula for heterogeneous

mixtures (Niklasson et al., 1981; Scanza et al., 2015). In this section, we apply the ubiquitous

assumption that particles are spheres as was invoked originally by Maxwell-Garnett in 1904. The

bulk CRI can also be modeled following the Bruggeman mixing method and standard volume

mixing rule, which are additionally performed for the purpose of comparison. The Bruggeman

method treats all components of the particle medium symmetrically, in that, no inclusion is

chosen as the host material (Markel, 2016). Furthermore, assignment of a bulk internal mixture

to our single mode distribution at emission is in agreement with the Community Atmosphere

Model version 5.0 (CAM 5) Modal Aerosol Module (MAM) which assumes an internal mixing

state for individual aerosol modes (Liu et al., 2012).

Complex refractive indices (N) for each AVIRIS/EMIT mineral are sourced from multiple

experimental studies that supply values for an uncommon range of wavelengths (Scanza et al.,
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2015). A common shortwave (0.1 - 3µm, 0.01µm resolution) and longwave (3.1 - 20 µm, 0.1

µm resolution) set of wavelengths are utilized in a linear interpolation of each mineral N (Figure

1.2). With individual mineral N, for a common wavelength spectrum and resolution, we next

calculate the complex dielectric constant (e) for the individual minerals,

e = N
2

or in terms of the real and imaginary components,

e = (n+ ki)2

where n is the real part of N, k is the imaginary part of N, and i is the imaginary unit.

For particles composed of a heterogeneous mixture of inclusions, the matrix is one

component determined by a much larger volume fraction. The matrix dielectric constant em is

parameterized differently in the MG formula than the symmetrically parameterized dielectric

constants of the inclusions (en, n = 1,2,3,...N). The MG formula used for computing the effective

dielectric constant of a multi-component mixture is

eMG = em[1+
3 fn(

en�em

en+2em
)

1� fn(
en�em

en+2em
)
]

and for the AVIRIS/EMIT 11 mineral bulk mixture,

eMG = em[1+
3Ân=11

n=1 fn(
en�em

en+2em
)

1�Ân=11
n=1 fn(

en�em

en+2em
)
]

where eMG is the MG calculated mixture dielectric constant and fn ( f Eaerosol,i in the dust particle

computation) is the volume fraction of the n-th component. If both matrix and inclusions were to

be treated symmetrically, under the condition of near equivalent inclusion volume fractions, the

Bruggermen mixing formula can be applied. The equation describing the Bruggemen method of

11



the mixture eBG is of the form:
n=N

Â
n=1

fn

en � eBG

en +2eBG

= 0

where the sum of the inclusion volume fractions is unity. Comparison with volume averaging to

obtain the mixture N has been performed, but subsequent calculation of optical properties has

been found to deviate significantly from experimental values (Li and Sokolik, 2018). However,

for what soil type and mineral composition circumstance to use each method to retrieve N is
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Figure 1.2. Complex index of refraction separated into the real (a) and imaginary (b) parts for
the 11 mineral species. Included are 9 AVIRIS/EMIT minerals with the addition of quartz and
feldspar whose soil fractions are not mapped. Hematite and goethite are the dominant absorbing
species in the solar band. In the imaginary part (k) of calcite, quartz, and feldspar there exists
a strong absorption signature near wavelenghts 7 and 9 µm, and the contribution of hematite
becomes dominant at wavelengths > 14 µm.
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without consensus in the literature. Therefore, the MG rule is favored in application based on the

distinguishable matrix/inclusion asymmetry in the derived volume fractions of the mineral dust

aerosol, but the Bruggeman and volume mixing methods are applied as well. The bulk aerosol

complex refractive index (Nm) is then calculated following the relationship between N and e

Nm =
p

em

such that Nm is proposed to represent the post-emission overlying aerosol population. The

resulting refractive index has an imaginary part that is responsible for the absorption properties

of the airborne dust. Nm is then used, in part, to calculate the aerosol optical properties for input

into a radiative transfer model (RTM).

1.3 Optical Modeling of Mineral Dust

Computation of aerosol radiative effects in RTMs requires description of their specific

optical properties. Most methods of generating these optical properties employ online calculators

or other complex algorithms based on Mie Theory, where aerosol particle shapes are spherical.

Mie Theory states that the single-scatter of an aerosol depends on the distribution of different

sizes with particles of diameter near the incident radiation wavelength effective in scattering

radiation (Mie, 1908). The usefulness of Mie Theory is the simplicity of the sphere assumption

that is representative of some aerosols types, such as water-soluble aerosols. Particle size

and wavelength dependent refractive index collusion produces the aerosol optical properties

(Tegen and Lacis, 1996). Under low relative humidity and actual atmospheric conditions Mie

Theory does not represent all realistic particle shapes. Limited observations of dust particle

shapes, which are imaged with electron microscopy techniques, add additional complexity

to modeling particle asphericity. Modeled optical properties of mineral aerosols under the

spherical particle assumption have been shown to differ when compared to properties derived

from irregular particles, particularly for the phase function in the shortwave (Koepke and Hess,
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1988; Nousiainen, 2009; Koepke et al., 2015). The implication of these discrepancies between

models is the potential error in the direction of scattering and, moreover, changing the DRE.

Interest in a more realistic representation of particle shape was cause for use of the Texas

A&M University dust 2020 (TAMUdust2020) optical properties database version 1.1.0 (Saito

et al., 2021). Here, we input the derived spectrally dependent bulk complex index of refraction,

aerosol particle sizes, and degree of particle sphericity into the user-defined aerosol optical

property model. The TAMUdust2020 database consists of 20 irregular hexahedral particle shape

models and light scattering computation. Dust aerosol shape irregularity adds an additional

computation to optical property modeling and greatly increases possible particle shape variability

(Cattrall et al., 2005). The TAMUdust2020 particle shape model utilizes an ensemble of irregular

hexahedral particles to model aerosol shape variability that is weighted by the specified degree

of sphericity. A dust particle representative value of 0.7 is used for particle sphericity. For

aerosol scattering, the size of the particles is the most important factor. The TAMUdust2020

code applies ”state-of-the-art” methods for the radiation scattering computation based on the

size appropriate scattering regime (Rayleigh, Mie, or geometric optics). Single scatter properties

from the ensemble model, in the short and longwave, are formatted using a kernel technique.

Final output upon running the database code includes, for each wavelength and particle diameter,

the particle volume (µm
3), projected area (µm

2), extinction efficiency (Qext), single-scattering

albedo (w or SSA), asymmetry factor (g), and the phase matrix (P) of the randomly oriented

particles.

The spectrally dependent dust extinction coefficient (Bext), single-scattering albedo (w),

and asymmetry parameter (g) are calculated from the TAMUdust2020 output by

bext(l ) =
Z

Dmax

Dmin

A(D)Qext(l ,D)n(D)dD

w(l ) =
R

Dmax

Dmin
A(D)Qsca(l ,D)n(D)dD

R
Dmax

Dmin
A(D)Qext(l ,D)n(D)dD
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g(l ) =
R

Dmax

Dmin
A(D)Qsca(l ,D)g(l ,D)n(D)dD

R
Dmax

Dmin
A(D)Qsca(l ,D)n(D)dD

where the limits of integration are over the dust particle size range and A is the particle projected

area. These optical properties determine dust/radiation interaction that is the basis for their direct

radiative forcing. We model these interactions following the methods in the next section.

1.4 Aerosol-Radiation Modeling

To quantify the direct radiative effect (DRE) of mineral dust we use the Rapid Radiative

Transfer Model (RRTM) (Mlawer et al., 1997). The model output includes fluxes and heating

rates throughout the vertically layered atmosphere. RRTM implements a correlated-k approach

for the radiative transfer calculation with k-distributions from line-by-line radiative transfer

(LBLRTM) code. Multiple scattering is solved via the Discrete Ordinates Radiative Transfer

(DISORT) algorithm for both the shortwave and longwave model spectral bands, 0.2 to 12µm

and 3.1 to 1000 µm respectively (Table 1.2). Extinction in RRTM is available as a manually

input file that contains the relevant optical properties for each aerosol (and/or cloud type in the

LW). RRTM input files include a user-specified number of atmospheric layers with pre-defined

or manually input vertical layer meteorology. The required parameters to model extinction for

each individual aerosol containing layer are the spectrally dependent aerosol optical depth (AOD

or t), single scatter albedo (SSA), and asymmetry parameter (g). These parameters must be

defined for each of the spectral bands in RRTM. Spectral variability of AOD is typically modeled

following the Angstrom Law

t(l ) = bl�a

Where l is the wavelength, b is the AOD at a reference wavelength (i.e, 1 µm), and a is

the Angstrom exponent (Ångström, 1964). We utilize the Angstrom expression in deriving a

source-scaled set of t values.

In this study, we model dust emission for each of the 3 origin soil variants and retrieve
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Table 1.2. RRTM band number and corresponding l s (in µm) for the shortwave (a) and
longwave (b) components. lmax, lmin, and l̄ are the maximum, minimum, and mean of each
band range.

[a]

Band 1 2 3 4 5 6 7 8 9 10 11 12 13 14

lmax 3.846 3.077 2.500 2.151 1.942 1.626 1.299 1.242 0.778 0.625 0.442 0.345 0.263 12.19

lmin 3.077 2.500 2.151 1.942 1.626 1.299 1.242 0.778 0.625 0.442 0.345 0.263 0.200 3.846

l 3.462 2.788 2.325 2.046 1.784 1.462 1.270 1.01 0.702 0.533 0.393 0.304 0.232 8.021

[b]

Band 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

lmax 1000 29 20 16 14 12 10 9.259 8.475 7.194 6.757 5.556 4.808 4.444 4.202 3.846

lmin 29 20 16 14 12 10 9.259 8.475 7.194 6.757 5.556 4.808 4.444 4.202 3.846 3.077

l 514.5 24.5 18 15 13 11 9.629 8.867 7.834 6.976 6.156 5.182 4.626 4.323 4.024 3.462

the corresponding optical properties based on theoretical emission. Before running the model

with the derived optical properties, the AOD is scaled to observations to increase the models

ability to reproduce the direct effect of dust on the vertical layer fluxes and heating rates.

Regional aerosol datasets of ground observations can be accessed from NASA’s AERosol

RObotic NETwork (AERONET; Holben et al., 1998) including aerosol optical depth records

over multiple wavelengths. We retrieve observed AOD (t= 0.3) at 0.5 µm (due to the relevance

as a primary wavelength for consistent data retrieval and RT comparison) that is representative

of dust storms around the Salton Sea AERONET site to scale modeled AOD values. The spectral

variability of the emitted dust is described following the band version of the Angstrom law

(Gueymard, 2001; Ruiz-Arias et al., 2014) such that

t(l ) = t0.5(
l

0.5
)�ai

with t(l ) representing optical depth over each band and ai is the Angstrom exponent corre-

sponding to each band. Band averaged SSA and g are calculated via numerical averaging . The

optical properties are then recorded for each aerosol containing layer in the RRTM aerosol file.

Prior to quantifying the radiation fluxes, we performed a control run for an atmosphere

with no dust aerosol. We then ran 36 total simulations: rrtm runs for the 3 AVRIS/EMIT aerosol
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type, 3 mixing types, and 2 unique quartz/feldspar treatments; all with the representative AOD

value used to scale the band averaged t for 18 unique aerosol inputs in each of the SW and LW

domains. Radiosonde data retrieved during a dust storm in the Salton Sea region parameterized

the meteorology for the RRTM runs. Specification for the input RRTM atmosphere profile

includes pressure, temperature, and relative humidity. Absorbing molecular species are set to

default values for the mid-latitude summer model atmosphere. Simulations were chosen to occur

on the first Julian day of the year (Day = 0) and for the 60°solar zenith angle. Other potential

user-specified parameterizations in RRTM remained the default value from the mid-latitude

summer atmosphere.

The direct radiative effect (DRE) of an aerosol species is defined as the change in the

radiation balance of the atmosphere/Earth by the extinction, via scattering and absorption, of

short and longwave radiation. Common convention for quantifying the DRE of an aerosol is to

define the surface (SFC), atmosphere (ATM), and the top-of-atmosphere (TOA) flux changes.

We calculate the SFC, ATM, and TOA flux change by comparing the RRTM output of the dust

and control runs. The radiative forcing (RF) is the change in the net flux or difference of the

incoming (downward) and outgoing (upward) fluxes:

DF = (Fdust,down �Fctrl,down)� (Fdust,up �Fctrl,up)

where DF(W/m
2) is the net radiation and Fdust and Fctrl are the irradiance values from including

and excluding the aerosol perturbation. The RF at the SFC and TOA are individually calculated

directly from the previous equation designated DFSFC and DFTOA . The RF of dust in the

atmosphere ATM is the difference between the TOA and SFC where the TOA is defined as:

DFTOA = DFSFC +DFAT M
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therefore,

DFAT M = DFTOA �DFSFC

The sign and magnitude of DF at each level represents the dust DRE with potential warming

(positive value) or cooling (negative value) depending on the impact of the dust in conjunction

with other environmental factors (Tegen and Lacis, 1996; Mahowald et al., 2014).
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Chapter 2

Results and Discussion

2.1 Bulk Refractive Index

Mineral composition data for the three regions of interest do not include the mass

fractions of quartz and feldspar; both large constituents of the source soils (Table 1.1). As

stated, the mineral tables are modified to include a quartz and feldpar fraction to account for

their radiative effects in the overlying atmosphere. We chose quartz as the parent material in

the Maxwell-Garnett mixing procedure due to the minerals large size compared to the other

inclusions. Consequently, the dominant minerals in the dust aerosol mass fractions (>85%)

sourced from the clark lake, exposed playa, and west desert regions are quartz and feldspar.

Resulting values of a bulk refractive index for each dust emitting region of interest reveal both

agreement and large areas of variability across the spectrum (Figure 2.1). The real part (n) of

the refractve index is responsible for particle reflection and refraction. In the SW to near IR

(0.1 - 6 µm) and 14 to 16 µm there is similar spectral dependence for n. Variability between the

three mixing methods arises in the 7 to 13 µm region and > 16µm regions, where the effect of

choosing a host material in the MG formulation is revealed. The differences between the MG

method versus the Bruggemen and volume methods are dominated by the MG quartz influence.

In the far longwave region of our calculations (> 18µm) the smallest values are associated with

the volume mixing method and increasing values for the Bruggeman method, and values nearly

twice as large for the quartz dominated MG result.
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The imaginary part (k) has similar variability as the real part. Small aerosol mineral

fractions for hematite and goethite lead to a noticeable signal in the solar region of the spectrum

until, where they dominate with large absorption peaks (Di Biagio et al., 2019. There exists a

strong absorption signature near wavelengths 7 to 9 µm, the quartz and feldspar regions. Within

this wavelength range, results of the MG and Bruggeman method are smaller than volume mixing

for all three emission regions, with the largest difference in the west desert where the Bruggeman

peak is twice as large as the MG peak. All three regions lack the absorption peak at 13µm in the

MG output that is present for the Bruggeman and volume mixing results.

An evident difference in longwave absorption is the decayed hematite signal for the MG

results starting at 16 µm. MG values for the Clark Lake region slightly increase with wavelength
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Figure 2.1. Real (n) and Imaginary (k) parts of the complex refractive indices for the three
emission regions and three mixing methods. The solid, dashed, and dotted lines indicate the
output using the Maxwell-Garnett (MG), Bruggeman, and volume mixing methods.
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due to the larger contributions of subsidiary mineral inclusions, namely illite which is an order

of magnitude larger than the other regions. In contrast, the contribution of hematite becomes

dominant at wavelengths > 16 µm for the Bruggeman and, most obviously, the volume mixing

results. The mixing methods CRI trends tend to agree, with the largest departures seen by the

volume mixing method. In the next section, presented optical properties reveal these refractive

index trends are indicative of the extinction impacts of modeled airborne dust for the emission

regions.

2.2 Dust Optical Properties

We compute the dust bulk optical properties for the three emission regions and three

mixing methods. The properties of interest are the extinction efficiency (Qext), single scatter

albedo (SSA) and asymmetry parameter (g) for use in the radiative transfer model, RRTM. The

resulting output from applying an ensemble of irregular shaped particles via the TAMUdust2020

database show good agreement with the absorption expected from the refractive index spectral

values. Figure 2.1 presents the dust size integrated, spectrally dependent optical properties for the

Clark Lake (CL), Exposed Playa (EP), and West Desert (WD). Shortwave extinction is similar for

all three mixing methods and the individual dust types. A steep decrease follows with minimum

values < 1.0 between 7 (MG) and 8 (Bruggeman; volume) µm. The extinction efficiency values

then reach a maximum of 2.40, 2.35, and 2.28 at 8-9 µm before decreasing with wavelength. At

17 µm the MG values fall to the spectral extinction minimum while Bruggeman and volume rise

before all increase to the end of the modeled spectrum.

The SSA and asymmetry parameter (g) share the position and frequency of variability

with the extinction profile. In the shortwave, SSA values increase with wavelength. Similarly, an

analysis of regional and global dust CRI and SSA variability via a laboratory simulation chamber

study by DiBiagio et al. (2019) found increasing SSA in the shortwave (0.37 to 0.9 µm) for North

American dust (R = 0.99; 0.99; 0.97)Di Biagio et al., 2019. WD iron oxide mineral fractions
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are larger than those of CL/EP. The consequence of varying iron oxides is evident in the smaller

WD SSA (0.1 - 1.2 µm). To note are the differences in these parameters between each mixing

method of the emission regions. SSA and g values diverge in all three plots at the 11 - 14 µm

and 16 - 20 µm regions of the spectrum. MG SSA values can be larger than BG and VM by 0.5

at these wavelengths. The MG mixing method lends more representation of the chosen parent

material in the SSA features. Recall the mineral CRI values; in the imaginary part there exists a

quartz signal that ends abruptly near 12µm. Larger SSA values in the MG method are in tern

influenced by the large quartz fraction. Alternatively, the BG and VM methods support a more

equivalent mineral influence. Another interesting finding is the infrared feature after 16 µm.

Differences within each region are explained by the lack of an absorption peak in the imaginary

part of the MG CRI that is present for the BG and VM. Once again, the effect of a large quartz

fraction is revealed. In regard to the individual emission regions, CL and, to a lesser extent, EP

fractions of other constituent minerals are much greater than those of the WD. Despite quartz

being the dominant mineral in the MG method, larger fractions of illite and montmorillionite

(key absorbing species in the longwave) are illustrated by the differences in regional MG SSA.

The positive values of g indicate all three dust types preferentially scatter into the forward

hemisphere. Variability in the asymmetry parameter induced by the choice of mixing state are

similar to those found for SSA, but less in magnitude. Changes in g with wavelength is primarily

attributable to the change in the complex refractive index (Curci et al., 2015). For the different

mixing methods, larger SSA values are associated with smaller g values, and vice versa.

We convert Qext values to extinction coefficients (bext) before integrating over the height

of the aerosol layer for a measure of t . Band averaged (l̄ ) AOD values are scaled to the 0.5 µm

dust representative AOD value (t = 0.3) for the radiation model input aerosol layer properties.

SSA and g are averaged over each band for use in aerosol-radiation modeling by RRTM.

22



0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

2 4 6 8 10 12 14 16 18 20
0

0.5

1

1.5

2

2.5

0.1 1 10 20
0

0.2

0.4

0.6

0.8

1

0.1 1 10 20
0

0.2

0.4

0.6

0.8

1

g

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

2 4 6 8 10 12 14 16 18 20
0

0.5

1

1.5

2

2.5

0.1 1 10 20
0

0.2

0.4

0.6

0.8

1

0.1 1 10 20
0

0.2

0.4

0.6

0.8

1

g

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

2 4 6 8 10 12 14 16 18 20
0

0.5

1

1.5

2

2.5

0.1 1 10 20
0

0.2

0.4

0.6

0.8

1

0.1 1 10 20
0

0.2

0.4

0.6

0.8

1

g

Figure 2.2. Bulk optical properties of the three source regions. Extinction efficiency (Qext),
single scatter albedo (SSA), and asymmetry parameter (g) are included. The solid, dashed, and
dotted lines indicate the output using the Maxwell-Garnett (MG), Bruggeman, and volume
mixing methods.
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2.3 Dust Direct Radiative Effect

Simulations in RRTM are for the entire vertical column, but dust is present only in the

first two layers (1 km) in an e-folding vertical distribution (layer 1 (1003 to 946mb) - 66%

of AOD, layer 2 (946 to 891mb) - 33% of AOD). Fluxes (Wm�2) and heating rates (Kd�1)

for the RRTM runs are displayed in Figure 2.3 with subplots for the control atmosphere run

and each emission region. For the TOA and surface for closer examination. The downwelling

shortwave shows a similar trend with smaller flux values at the surface for the west desert. Both

upwelling and downwelling longwave fluxes are similar for all three emission regions, potentially

a consequence of the lack of modeled longwave scattering. The net SW flux has a larger rate

of change from the surface to top of dust layer for the west desert region than the other two,

a consequence of mineral abundances. Heating rates have similar profiles between the three

regions. The WD dust has the largest near surface warming. All three emission regions show net

surface cooling. Overall, all three emission regions fluxes indicates a large dust influence on the

transmission of shortwave radiation.

The direct radiative effect (DRE) of dust is unique to source soil and environmental

conditions where surface properties, particle size distribution, and aerosol species composition

contribute to the magnitude and sign of the DRE (Balkanski et al., 2007; Kok et al., 2017). We

focus on soil source mineralogy to assess variable dust composition in our analysis of the DRE.

By segregating the soil emission regions we are able to compare how source specific bulk dust

can affect the solar and infrared fluxes. With these fluxes we are able to determine the radiative

forcing of the dusty layer as the difference between the control atmosphere and dusty scenarios.

Figure 2.4 is a bar plot of the shortwave (SW), longwave(LW), and net surface, atmosphere, and

TOA DRE for the three emission regions. Bar plots extend to the mean values for the SW, LW,

and net at each atmospheric level (Table A.2). The mean of the 6 DRE values for each emission

region were calculated because the different mineral treatment/mixing method combinations

varied by < 10%, except for the SW forcing in the ATM and TOA for the WD.
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Figure 2.3. Spectrally integrated up, down, net fluxes (Wm�2), and heating rates (Kd�1) for the
shortwave (0.2 to 3.0µm) and longwave bands (3.1 to 1000 µm). Shown is the control sky and
suspended dust atmosphere for the three emission regions at an aerosol optical depth t = 0.3.
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Figure 2.3. Continued
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For all three emission regions, in the infrared band, the aerosol layer at the surface is

absorbing and emitting energy, causing a warming effect. This relationship between the sign

of the radiative forcing and temperature change occurs at each atmospheric layer (i.e., positive

is warming; negative is cooling). The radiative forcing in the LW is markedly similar for each

dust type. SSA values are consistent across the LW spectrum with most of the divergence

seen between mixing methods within the individual regions. Radiation in the solar band is

preferentially scattered by the aerosol layer at the surface, causing a cooling effect for the three

dust types. While the CL and EP mean RF values differ by hundredths of a percent, the RF of

the WD dust is more negative (D = DRE 19.3 Wm�2). The surface discrepancy between the

CL/EP and WD dust SW RF is a result of larger WD hematite and goethite soil mineral fractions.

Downwelling SW radiation is absorbed at the top of the dust layer (positive SW ATM DRE),

decreasing transmission to the surface.

Out of the 11 mineral species, hematite and goethite dominate the imaginary part in the

solar region of the spectrum. Maximum absorption by hematite is greater than a value of 1.0 at

wavelengths in the visible region (0.2 - 0.6µm) before decaying until the mid-infrared. A constant

value of 0.07 at l < 0.46µm is used for goethite, a consequence of the linear interpolation to

create a spectrally complete set of refractive indices. Goethite reaches a maximum value of 0.13

in the visible. Although goethite is the second strongest absorbing species in the shortwave,

hematite is substantially larger before 1 µm, from here goethite increases linearly to the mid-

infrared. CL/WD and EP/WD percent difference of the hematite and goethite fractions are

96.47%/94.4% and 98.3%/96.5% (Table 1.1). Comparison of the individual RRTM band output

reveal the WD surface SW fluxes in the band range 0.44 to 1.24 µm are more negative (-2.447 to

-8.77 Wm�2) than the CL/EP values. While all three dust types have a negative (cooling) net

radiative forcing at the surface, WD dust is most negative.

The radiative forcing at the TOA is negative (⇠ -26.3/-26.96 Wm�2) for the CL/EP dust

and more positive (-5.94Wm�2) for WD dust in the solar band. WD TOA fluxes are larger (2.88

to 9.0 Wm�2) than the CL/EP in the previously mentioned SW band range. All three regions
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have a small mean radiative forcing (0.45Wm�2) in the longwave spectrum. Therefore, the net

radiative forcing is negative for all three regions, but largest for the WD. The overall magnitude of

CL/EP dust is significantly (> 400%) greater than the WD dust. TOA DRE differences between

the dust types are attributed to the interactions within the atmosphere. As was the case at the

surface, the LW radiative forcing for the three dust types are similar with 0.2 Wm�2 separating

the CL/EP and WD. The SW radiative forcing of the WD is over 4 times that of the other two

dust types. The aformentioned greater hematite and goethite mineral fractions of WD soil is

linked to decreased SSA in the SW which entails greater absorption of incoming SW radiation.

As a result the sign of the TOA net DRE are the same for the WD and CL/EP dust types, but the

WD is warmer. These resulting values highlight the distinct radiative effect of modeled mineral

composition as a function of soil source. Moreover, from the greater cooling (warming) effect of

the CL/EP (WD) dust types we can infer that the static stability of the atmosphere is decreased

(increased) when these dust types are the predominate aerosol by mass.
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Figure 2.4. DRE (Wm�2) of dust aerosol sourced from the Clark Lake, Exposed Playa, and
West Desert. Shown is the surface, atmosphere, and TOA values with SW (blue), longwave (red),
and net (yellow) radiative forcings calculated for the dust representative AOD (t = 0.3).
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2.4 Model Uncertainty

A number of assumptions are made during each phase of the DRE resulting methodology.

The initial choice of soil type is the first assumption made. The soil mineralogy information

originally from Claquin et al. (1999) and updated by Journet et al. (2014) enables our resulting

clay and silt aerosol fractions. We further modify the soil mineralogy maps to include the missing

AVIRIS/EMIT mineral species that encompass the soil composition products. These findings

suggest, however, that treatment of the missing quartz and feldspar surface mineral fractions

does not significantly impact the resulting DRE. Choice of treatment for hematite and goethite

can impact the sign of resulting DRE calculations (See Appendix A). Previous studies exclude

the goethtite CRI values by simulating the iron oxides collectively as hematite; finding a positive

TOA forcing for mineral dust in these cases (Scanza et al., 2015; Li and Sokolik, 2018). Here,

components of absorbing dust are modeled separately as access to goethite CRI values and soil

abundance fractions were available. Despite the supplied information, quantifying the in situ clay

and silt soil fractions in addition to the particle size distribution of the soil would enhance our

ability more accurately calculate the DRE. Furthermore, in modeling the irregular shape of the

dust we enter into a relatively new domain of deriving dust’s single scatter properties, especially

starting from soil mineral fraction derived dust CRI values. Use of RRTM is commonplace and

validated against highly accurate line-by-line radiative transfer models (LBLRTM), however, the

implementation and evaluation of dust properties in the longwave kernal for this study version

does not include scattering. These assumptions and results, that are not fully realized, create the

necessity for future evaluation of model uncertainty so as to constrain the radiative impact of

dust in the local atmosphere.
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Chapter 3

Conclusion

The methods and results presented here are an early impact study on future products

from NASA’s EMIT mission. We aggregate existing and novel methodology to quantify the

direct radiative effect of dust from source soil mineralogy. Specific focus on regional AVIRIS

flight data enabled the derivation of CRIs for multiple emission locations. Information on arid

and semi-arid soil mineralogy from updated soil databases supplemented the surface mineral

composition data for a more representative aerosol size distribution. In parallel with recent work,

we followed the Maxwell-Garnett mixing rule to produce an internal mixture of the mineral

components when defining particle composition. We also calculated the mixing results from the

Bruggeman and volume mixing methods for comparison. To model emission, without heavy

computational requirements associated with particle transport in general circulation models, we

leverage dust emission theory from Kok et al. (2011) and present bulk aerosol properties.

Our calculations of the dust optical properties builds off of continued efforts to model

more realistic dust particle shapes. The TAMUdust2020 database employs a number of tech-

niques to produce the single scatter properties of irregular particles. Implementation of the

database led to unique results for the three emission regions we modeled. Dust types shared

common features in the sw and deviated more obviously in the LW. CRI from MG method has

distinct trends that are not shared by the Bruggeman and volume mixing methods. Quartz as the

parent material in the MG method masks the effect other mineral signatures in the imaginary
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part of the CRI.

The emission region differences are visible in the spectral integrated fluxes and heating

rates, but the mixing methods do not produce substantial variation in the results. Importantly,

the benefit of the irregular particle model for the optical properties is hindered by the lack of

scattering in the RRTM longwave runs. When full extinction is considered (i.e., model multiple

scattering in the LW), the RRTM fluxes may change with the impact of the mixing methods

revealed.

The local direct radiative effect for the three emission regions and mixing methods at the

surface, atmosphere, and TOA was determined following the aforementioned methods. From

our simulations the TOA has a net DRE range of -26.5 to -5.59 Wm�2 between the emission

regions. Comparatively, Li Sokolik (2018) found cooling and warming effects at the surface

and in the atmosphere (TOA DRE: -46 Wm�2) using a MG method fitting procedure. Results

indicate that the dust types studied here have a smaller TOA cooling effect. The mechanism

found to increase TOA forcing in Scanza et al. (2015) was high concentrations of hematite

over key global emission regions. Net TOA values presented here agree with these mineralogy

driven variations. The DRE at the surface is found to be between -21.48 and -1.49 Wm�2. The

west desert has the largest cooling effect of the emission regions at the surface due to higher

fractions of iron oxide containing minerals hematite and goethite. Mineral dust has a cooling

effect in the atmosphere for CL/EP and a warming effect for the WD (-25.01 to 15.99 Wm�2;

the largest range of the atmosphere levels). Longwave scattering may play a critical role in this

difference between regional DRE. If the west desert SSA peak at 7 µm was realized during the

radiative transfer simulations, a decreased surface LW forcing may have ensued that would cool

the TOA. These results are sensitive to poorly constrained methods of mineral aerosol derivation

and subsequent model simulations.

Analogous simulations and sensitivity tests of the numerous parameters used here is

required to better represent mineral dust from the fractional component level to the bulk mixture.

The vertical distribution of dust and the temporal changes associated with transport are not
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considered here. The modeled DRE results presented in this thesis are the first of its kind for

these regional emission sources. Results indicate higher resolution mineral soil composition

measurements from EMIT will enable more accurate measurements of regional dust DRE. In

effort to determine the viability of the methods and study as a whole more simulations are

required. Next steps include a case study of the diurnal cycle of dust storm events surrounding

the Salton Sea and comparison with ground based flux measurements at the emission site.
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Appendix A

Results and Discussion

Table A.1. Dust instantaneous radiative forcing (Wm�2) calculated for the three emission regions
and mixing methods. SW and LW RF for each atmosphere layer are calculated from the RRTM
output fluxes. The net value is the sum of the SW and LW forcings. Hematite and goethite are
treated separately.

Level Region SW LW Net

SFC CL �41.49 ±0.58 39.52±1.20 �1.97 ±1.44
EP �41.04 ±0.47 39.55±1.15 �1.49 ±1.43
WD �60.80 ±4.22 39.33±1.10 �21.48 ±5.10

ATM CL 15.19±1.04 �39.07 ±1.19 �23.88 ±1.77
EP 14.08±1.03 �39.10 ±1.13 �25.01 ±1.96
WD 54.87±8.56 �38.87 ±1.09 15.99±9.40

TOA CL �26.30 ±0.46 0.45±0.02 �25.85 ±0.46
EP �26.96 ±0.58 0.45±0.02 �26.51 ±0.57
WD �5.94 ±4.34 0.45±0.01 �5.49 ±4.33

Table A.2. Dust instantaneous radiative forcing (Wm�2) calculated for the three emission regions
and mixing methods. SW and LW RF for each atmosphere layer are calculated from the RRTM
output fluxes. The net value is the sum of the SW and LW forcings. Hematite and goethite are
treated collectively as hematite.

Level Region SW LW Net

SFC CL �43.53 ±1.19 39.52±1.20 �4.01 ±2.09
EP �42.73 ±1.30 39.52±1.15 �3.21 ±2.31
WD �65.32 ±5.91 39.23±1.02 �26.09 ±6.25

ATM CL 19.25±2.62 �39.07 ±1.19 �19.82 ±3.44
EP 17.64±2.84 �39.07 ±1.14 �21.43 ±3.80
WD 62.89±11.50 �38.78 ±1.01 24.11±11.84

TOA CL �24.28 ±1.44 0.45±0.02 �23.83 ±1.43
EP �25.10 ±1.55 0.45±0.02 �24.65 ±1.54
WD �2.42 ±5.60 0.45±0.01 �1.98 ±5.60
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