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Abstract

Estimating the Aerosol Direct Radiative Effect Using Different Mixing State
Assumptions

By Alison Thieberg

Aerosols, whether produced from man-made or natural processes, can impact our
climate by altering the radiative balance of the planet. The aerosol direct radiative
effect is used to quantify the impact that aerosols have on the incoming and outgoing
radiative fluxes of the Earth. Aerosols alter the radiative balance of the Earth by both
scattering and absorbing incoming solar radiation, preventing it from warming the
planet’s surface. The degree to which the aerosols scatter or absorb solar radiation
is based on their physical and chemical properties: their mixing state. The mixing
state cannot be easily inferred from airborne data, so certain assumptions must be
made in regards to the size and chemical mix of the sampled aerosol population. This
study compares the direct radiative effect of airborne data using three mixing state
assumptions: 1) The aerosols are of the same size and they are fully internally mixed,
2) The aerosols are of different sizes and they are fully internally mixed, and 3) The
aerosols are of different sizes and they are fully externally mixed. This study attempts
to quantify the difference in the direct radiative effect when these different mixing
state assumptions are applied.
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Chapter 1

Introduction

Anthropogenic and natural aerosols impact the planet’s radiative balance by interacting

with incoming solar radiation and modifying the properties of clouds. Once solar

radiation enters the Earth’s atmosphere, it encounters aerosols which are solid or

liquid particles suspended in the air. Depending on their physical and chemical

properties, aerosols can both scatter and absorb this radiation. This is the direct

effect of aerosols on the Earth’s radiative budget. The aerosols can also modify cloud

formation processes which will impact the amount of sunlight scattered by clouds.

This is the indirect effect of aerosols. This study will simply focus on the direct effect

of aerosols, and specifically, on their instantaneous impact on the Earth’s radiative

balance. Because the impact of aerosols on the changing climate of the Earth is highly

uncertain, it is necessary to work to continue and understand their role in global

climate change [5].

The direct radiative effect (DRE) of aerosols is determined by the size and chemical

1
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composition of the aerosols, as well as the thickness of the aerosol layer. The size,

amount, and composition of aerosols determine the amount of solar radiation they can

scatter back into space (causing a cooling effect) and the amount of radiative energy

they can absorb (warming the aerosol layer). Aerosols come in a variety of different

chemical species and can find their way into the atmosphere via a multitude of natural or

anthropogenic processes. Black carbon aerosols (BC), also known as soot, are a strong

absorber of solar radiation and are produced via the incomplete combustion of fuel [6].

Organic aerosols (OA) predominately scatter incoming solar radiation and are produced

from the burning of biomass and fossil fuels [7]. Ammonium nitrate aerosols (NH4NO3)

are strong scatterers and are formed in-situ through reactions between nitrogen

oxides (NOx) emitted from vehicles and ammonia (NH3) coming mostly from dairy

and agricultural facilities [8]. Finally, ammonium sulfate aerosols ((NH4)2SO4), also

strong scatterers, are created by the aqueous or dry oxidation of sulfur dioxide (SO2)

coming from industrial processes and NH3, again emitted from agricultural sources

[9]. Individual aerosol particles can be either composed of a single species, or more

commonly they are a mixture of various different types of aerosols. The degree to

which a population of aerosols is a combination of multiple species is known as a

mixing state. A sample of aerosols can be fully internally mixed (FIM), where each

particle is composed of several different aerosol species. The sample could also be fully

externally mixed (FEM). In this case each particle is only made of one type of aerosol

and the different particles are mixed in the same sample. FIM or FEM populations

of aerosols are, in actuality, not very common. The atmosphere is more commonly

composed of a combination of these two mixing states, containing some aerosols that

are purely one type of aerosol and others that are made of various fractions of aerosols

species [10].

The fraction of aerosol species within a given population will alter the properties
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of the aerosol layer. The effect that the chemical composition and the size of an aerosol

particle has on its optical properties can be understood using Mie theory. Mie theory is

an analytical solution to Maxwell’s equations, which describes the interactions between

electromagnetic radiation and a solid sphere based on the size of the sphere and its

unique refractive index (RI) [11]. The magnitude of these interactions is greatest

when the size of the sphere is very close to the wavelength of the electromagnetic

radiation (resonance effect). Given that typical aerosol sizes are often comparable

with the wavelength of incoming solar radiation, this is the case for the aerosol layers

in the atmosphere. Although aerosol shapes are not necessarily spherical, it is very

common to treat them as spheres for the purposes of Mie calculations. Throughout

this thesis, we will adopt this approximation and will assume all aerosol particles to

be spherical. The RI of a sample of aerosols is a function of the mixing state of the

particles. The chemical composition of an aerosol determines its RI and the RI in

conjunction with the particle’s size determines its scattering and absorbing efficiencies.

These efficiencies can be used to determine the optical properties of the population.

This study intends to apply different mixing state assumptions to airborne aerosol

data. We will test three assumptions: 1) The aerosols in the population all have

uniform size and the sample is fully internally mixed, 2) The aerosols have different

sizes and the sample is fully internally mixed, and 3) The aerosols have different

sizes and the sample is fully externally mixed. By using these assumptions we will

calculate aerosol optical properties and the direct radiative effect for each method.

By comparing the results from the different assumptions, we can understand how the

change in the mixing state assumptions alters the aerosol optical properties.



Chapter 2

Methods

2.1 Direct Radiative Effect

Solar radiation enters the Earth’s atmosphere and part of it is absorbed by the surface

of the planet. The absorbed energy is eventually transferred to the atmosphere. In

response to the absorbed solar radiation, the Earth emits the same amount of radiative

energy, but in the infrared part of the electromagnetic spectrum in accordance with

Wien’s law. Thermodynamic laws dictate that the Earth must remain at the same

temperature so it achieves equilibrium by emitting as much radiation as it absorbs.

Aerosols blocking the solar radiation from reaching the Earth’s surface, by either

reflecting it back to space or absorbing it, alter the balance of incoming and outgoing

fluxes at the top of the atmosphere (TOA). The direct radiative effect (DRE) quantifies

this radiative imbalance and helps to estimate the impact of aerosols on the radiative

budget of the planet. DRE is defined as the change in the flux divergence at TOA

4
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between the real atmosphere and an aerosol-free atmosphere [5].

When solar radiation reaches the top of the atmosphere, its ability to reach the

surface of the Earth is dependent on various parameters, those being: the fraction

of clouds in the sky, the ability for light to be transmitted through the atmosphere

above the aerosol layer, and the reflectance and absorptivity in the aerosol layer. The

following equation by Charlson et al. [12] shows how all of those factors impact the

DRE of aerosols (∆Faer):

∆Faer = −S0

4
T 2
atm(1− Acld)∆R, (2.1)

where S0/4 is the global average of incident solar radiation that reaches TOA. The

fraction of incident radiation transmitted by the atmosphere above the aerosol layer

is Tatm and Acld is the cloud fraction. We use (1 − Acld) to isolate cloud-free areas

because we are only considering the direct effect of aerosols and not their ability to

modify cloud properties. ∆R is the change in the total albedo caused by the aerosol

layer. Charlson et al. [12] used the following expression for ∆R which only considered

scattering aerosols:

∆R = (1−Rsurf )
22βτsc, (2.2)

where Rsurf is the surface albedo, β is the fraction of light scattered by the aerosols

back to space, and τsc is the optical thickness of the scattering layer of aerosols. Chylek

and Wong [13] modified ∆R to account for both scattering and absorbing aerosols:

∆R = (1−Rsurf )
22βτsc − 4Rsurfτabs (2.3)

The addition of the optical thickness of the absorbing layer (τabs) increases the total

aerosol optical thickness. The total optical depth τ is the sum of the scattering
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optical depth and the absorption optical depth. Equation 2.3 reduces to equation 2.2

when the aerosol absorptivity is equal to zero. By using the identities τsc = ωτ and

τabs = (1 − ω)τ , where ω is the single scattering albedo (SSA), we can rewrite the

equation for ∆Faer as:

∆Faer = −S0

2
T 2
atm(1− Acld)[βω(1−Rsurf )

2 − 2(1− ω)Rsurf ]τ (2.4)

This equation provides us with an analytical way to calculate the DRE for a layer of

aerosols. In this study of the DRE, we adopt the following constants as determined

by Langride et al. [4]:

S0 = 1366 W
m2 , Tatm = 0.76, Acld = 0, and Rsurf = 0.14

The variables β, ω, and τ cannot be easily measured, but they can be estimated

using a combination of observational data and theoretical considerations. In this thesis

we are going to implement different methods of estimating the optical properties of an

aerosol layer to study their impact on the DRE estimates.

2.2 Mie Theory

The most common way to quantify the relationship between an aerosol and incident

solar radiation is by using Gustav Mie’s solution to the scattering of light by small

particles. While Mie’s 1908 theory focused on the scattering by gold particles suspended

in water, the mathematical treatment has been adopted by the atmospheric science

community for calculating aerosol optics [14]. The theory focuses on spherical particles

with a size comparable to that of an incident light’s wavelength. Aerosol sizes are on
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the same order as the wavelength of visible light, and while they are rarely perfectly

spherical, we assume they are to utilize the theory.

To describe the interaction between the sphere and the incoming radiation, Mie

theory uses the radius of the aerosol, its refractive index (RI), and the wavelength

of the incident radiation. The wavelength (λ) and the radius of the aerosol (r) are

combined to create the dimensionless size parameter (x):

x =
2πr

λ
, (2.5)

which is simply the ratio of the aerosol’s circumference to λ [15]. The RI of an aerosol

particle is a complex number (m = n−ki) that describes its interaction with incoming

radiation. The real part of the RI represents the aerosol’s ability to scatter radiation

and the imaginary part represents its ability to absorb radiative energy.

From these inputs we can use Mie theory to calculate various useful aerosol optical

properties. The asymmetry parameter (g) is the average cosine of the scattering angle:

g =

∫
4π

P (θ) cos θ dΩ, (2.6)

where P is the phase function. When most of the scattering is in the forward direction,

g is greater than 0 and when most of the scattering is in the backward direction, g is

less than 0. When g is 0 the scattering is isotropic.

When a photon impinges on an aerosol particle, it will be either scattered or

absorbed by the particle. The radiation intensity decrease due to the photons being

scattered in a direction different from their initial direction or absorbed is called the

extinction or attenuation [11]. We can quantify the degree to which radiative energy is
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scattered or absorbed by using Mie theory to calculate the aerosol’s efficiencies. The

scattering (Qsca), absorption (Qabs), and extinction (Qext) efficiencies are defined as

follows:

Qsca =
σsca

πr2
, Qabs =

σabs

πr2
, Qext =

σext

πr2
, (2.7)

where σsca, σabs, and σext are the scattering, absorption, and extinction cross sections

respectively [14]. The efficiencies, as well as the asymmetric parameter, will be used

to estimate the upscatter fraction, single scattering albedo, and the optical thickness

of the aerosol layer. Given that the computations for finding the efficiencies and the

asymmetric parameter are complex and time consuming, we will be using the python

package miepython developed by Scott Prahl [16].

2.3 Radiative Transfer in Aerosol Layer (β, ω, &

τ)

The upscatter fraction (β), single scattering albedo (ω), and aerosol optical depth (τ)

are all important optical properties needed to describe to what extent an aerosol layer

is scattering and absorbing radative energy. While aerosols scatter radiation in many

directions, we denote the amount scattered in the backward hemisphere as β, or the

upscatter fraction. β can be found from the parametrization of the Henyey-Greenstein

phase function:

P (θ) =
1− g2

(1 + g2 − 2g cos θ)3/2
(2.8)

In the calculation of β, Moosmüller and Ogren [15] recommend a third-order polynomial

expansion of the integral of the phase function using the asymmetry parameter as the
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only argument:

β = −0.2936g3 + 0.2556g2 − 0.4489g + 0.5043 (2.9)

The single scattering albedo (ω) is the ratio of the scattering efficiency (Qsca) and the

total extinction efficiency (Qext) [17]:

ω =
Qsca

Qext

, (2.10)

Notice how, given that Qext = Qsca +Qabs, an aerosol that only scatters will have an

ω value of 1.

The aerosol optical depth (τ) is the optical thickness of the aerosol layer. It is the

sum of both the scattering and absorption layer thicknesses [18]:

τ = τsca + τabs (2.11)

The aerosol optical depth can be numerically calculated using the aerosol specific mass

extinction coefficient (KΣ) and the aerosol mass loading (mL) [19]:

τ = KΣ ×mL, (2.12)

where mL is the aerosol mass concentration integrated over the optical path.

The upscatter fraction, SSA, and the aerosol optical depth can all be calculated

numerically using the optical properties (g, Qsca, and Qext) from Mie theory. However,

these optical properties are all calculated for a single sphere with a fixed size and

chemical composition. In reality, in the same volume of air, aerosols can have different
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sizes and chemical compositions. The question that then arises is how can we extend

the results for a single sphere to the whole aerosol layer. There are two common

methods: 1) Assume a monodisperse aerosol distribution, i.e. all aerosols particles

have the same size (effective size) and 2) Integrating the optical properties over the

experimentally derived aerosol size distribution.

2.3.1 Monodisperse Size Distribution

The effective-size method considers all aerosols within the population as if they were

the same size, i.e. the aerosols are assumed to be mono-dispersed. The first step

in doing this is to calculate an effective particle radius (reff) that can represent the

entire sample. Particle size distribution data is obtained through in-situ measurements

in the aerosol layer. The distribution can be graphed as in Figure 2.1. Thousands

of aerosols fly into the inlet of a spectrometer which then sorts them into different

bins based on their size. The number of bins is dependent on the precision of the

spectrometer. We can use this distribution data to find the effective radius of the

distribution. Each bin has a size mid-point with a certain number of aerosol particles

(n). Using the height of the bin as a weight we can calculate the weighted radius of

the sample:

reff =
∑
i

rini

n
(2.13)

We use the weighted radius as an effective radius, which can then be used along with

the wavelength of the radiation to find the size parameter of the approximated aerosol

using Equation 2.5. For the effective-size method we must assume a fully internally

mixed population of aerosols since all particles in the population are considered to

be the same. Therefore, any data we collect as to the species fraction of the sample,
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Figure 2.1: Aerosol size distribution data. The distribution is comprised of 99 size bins.
The height of each bin is the count of aerosols within the population that correspond
to the size of the bin.

we will assume it represents that of all the aerosols. We use this mass fraction to

calculate the refractive index of our approximated aerosol sphere. Each aerosol species

has a unique refractive index (m) which is experimentally derived using laboratory

measurements. Using the mass fractions (Mi) of the sample (visualized in Figure 2.2),

we can calculate the weighted refractive index:

Re(m) =
∑
i

Re(mi)Mi, Im(m) =
∑
i

Im(mi)Mi (2.14)

This will create a unique complex number that represents the effective refractive index

of the whole aerosol population reflecting the prevalence of certain species in the

aerosol mix.

The weighted refractive index and size parameters are then used to calculate the

optical properties of the whole aerosol sample. The asymmetry parameters as well as

the scattering and extinction efficiencies are then calculated using Mie theory. This

can then be used to find the upscatter fraction and SSA using equations 2.9 and 2.10
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Figure 2.2: The mass fraction of the sample across four aerosol species. The mass
fraction is calculated using the airborne mass concentration data.

respectively. To find the specific extinction coefficient per unit mass (KΣ) for the

monodisperse method, we want to use the average density of the aerosol (ρ) along

with Qext:

KΣ =
3πr2effQext

4πρr3eff
=

3Qext

4ρreff
(2.15)

The aerosol optical thickness can then be found by using KΣ and the aerosol burden

of the aerosol column as shown in Equation 2.12.

2.3.2 Integration Over Observed Particle Size Distribution

Instead of representing the entire aerosol population using a single particle with an

effective radius, we can find the population optical properties by integrating over

the observed aerosol size distribution, thus accounting for their different sizes. The

integration techniques will vary depending on the mixing assumptions.
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Internally Mixed Similar to the effective-size method, we assume that the mass

fraction of all aerosols in the sample is constant. Therefore, we will adopt the weighted

refractive index method from Equation 2.14, assuming there is one refractive index

that can represent the entire population.

To find ω for the sample, we need to integrate over all aerosol sizes. We do this

by finding the Qsca and Qext values using the weighted RI and the size parameter for

each individual bin. These efficiencies, along with the radii and number concentration

in each of the bins, are used to find the single scattering albedo:

ω =

∫
Qscar

2n(r)dr∫
Qextr2n(r)dr

(2.16)

The same methodology is applied when calculating the asymmetry parameter:

g =

∫
g Qscar

2n(r)dr∫
Qscar2n(r)dr

, (2.17)

which can then be used to find the upscatter fraction as before.

We calculate KΣ using the weighted density of the sample. We will estimate the

density of the sample using the mass fraction to find a weighted density:

ρ =
∑
i

ρiMi (2.18)

From there we can calculate the specific extinction coefficient per unit mass:

KΣ =
3

4ρ

∫
Qext r

2n(r)dr∫
r3n(r)dr

(2.19)

The optical thickness, τ , can then be easily found using Equation 2.12.
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Externally Mixed For a fully externally-mixed aerosol population, we need to

calculate all optical properties separately for each aerosol species. Because we need to

separate the population by chemical composition, we are using the refractive indices

of each species individually. Therefore, the following computations are performed for

each species:

ωj =

∫
Qscajr

2nj(r)dr∫
Qextjr

2nj(r)dr
, (2.20)

gj =

∫
gj Qscajr

2nj(r)dr∫
Qscajr

2nj(r)dr
, (2.21)

KΣj
=

3

4ρj

∫
Qextj r

2nj(r)dr∫
r3nj(r)dr

, (2.22)

where the index j represents the aerosol species. The extinction coefficients can be

used to find the aerosol optical thickness for each species:

τj = KΣj
×mLj

(2.23)

The total τ is the sum of the optical thicknesses for each species:

τ =
∑
j

τj (2.24)

Using τ we can therefore calculate the single scattering albedo and the asymmetry

parameter for the entire aerosol layer:

ω =

∑
j

τj ωj

τ
(2.25)

g =

∑
j

τj gj ωj

τ ω
(2.26)
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(a) NASA’s P-3 Orion Aircraft. (b) Beechcraft King Air A200.

Figure 2.3: Aircrafts used for airborne data collection during NASA’s 2024 SARP
flight campaign.

2.4 SARP and Instrumentation

In the summer of 2024 I participated in the NASA Student Airborne Research

Program (SARP). Founded in 2009 and based out of the University of California,

Irvine, SARP provides undergraduate students the opportunity to participate in

airborne data collection and research how the measurements relate to atmospheric,

land, and oceanographic processes. We collected data on NASA’s P-3 research aircraft,

as well as a chartered A200 aircraft. Given that the instrumentation on the A200

focused on collecting whole-air gas samples and not aerosols, we will only be using

data from NASA’s P-3.

The P-3 was equipped with a suite of instrumentation from NASA’s Langley

Aerosol Research Group (LARGE). LARGE operated different instrumentation on

the P-3, including instruments that measure aerosol particle size, optical properties,

and composition. We will be using the data from this suite of instruments to estimate

the direct radiative effect of the observed aerosol layer.
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Figure 2.4: A UHSAS from Droplet Measurement Technologies [1].

2.4.1 UHSAS

The NASA SARP flights utilized an Ultra High Sensitivity Aerosol Spectrometer

(UHSAS) to measure the size of aerosol particles. It measured aerosols ranging in size

from 60 nm in diameter to 1000 nm in diameter. NASA’s P-3 was outfitted with inlets

coming out of repurposed aircraft windows. Aerosols were sampled through the inlet

into the main optical system of the UHSAS. Once there, a laser would illuminate the

particles, causing them to scatter the light. As we know from Mie theory, the amount

of light scattered is related to its size. The intensity of the scattered light acts as a

signal to let the UHSAS know the diameter of the particle. Particle sizes are divided

into 99 bins, which correspond to diameter ranges. The light signals are relayed to the

digital electronics system, which analyzes the peak signals and determines which bin

the particle belongs to [1]. The resulting data from the UHSAS is a multitude of bins,

each with a specific number concentration (number of particles/cm3) of aerosols that

fall within the bounds of the bin. As we saw in Figure 2.1, this creates a histogram of

the aerosol diameter. We used the number concentration and mid-point size of the

bin for both the monodisperse method and the integration methods.
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2.4.2 AMS

For determining the chemical composition of the aerosols, SARP used a High-

Resolution Time-of-Flight Aerosol Mass Spectrometer (AMS). Aerosols from outside

the P-3 would enter through an inlet. When they arrive at the AMS they would

first go through a beam chopper which would separate the particles by size. The

particles enter the mass spectrometer region where they are first vaporized which

removes carbon and metals [2]. The remaining particles are then ionized and are

accelerated towards the mass spectrometer. The mass spectrometer determines the

type of ion and its mass. The AMS onboard the P-3 measures the mass of the sulfate

(SO4), nitrate (NO3), ammonium (NH4), and organic aerosol (OA) ions in µg/m3.

Since the ammonium nitrate (NH4NO3) and ammonium sulfate ((NH4)2SO4) aerosols

were ionized, the AMS will only produce mass concentration data for SO4, NO3, and

NH4. We therefore need to calculate the mass concentration of ammonium nitrate and

ammonium sulfate using the ion concentrations and the molar mass (mm) of the ions:

[(NH4)2SO4] = [SO2−
4 ] +

[SO2−
4 ]÷mmSO4 × 2

([SO2−
4 ]÷mmSO4 × 2) + ([NO−

3 ]÷mmNO3)
× [NH+

4 ] (2.27)

[NH4NO3] = [NO−
3 ] +

[NO−
3 ]÷mmNO3

([SO2−
4 ]÷mmSO4 × 2) + ([NO−

3 ]÷mmNO3)
× [NH+

4 ] (2.28)

The mass of the aerosols is used to determine the mass fraction and mass concen-

tration for the population.
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Figure 2.5: The AMS by Aerodyne [2].

2.4.3 SP2

Given that the AMS vaporized the elemental carbon aerosols, we used a Single Particle

Soot Photometer (SP2) to calculate the mass concentration of black carbon. Black

carbon aerosols are strong absorbers of radiation and will transfer this energy to

the surounding air after it is absorbed. When black carbon aerosols enter the SP2

they are heated with a laser. They will absorb this energy until they reach the point

of incandescence. This process is known as laser-induced incandescence. The black

carbon will emit the absorbed energy into the surrounding air mass which will then

be measured by the SP2 [3]. Since the peak intensity of the energy is proportional to

the black carbon’s refractory mass, the SP2 can determine the mass of the particle

[20]. The SP2 measures the black carbon mass concentration in ng/m3. Since the

AMS measured aerosol mass concentration in µg/m3, the black carbon concentrations

were converted to µg/m3 so the units would align.

2.4.4 TSI-3563 & PSAP

Though the single scattering albedo is calculated in this study using the size and

chemical composition data, we wish to compare those results with the onboard optical
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Figure 2.6: The SP2 by Droplet Measurement Technologies [3].

data. The scattering coefficients were measured using a TSI-3563 Nephelometer (TSI).

The TSI on the NASA flights measured two types of scattering: total and submicron.

The total scattering is the scattering coefficient of the total aerosol sample after being

dried. The submicron scattering is the scattering of an aerosol sample that had gone

through a 1µm cyclone device. Within the TSI the sample of aerosols is illuminated

and the scattering can be viewed against a light trap at the back of the device. The

signals of the light scattered by the walls of the TSI as well as the gas inside the

instrument are subtracted from the total scattering to isolate the scattering due to

aerosols. The TSI records the scattering at three different wavelengths: 450 nm, 550

nm, and 700 nm [21].

The absorption coefficients of the aerosol samples onboard were estimated using a

Particle Soot Absorption Photometer (PSAP). When the aerosols enter the PSAP

they deposit on a filter. As the aerosols absorb light shone from the instrument, the

optical transmission of the filter changes [22]. The absorbance (A) is therefore a

function of the intensity of the light initially shone (I0) and the intensity of the light

after being transmitted through the filter (I) as described by Beer’s Law:

A = ln
I0
I

(2.29)
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(a) The Integrating Nephelometer 3563 from
TSI. Image from LARGE website.

(b) The PSAP from Atmospheric Radiation
Measurement (ARM) [22].

Figure 2.7: Optical instruments used on SARP flights.

The PSAP continuously dried the aerosol sample during the measurement process.

Similar to the TSI, the PSAP measured at three wavelengths: 470 nm, 532 nm, and

660 nm.

Recall that the single scattering albedo is the ratio of the scattering coefficient to

the extinction coefficient, and the extinction coefficient is the sum of the scattering

and absorption coefficients. However, the TSI and PSAP measure their respective

efficiencies at different wavelengths. To calculate extinction coefficients at 550 nm,

the absorption coefficients from the PSAP at 532 nm are adjusted to match the

wavelengths of the scattering coefficients using an assumed Angstrom exponent of 1.

2.5 AERONET

We compared the calculated aerosol optical depth (AOD) to the observed AOD at

the time of the flights. Though we were able to use onboard data for a comparison

of the single scattering albedo as mentioned in the previous section, there are no

onboard AOD measurements. We therefore needed to use an external data source to

compare our calculated aerosol optical thickness values to. NASA’s Aerosol Robotic

Network (AERONET) uses ground-based remote sensing technology to monitor the

https://science-data.larc.nasa.gov/large/instruments-optical.html
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AOD across the world. AERONET utilizes radiometers that measure the solar flux

at ground-level. Using the known top of the atmosphere solar flux, AERONET can

infer the thickness of the aerosol layer that is preventing all of the solar flux from

reaching the surface of the Earth [23]. AERONET provides data at various different

wavelengths, including 440 nm, 500 nm, and 675 nm. Given that we were calculating

the AOD at 550 nm, we had to infer the optical thickness (τ) at that wavelength

using the Angstrom exponent (α). AERONET provided Angstrom exponent values

for 440 nm-675 nm, so we calculated the AOD at 550 nm using those values of α and

the AERONET AOD at 440 nm:

τ550 = τ440 ∗
(
λ550

λ440

)−α440−675

(2.30)

The data we used was processed using the AERONET Version 3 algorithm. This

version has data at three different quality levels: level 1.0 is raw data, level 1.5 is

data that has been screened for clouds, and level 2.0 is data that has been screened

for clouds and has been quality assured. Given the scarcity of level 2.0 data for the

summer of 2024, we will be using level 1.5 AERONET data in this study.

2.6 Data

The NASA SARP data was first cleaned and divided into flight regions before the

optical property estimation techniques were applied. All negative, N/A, or error coded

data found in either the size distribution or mass concentration data rendered the

observation invalid. Additionally, all values recorded above 1220 m were removed

given that we estimate the boundary layer being no higher than 1220 m, and we

only wish to focus on the aerosols within the boundary layer. The data was further
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Figure 2.8: The flight paths of the five NASA SARP flights during the 2024 campaign.
All flight departed and landed at the Ontario Interntional Airport.

separated by flight and by region.

2.6.1 Flights

The NASA P-3 aircraft engaged in five flights from the Ontario International Airport

over the course of three days as seen in Figure 2.8. The goal for this study is to

perform the optical property estimation techniques on various columns of air that

were sampled. Given that the P-3 flew over various geographic regions during each

flight, the data for each flight would be further divided by region. Southern California

geography helped to determine the following regions that can be seen in Figure 2.9:

The North Central Valley, The South Central Valley, Los Angeles, The Inland Empire,

and The Imperial Valley.
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Figure 2.9: The five geographic regions in southern and central California that will
determine the location of the air columns. Data from within these regions will be
subsetted accordingly.

Column Flight Location
1 2 Imperial Valley
2 2 Inland Empire
3 2 Los Angeles
4 3 Imperial Valley
5 3 Inland Empire
6 3 Los Angeles
7 5 North Central Valley
8 5 South Central Valley

Table 2.1: The distinct air columns that include data based on their flight number
and their geographic location.

Data from flights that entered the bounds of these regions were divided accordingly.

No SP2 data was recorded on flight 1 and the majority of the data recorded on flight

4 was taken at over 1220 m. We therefore will only be dividing the data for flights 2,

3, and 5. The subsetted air columns can be found in Table 2.1.



Chapter 3

Results

This study focuses on aerosols sampled within the boundary layer in Southern Cal-

ifornia. As discussed previously, the boundary layer height was estimated to be no

higher than 1220 m, and thus, all observations above 1220 m were removed. The

observations used in the study therefore range from 150 m to 1220 m. The P-3 flew

at various altitudes within this range but spent the most time between 400 m and

600 m as can be seen in Figure 3.1. The observations were subsequently divided into

air columns based on the flight and the region the aircraft entered. The height of the

sampled columns were determined for finding the mass loading. Their altitude ranges

are shown in Table 3.1. Given the flight trajectories, the air columns start at various

different heights. In some cases like the North Central Valley on the 5th flight and

Los Angeles on the 2nd flight, the P-3 was able to sample below 170 m. For all other

columns the aircraft could not sample below 280 m.

The altitude ranges are used to find the aerosol mass loading for each column.

24
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Figure 3.1: The frequency at which observations were recorded at different altitudes
for all flights during the NASA SARP 2024 campaign. Observation values we limited
to only ones below 1220 m.

Column Flight Location Observation Altitude Range (m)
1 2 Imperial Valley 311 - 1105
2 2 Inland Empire 305 - 1070
3 2 Los Angeles 168 - 1121
4 3 Imperial Valley 283 - 1202
5 3 Inland Empire 398 - 1127
6 3 Los Angeles 358 - 904
7 5 North Central Valley 150 - 1182
8 5 South Central Valley 322 - 871

Table 3.1: Minimum and maximum column height for each column of air across all
flights.

The mass loadings for each column can be found in Figure 3.2. Flight 2 in the Inland

Empire and in Los Angeles had the highest mass loadings, while flight 2 over the

Imperial Valley and flight 3 in the Inland Empire had the lowest mass loadings. The

mass loadings are used to calculate the aerosol optical depth (AOD) as given in

Equation 2.12.

We can further explore the prevalence of certain aerosol species within the aerosol

population. Figure 3.3 shows the fraction of each of the sampled aerosols within the
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Figure 3.2: The aerosol mass loading (mL) for all air columns during the SARP 2024
campaign. The mL was calculated using the height of the air column and the total
mass concentration of the column.

column of aerosols. Organics are the most abundant aerosol, followed by ammonium

sulfate, ammonium nitrate, and finally black carbon. However, the mass fraction

of these aerosol species varies with time and space. As can be seen in Figure 3.3,

the prevalence of some of these species fluctuates. For example, organics are more

prevalent on flight 5 in the Central Valley but are less so in Los Angeles on flights 2

and 3.
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Figure 3.3: The aerosol mass fraction for all air columns. The aerosol mass fraction for
each column was calculated using the mass concentration of each of the four aerosol
species of interest.

3.1 SSA

The single scattering albedo (SSA) was calculated for each column at 550 nm using

the monodisperse method, the integrated internal mix method, and the integrated

external mix method. The Langley Aerosol Research Group was able to estimate the

dry SSA at 550 nm onboard the P-3 during the flight using data from the TSI and the

PSAP. We can therefore compare our calculated SSA values to those of the onboard

data. Figure 3.4 shows three plots, each comparing one of the methods for calculating

SSA to the onboard SSA. The dashed lines illustrate the desired one-to-one line.

By looking at Figure 3.4a one can see that the monodisperse data falls below the

line, meaning that Method 1 underestimated the onboard SSA. In Figure 3.4c the

integrated external mix data falls above the line, meaning that Method 3 overestimated

the SSA values. The results of the integrated internal mix method are closest to the
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(a) SSA comparison using the monodisperse method.

(b) SSA comparison using the integrated internal mix
method.

(c) SSA comparison using the integrated external
mix method.

Figure 3.4: Single scattering albedo comparisons between the calculated SSA for each
method and the onboard dry SSA at 550 nm.
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Figure 3.5: Single scattering albedo comparison by geographic location, flight number,
and method.

observational data as can be seen in Figure 3.4b.

The performance of the three methods can be further visualized as done in Figure

3.5. The data is separated by regions in the x-axis and by flight from the data point

shape. The various colors represent the different mixing state assumptions, with the

onboard data in black. This allows us to analyze the distance of the various methods’

results from the onboard reference values.

3.2 AOD

Though we cannot compare our calculated AOD data to any onboard flight data,

we are able to compare it to ground-based AOD data from AERONET. AERONET

stations were selected to correspond to the different geographic regions the aircraft

flew through. The locations of the AERONET stations can be found in Figure 3.6

and the flight regions they correspond to can be found in Table 3.2.
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Figure 3.6: The selected AERONET stations in California to be used for comparing
the calculated AOD with ground-based AOD.

Region AERONET Station
Imperial Valley Salton Sea
Inland Empire Whittier
LA CalTech
North Central Valley Sacramento
South Central Valley Fresno

Table 3.2: The geographic regions of the study and their assigned AERONET station
based on geographic proximity.

Data were queried from the various AERONET stations using the flight’s time of

entry and exit into the geographic region. Given that the aircraft often spent less than

an hour within a flight region, an extra 30 minutes of AERONET data from before

the entry and after the exit was used. The time the aircraft spent in the various flight

regions can be seen in Table 3.3.

By using AERONET observations we can compare our estimated AOD at 550

nm to the ground-based AOD. Figure 3.7 shows how the AOD values compare

with the AERONET data. Each plot shows the optical depth calculations using a

different method. The various colors indicate the region/station pairing, and the
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Column Flight Location Date Time Range (PDT)
1 2 Imperial Valley 6/29/24 1:52 PM - 2:06 PM
2 2 Inland Empire 6/29/24 1:31 PM - 2:18 PM
3 2 Los Angeles 6/29/24 1:15 PM - 1:30 PM
4 3 Imperial Valley 7/1/24 8:58 AM - 9:45 AM
5 3 Inland Empire 7/1/24 8:36 AM - 10:01 AM
6 3 Los Angeles 7/1/24 8:16 AM - 8:35 AM
7 5 North Central Valley 7/2/24 10:49 AM - 11:35 AM
8 5 South Central Valley 7/2/24 11:36 AM - 12:54 PM

Table 3.3: The time range and date of the data within each air column.

shapes correlate with the flight number. Again, the dashed one-to-one line helps make

a comparison between the ground-based data on the x-axis and the calculated AOD

values on the y-axis. AOD values calculated through the monodisperse internal mix

method under-predict the AERONET data given that they are far from the one-to-one

as can be seen in Figure 3.7a. From Figure 3.7b we see that the integrated internal

mix method more closely follows the one-to-one comparison. The integrated external

mix method produces very similar AOD values to that of the internal mix method as

is shown in Figure 3.7c. Both of these methods over-predict the AOD in Los Angeles

on the second flight.

Figure 3.8 illustrates the spread of the estimated AOD from the reference AERONET

data in black. The data is divided by flight region and the different flights are once

again indicated by shape. Given that the AOD values from the integrated internal

mix method and the integrated external mix method are so close, most of the orange

symbols are partially or completely covered by the green symbols.
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(a) AOD comparison using the monodisperse method.

(b) AOD comparison using the integrated internal mix method.

(c) AOD comparison using the integrated external mix method.

Figure 3.7: Aerosol optical depth comparisons between the calculated AOD for each
method and the AERONET AOD at 550 nm.



33

Figure 3.8: Aerosol optical depth comparison by geographic location, flight number,
and method.

3.3 DRE

The calculated aerosol optical properties are used to predict the aerosol direct radiative

effect using Equation 2.4. For each flight region the ∆Faer was calculated for each

method using the method-produced single scattering albedo, upscatter fraction, and

AOD. The various DRE values can be seen in Figure 3.9. Each color represents the

different methods used and the bars are organized by the air column. Though the

bars go above the x-axis, the values on the y-axis are negative.

The AOD that was calculated for each method and applied to the equation for

direct radiative effect only represents the section of the aerosol column that the aircraft

sampled. The AERONET AOD represents the entire column of air and thus it will

be informative to calculate the direct radiative effect using the τ from AERONET.

Figure 3.10 shows the direct radiative effect utilizing the τ from AERONET. We can

see that by using the τ from AERONET our DRE drastically increases. Only in Los

Angeles on flight 2 is the DRE using AERONET smaller than the DRE calculated
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Figure 3.9: The calculated aerosol direct radiative effect across all air columns using
the three mixing state assumptions.

without it. This is for both the integrated internal mix method and the integrated

external mix method.
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Figure 3.10: The calculated aerosol direct radiative effect across all air columns using
the three mixing state assumptions and the τ from AERONET.



Chapter 4

Analysis

4.1 The Impact of the Mixing State

Given the limitations of today’s aerosol instrumentation, assumptions must be made

in regards to the mixing state of the aerosol population. As we have shown, the three

mixing state assumptions tested in this thesis have produced varied SSA, AOD, and

DRE values. Figure 3.4 attempts to determine which mixing state assumption matches

the sampled aerosol population the best by comparing the calculated SSA to the

onboard SSA. The monodisperse method and the integrated internal mix method both

assume that the sample is composed of fully internally mixed aerosols. However, the

monodisperse method assumes that all aerosols are the same size, while the integrated

method acknowledges the size distribution. This has a great impact on the calculated

SSA values. Figure 3.4a shows how the monodisperse method underestimates the

onboard SSA, while the integrated method more correctly anticipates the magnitude

36
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of the SSA - Figure 3.4b. Assuming that there is one size that represents the aerosol

population, versus treating the aerosol size as a distribution, has as great impact on

optical properties. The integrated external mix method assumes that the aerosol size

is dictated by the size distribution, but that the aerosols are fully externally mixed.

This led to the overestimation of the onboard single scattering albedo - Figure 3.4c.

The single scattering albedo values might indicate that the integrated internal mix

assumption most accurately matches the real mixing state of the sampled aerosol

population. The varied values produced using the different mixing state assumptions

show how optical properties can differ when certain presumptions are made about an

aerosol population.

The varying assumptions have also impacted the calculated aerosol optical depth.

Figure 3.7 shows the variation in the estimated AOD values across various methods.

The monodisperse method greatly underestimates the ground-based AOD values from

AERONET - Figure 3.7a. The integrated internal mix method similarly underestimates

the AERONET AOD, however, not to the degree of the monodisperse method -

Figure 3.7b. Both methods utilize a weighted refractive index for determining optical

properties, but the integrated internal mix method integrated those properties over

the size distribution, while the monodisperse method assumes an effective size. This

change in the treatment of the size of the aerosol population alters the computed

aerosol optical depth. This alteration in assumption proves to be the biggest agent

of change for the aerosol optical depth. The AOD calculated using the integrated

external mix method produced values that are very similar to those produced by

the integrated internal mix method - Figure 3.7c. Both methods integrated optical

properties over the size distribution, but the external mix method did so for each

aerosol species separately and did not assume a weighted refractive index. This could

indicate that, in the case for AOD, it is not the change in assumption of the mix of
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the aerosol species that generates the greatest difference, but it is the treatment of

the size of the aerosol population. The assumptions made about the mixing state of

the aerosol population has a great impact on the resultant AOD calculations.

These varied aerosol optical properties will lead to varied direct radiative effect

values. Figure 3.9 illustrates how different mixing state assumptions lead to different

aerosol direct radiative effect estimates. The direct radiative effect increases by 194%

on average when the mixing state assumptions change from those of the monodisperse

method to those of the integrated internal mix method. By simply changing the

assumption for the sizes of the aerosols within a population, we are tripling our direct

radiative effect. When changing the assumptions regarding how the aerosol species are

mixed in the population, the impact is less stark. The integrated external mix method

DRE values are on average 19% higher than those of the integrated internal mix

method. This coincides with the conclusions previously made regarding the mixing

state assumptions impact on the AOD, the size assumption creates the most change.

One must proceed with caution when attempting to quantify the direct radiative effect

of an aerosol population using real world aerosol data. Making certain conclusions in

regards to the size of the population or how the various aerosols species are mixed

can greatly vary the results.

4.2 Aerosol Peak Concentrations in the Southern

California Basin

As previously mentioned, the aerosol mass loading is the accumulated mass of the

aerosol layer through the optical path. As shown in Figure 3.2, the air columns
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with the highest mass loading are the ones from flight 2. Flight 2, as Table 3.3

shows, occurred in the afternoon. Aerosol surface emissions peak during times of

high transportation, especially in the morning as people are starting their work day.

However, those emissions occur at ground-level and take time to mix upward in the

atmosphere. By the afternoon, the pollution has mixed in the upper boundary layer.

The boundary layer also reaches its maximum height during the late afternoon when

the convection is well developed. It would therefore follow that in a city like Los

Angeles, famous for its high emissions and overcrowded highways, the highest aerosol

mass loading would be observed in the afternoon. From Figure 2.1 we know that the

Inland Empire is inland of Los Angeles, and the Imperial Valley is inland of the Inland

Empire. The sea breeze circulation can transport pollution from the coast inland. The

Los Angeles pollution most likely has been transported through the Inland Empire to

the Imperial Valley, decreasing with the distance. This would explain why the Inland

Empire and Imperial Valley, regions that don’t have nearly as much local emissions

as Los Angeles, would have heightened aerosol mass concentrations during this time.

The weakening of the transported pollution would also demonstrate how the Inland

Empire has a smaller aerosol burden then Los Angeles, and how the Imperial Valley

has a smaller aerosol burden then the Inland Empire. A more detailed analysis of the

wind trajectories from that flight day using the HYSPLIT model would help to flesh

out this conclusion.

In contrast to flight 2, flight 3 followed the same flight path but occurred in the

early morning. From Figure 3.2 we notice that the air columns from flight 3 do not

follow the same pattern as those from flight 2. Los Angeles still has the highest aerosol

burden out of the regions from this flight, but the aerosol burden of the Imperial

Valley is lower than that of the Inland Empire. Drawing from our conclusions about

the transport of aerosols throughout Southern California, we can infer that there
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was no substantial transport bringing pollution from Los Angeles and the aerosol

concentrations at the Inland Empire and the Imperial Valley were dominated by

local sources. In fact, at night the coast experiences a land breeze circulation which

transports air towards the ocean. In addition, this flight took off around 8AM, a

time when the mixed boundary layer was still shallow and most likely below the flight

altitude. That might explain the lower aerosol concentrations during this flight.

4.3 Single Scattering Albedo

Recall from Equation 2.10 that the single scattering albedo (SSA) is the ratio of the

scattering efficiency to the extinction efficiency (scattering + absorption). As the

absorption of the aerosol decreases, the SSA approaches 1. The absorption of an aerosol

is characterized by the imaginary part of its refractive index. The refractive indices for

the sampled aerosol species can be found in Table 4.1. Notice how ammonium nitrate

and ammonium sulfate have refractive indices with imaginary parts of 0. This means

these aerosols always have an SSA of 1. The single scattering albedo of organic aerosols

will be close to 1 given that their refractive index has an imaginary part of 0.02. On

the other hand, black carbon, with an imaginary part of 0.79, will have a much lower

SSA. For the monodisperse method and the integrated internal mix method, we used

the mass fraction to find a weighted refractive index by using Equation 2.14. For the

integrated external mix the SSA is weighted by the AOD of each species (Equation

2.20.) Therefore, the mass fraction for each aerosol species is reflected in the single

scattering albedo. From looking at Figure 3.5 we can determine which single scattering

albedo values are the closest to 1. Across all methods the air columns with the highest

SSA were those belonging to Los Angeles on both flights 2 and 3. By looking at Figure
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3.3 we can see that the fraction of ammonium nitrate and ammonium sulfate aerosols

combined reached a maximum in these air columns. This is why we see such high SSA

values for these columns, given that ammonium nitrate and ammonium sulfate only

scatter.

We can use the mass fraction to explain other single scattering albedo values as

well. The air columns with some of the lowest SSA values across all methods were

from flight 3 in the Inland Empire and the Imperial Valley. These columns had the

highest mass fractions of black carbon across all observations. Black carbon aerosols

are the strongest absorbers of solar radiation as represented by their refractive index

of 1.95− 0.79i at 550 nm. A higher fraction of black carbon aerosols within an aerosol

population would lead to more absorption of solar radiation and therefore a higher

extinction efficiency. Given that the Inland Empire and Imperial Valley on flight 3

have the highest fraction of black carbon as seen in Figure 3.3, we can understand

why these columns have such low SSA values. Consider the AOD values for flight 3

calculated in the monodisperse method. As Figure 3.8 shows, all three regions have

similar aerosol optical depths, i.e. similar extinctions. However, when comparing

the single scattering albedos in Figure 3.5, the single scattering albedo for the flight

over Los Angeles is much greater than the SSA values over the Imperial Valley and

the Inland Empire. This can be easily explained taking into account that the black

carbon mass fraction for the Imperial Valley and the Inland Empire was almost double

than that of Los Angeles. Note that the extinction is the sum of the absorption and

the scattering. Given that Los Angeles had a higher fraction of scattering aerosols,

the extinction was dominated by scattering. On the other hand, the Inland Empire

and the Imperial Valley the lower scattering efficiency is compensated by a higher

absorption coming from the black carbon.
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Aerosol Refractive Index
Organics 1.63 - 0.02i
Ammonium Nitrate 1.60 - 0.00i
Ammonium Sulfate 1.53 - 0.00i
Black Carbon 1.95 - 0.79i

Table 4.1: Aerosol refractive indices for each species at 550 nm. Values from Langride
et al.[4]

4.4 What Impacts the Direct Radiative Effect?

4.4.1 Single Scattering Albedo

A greater single scattering albedo of the aerosol layer will increase the direct radiative

effect. As previously mentioned, the integrated internal mix method and the integrated

external mix method produce nearly identical values for the aerosol optical thickness.

However, Figure 3.9 shows us that the integrated external mix method in this scenario

always produces a higher DRE. The higher SSA from the integrated external mix

method, as can be seen in Figure 3.5, would explain why that methods’ DRE values are

the highest. On the other end of the spectrum, the monodisperse method consistently

produces the lowest direct radiative effect. While the monodisperse method has

the lowest AOD values, as shown in Figure 3.8, it also has by far the lowest single

scattering albedo values. This is just one of the variables that has a great impact on

the direct radiative effect.
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4.4.2 Optical Thickness

The optical thickness also has a great impact on the direct radiative effect. Figure 3.9

and 3.10 both use the method produced upscatter fraction and single scattering albedo.

However, 3.9 uses the method produced AOD and 3.10 uses the AERONET AOD. For

almost all air columns, the AERONET τ is greater than the one calculated because

the aircraft only sampled a limited fraction of the vertical column and the AERONET

retrieved AOD is representative for the entire column. Due to flight restrictions that

prevented the aircraft from flying at low altitudes, we are underestimating the true

aerosol optical depth. The higher AOD from AERONET dramatically increases the

direct radiative effect. Accurate estimates of the aerosol direct radiative effect are

reliant on an AOD that is representative of the entire column of air.

4.4.3 Surface Albedo

Let us analyze how a changing surface albedo could impact the aerosol direct radiative

effect. Up until now we have only been considering Rsurf as a constant. However,

surface albedo varies greatly between different geographic regions. Thus, we want to

see what the direct radiative effect would be if we place our air columns in a different

location. Recall that our estimate of the surface albedo for California is 0.14. What

happens if we increase the surface albedo? Consider the famous salt flats of Bolivia,

the Salar de Uyuni. Their bright white color gives them a particularly reflective

quality. This region has an incredibly high albedo, estimated to be 0.69 [24]. Figure

4.1 illustrates the direct radiative effect of our air columns when placed in the Bolivian

salt flats. Notice how the direct radiative effect for all columns is now positive. This

is because the aerosol layer is blocking solar radiation for being reflected back to space
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Figure 4.1: The calculated aerosol direct radiative effect across all air columns using
the three mixing state assumptions and the surface albedo of the Salar de Uyuni.

by the highly reflective salt flats. Recall that the aerosol direct radiative effect is

defined as the net short-wave flux difference at the top of the atmosphere between an

atmosphere devoid of aerosols and an atmosphere with aerosols. If a planet with an

aerosol layer can reflect more radiation back to space than it could if there was no

aerosol layer, the direct radiative effect is negative. If an aerosol-free planet can reflect

more radiation back to space than if there was a layer of scattering aerosols, the direct

radiative effect is positive. In the case of the salt flats, we observe a positive direct

radiative effect. For our air columns we will see a greater upward flux if there were no

aerosols in the atmosphere. In this case we see the direct radiative effect is greater for

the integrated internal mix method than it is for the integrated external mix method.

This is because the single scattering albedo from the internal mix assumption is less

than the single scattering albedo from the external mix assumption. The higher single

scattering albedo means more cooling from the aerosol layer, decreasing the warming

effect of an aerosol layer over an area with a high surface albedo.
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Figure 4.2: The calculated aerosol direct radiative effect across all air columns using
the three mixing state assumptions and the surface albedo of the ocean.

Now let’s consider a scenario with a surface albedo lower than 0.14. The albedo

of the ocean ranges with the solar zenith angle, white cap formation, and wind

trajectories. However, given its dark color, on days with clear skies the ocean is

estimated to have a surface albedo of 0.03 [25]. Figure 4.2 demonstrates the direct

radiative effect of our columns if they were moved over the open ocean on a clear day.

Notice how the fluxes are higher than those from Figure 3.9 where the surface albedo

was higher. This is because a planet with a lower surface albedo does not scatter as

much radiation back to space as if there were an aerosol layer. We can see how the

direct radiative effect therefore increases as we decrease the albedo of the surface.
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4.5 Limitations

4.5.1 Instrumentation

The Aerosol Mass Spectrometer (AMS) used onboard the P-3 only determined the mass

concentration of a limited set of aerosol species for the 2024 SARP flight campaign.

While the four species detected by the AMS are ever present in our modern world and

contribute greatly to the aerosol optical thickness, they are not the only aerosol species

which make up the aerosol layer. Notably missing from the aerosol mass concentration

data are the mineral dust aerosols and sea salt aerosols. Dust and sea salt, both

natural aerosols, can enter the atmosphere via a multitude of processes. For example,

heightened surface winds over a desert or the breaking of ocean waves. These species

contribute greatly to the global aerosol optical thickness [26]. Given that this study

was conducted using data from California, a region known for big waves and dusty

valleys, we are underestimating the thickness of our aerosol layer by disregarding them.

For future studies in this region, attempts should be made to determine the mass of

these two aerosol species.

Given that we are not considering the presence of dust or sea salt, we are underesti-

mating the mass concentration of the aerosol layer. Recall that the mass concentration

data and the size distribution data came from different pieces of instrumentation.

Our calculations assumed that the mass concentrations from the AMS represent the

aerosols from the size distribution data. However, we can never be certain that

this was indeed the case. Furthermore, given the prevalence of other aerosols in the

Southern California basin, the aerosol mass distribution likely contains dust and sea

salt aerosols. This would mean that only a fraction of our initial size distribution
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contains the aerosol species sampled on the AMS. Applying the mass fraction data

for four aerosol species to a size distribution that contains a multitude of different

species would mean that we disregard the impact of other species on the make-up of

the distribution. A more robust AMS setup that considered a wide variety of aerosol

species would help narrow the gap between the scope of the mass data and the scope

of the distribution data.

In this study we attempted to measure the performance of the various methods

by comparing the calculated SSA values to the SSA data from the P-3. However,

we must not be quick to assume that the onboard single scattering albedo data is

the standard. Recall that the single scattering albedo was not directly measured on

the P-3. The values were later calculated using the data from other pieces of optical

instrumentation. The SSA at 550nm was calculated using scattering data from the

TSI and absorption data from the PSAP. However, while the TSI recorded scattering

at 550nm, the closest wavelength the PSAP recorded absorption at was 532nm. The

absorption data had to be corrected using an assumed Angstrom exponent value of 1.

Given that the single scattering albedo was not directly recorded, but rather calculated

using different pieces of equipment and mathematical corrections, we should caution

ourselves before assuming that the SSA data is a standard that our calculations should

be compared to.

4.5.2 Assumptions

The computations performed in this study were done under the assumption that the

aerosols within the population were perfectly spherical. Mie theory is only used for

perfect spheres, which is why we assumed that our aerosols were spherical so we could
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make use of the theory. However, aerosols (especially black carbon), are rarely perfect

spheres. There exist other light scattering theories that would be more appropriate

for aerosols of arbitrary shape. One such method is the discrete-dipole approximation

(DDA) which uses polarizable dipoles to approximate the continuum target [27]. The

DDA is suitable for spherical and non-spherical particles, becoming particularly useful

for the field of aerosol physics. Given that the non-spherical black carbon aerosol is

of keen interest within this study, the use of DDA for estimating optical properties

could provide more realistic results.

When computing the aerosol mass loading for the various columns of air, we

assumed that the air column consisted of one well-mixed layer that spanned from

the lowest observation to the highest observation. However, aerosol layers are often

not as large as the height of the sampled column of air. Within the column there

could be pockets of high aerosol concentration and regions where there are none. A

more appropriate technique would be to divide the column of air into layers of equal

thickness. The aerosol loading would be calculated for each layer individually, and

would then be summed up to find the aerosol burden of the column. This would

essentially weight the aerosol loading by the mass concentration within the layers.

This approach would provide a more realistic AOD estimate since it better accounts

for aerosol vertical distribution.

Within this study we only considered two assumptions in regards to the mix of

the aerosol species. Our monodisperse and integrated internal mix methods assume

that the aerosol species are fully mixed within the individual aerosols, while our

integrated external mix method assumes that each aerosol is composed of only one

species. However, as previously mentioned, these two scenarios are hardly found in

nature. A more appropriate mixing state assumption would be one consisting of both
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internally and externally mixed aerosols. Future works will include experimenting with

various real-world mixing state assumptions and comparing those results to those of

the previous methods, as well as the onboard SSA and the ground-based AERONET

data.

When calculating optical properties within this study we assumed that the only

radiation interacting with the aerosols was that which had a wavelength of 550nm.

This assumption was made given that the solar radiation spectrum has a peak at

about 550nm. However, the sun emits radiation at more than just one wavelength,

and these various wavelengths of radiation will have different interactions with our

aerosols per Mie theory. For us to truly understand the aerosol direct radiative

effect of our population, we must consider the interactions of the aerosols with all

wavelengths of solar radiation. The more appropriate approach would be to involve

a radiative transfer model such as Rapid Radiative Transfer Model (RRTM) which

would integrate the incoming and outgoing radiative fluxes over the entire spectral

distribution throughout the whole depth of the atmosphere [28]. Next steps for this

study would be to use a RRTM to account for all wavelengths of solar radiation and

their interactions with aerosols.
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Conclusion

Airborne aerosol data can be used to determine the aerosol direct radiative effect of

the aerosol population. The optical properties used to compute the direct radiative

effect are a product of the aerosol population’s mixing state, the degree to which

various aerosols species are mixed within a population. The airborne aerosol data

collected from SARP NASA flights does not indicate the aerosol mixing states of the

observations. Therefore, we must make assumptions about the sizes of the aerosols

and how different species in the population are mixed in order to understand the

direct radiative effect of the population. We tested three assumptions: 1) The aerosols

all had the same size and the species were fully mixed within the particles, 2) The

aerosols had different sizes and the species were fully mixed within the particles,

and 3) The aerosols had different sizes and each aerosol was composed of only one

species. The assumptions were applied to data from 8 aerosol layers that were created

from the airborne data based on the flight number and location of the observation.

For the first assumption we used the size distribution data to calculate an effective

50
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aerosol size and we assumed all particles have this size. We assumed all aerosol species

are fully internally mixed within each particle and used the mass fraction data to

calculate a weighted refractive index to represent the population. The effective size

and weighted refractive index were used with Mie theory to find the optical properties

of the population. For the second assumption we once again used the weighted

refractive index given that we were assuming our population to be internally mixed.

However, because the second assumption assumes that the aerosols have different sizes

as indicated by the size distribution, we found the optical properties for each size bin

using the weighted refractive index and then integrated over the entire distribution.

For the third assumption we assumed the particles to be fully externally mixed, so

we no longer used the weighted refractive index. Instead we calculated the optical

properties of each of the species separately using their refractive indices and those

individual optical properties were used to find the optical properties of the entire

population. The optical properties were then used to calculate the aerosol direct

radiative effect. The three methods produced varied aerosol direct radiative effect

values. The average DRE for the second method was 194% higher than that of the first

and the average DRE for the third method was 19% higher than that of the second.

The results from this study help to understand the impact that the presumptions

made about an aerosol population’s mixing state can have on its optical properties.

The assumptions made in regards to the mixing state are not arbitrary: they can

drastically change the estimated aerosol direct radiative effect. Therefore, a proper

estimation of the direct radiative effect requires the use of mixing state assumptions

that best suit the aerosol population. It would be ideal if the mixing state for every

sampled aerosol population could be easily identified. However, the field of aerosol

sampling is simply not there yet. Until then, we must be mindful when attempting to

calculate the direct radiative effect using airborne data. Careful consideration must

be made as to what mixing state assumptions best fit the population in question. In
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order to understand the impact that aerosols exert on the Earth’s climate, in addition

to the question ‘how many aerosols are out there,’ we also have to ask, ‘how is the

aerosol layer mixed?’
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