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Abstract: Deriving aerosol optical depth (AOD) from space-borne observations is still challenging
due to uncertainties associated with sensor calibration drift, cloud screening, aerosol type classi-
fication, and surface reflectance characterization. As an initial step to understanding the physical
processes impacting these uncertainties in satellite AOD retrievals, this study outlines a theoretical
approach to estimate biases in the satellite aerosol retrieval algorithm affected by surface albedo and
prescribed aerosol optical properties using a simplified radiative transfer model with a traditional
error propagation approach. We expand the critical surface reflectance concept to obtain the critical
surface albedo (CSA), critical single scattering albedo (CSSA), and critical asymmetry parameter
(CAP). The top-of-atmosphere (TOA) reflectance is not sensitive to significant variability in aerosol
loading (AOD) at the critical value; thus, the AOD cannot be determined. Results show that 5%
bias in surface albedo (A), single scattering albedo (SSA), or asymmetry parameter (g) lead to large
retrieved AOD errors, especially high under conditions when A, SSA, or g are close to their critical
values. The results can be useful for future research related to improvements of satellite aerosol
retrieval algorithms and provide a preliminary framework to analytically quantify AOD uncertainties
from satellite retrievals.

Keywords: propagation of error; radiative transfer model; satellite remote sensing; air quality

1. Introduction

One significant role of atmospheric aerosols in assessing and predicting climate change
can be attributed to direct scattering and absorption of solar and terrestrial radiation [1–4].
Accurately quantifying the aerosol direct radiative effects on the Earth’s changing energy
budget is desired, but it is often particularly challenging [5–7]. Though the mechanism of
direct aerosol effects is theoretically well understood [8–10], far greater uncertainties in
accessing the contribution of aerosols to the radiative balance are caused by insufficient
knowledge concerning physicochemical and optical properties of aerosols as well as surface
reflectance characterization [11–13]. Many of these uncertainties arise because aerosols are
complex mixtures varying widely across space and time in the atmosphere.

As the importance of aerosols in climate studies has become highly recognized, the
level of scientific understanding of the direct aerosol effects has been improved through
largely model-based studies [14–18] and increasingly measurement-based estimates [19–23].
In many cases, observations of aerosol optical and microphysical properties are essential
tools for radiative transfer calculations, along with inputs from global aerosol models.
Unfortunately, long-term and well-characterized in-situ measurements are constrained
by achieving comprehensive coverage due to expensive instrumentation [24]. Thanks
largely to the advent of the earth observation system (EOS) era, satellite retrievals are the
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only means capable of providing global aerosol products to measure the perturbation of
radiative fluxes [25].

Radiative transfer models (RTMs) rely on aerosol information from both the model-
based and measurement-based aerosol monitoring approaches. To describe the extinction
magnitude of incident light by aerosols from the surface to the top of the atmosphere
(TOA), aerosol optical depth (AOD) has gained attention as one of the most common
aerosol products retrieved from spaceborne observations [26,27], which at different spectral
wavelengths (mostly in the visible range) helps derive information about other aerosol
optical properties and understand their impact on the radiation balance. In an atmospheric
solar RTM framework, satellite AOD [21] together with single scattering albedo (SSA) and
asymmetry parameter (g), taken from global aerosol models [28,29] or ground-based sun-
photometers [19,20], are fundamental inputs to determine the scattering and the absorption
of radiation by an aerosol layer. SSA not only largely influences the strength of the aerosol-
induced change in TOA radiative balance but also can modify its sign from negative
(cooling effect) to positive (warming effect) [30]. Moreover, the variation of g (defined as
the cosine-weighted mean of the phase function) from −1 (pure backward scattering) to
1 (pure forward scattering) can provide information about the distribution of scattered
radiation [31].

The general RTM techniques are commonly used for the direct calculation of satellite
AOD via analytical equations. Several satellite measurement platforms have successfully
provided AOD data based on reflected solar radiance measurements using RTM approaches.
However, there is a fair amount of uncertainty associated with satellite AOD retrieval
algorithms because it is difficult to parameterize fundamental aerosol optical properties
(e.g., SSA and g) effectively for use in RTMs [32]. Wong and Li (2002) [33] explored
AOD data from the Advanced Very High Resolution Radiometer (AVHRR) built by ITT
Aerospace/Defense Communications in Fort Wayne, IN during heavy wildfire smoke
periods across the western U.S. and found the AOD values to be very sensitive to the
assumptions made regarding the smoke aerosols due to a knowledge gap related to the
optical properties (SSA and g). The low correlation between NASA MODIS (Moderate
Resolution Imaging Spectroradiometer [34] developed by Raytheon Santa Barbara Remote
Sensing (SBRS) in Goleta, CA) AOD and ground “truth” NASA AERONET (Aerosol Robotic
Network [35] established by NASA and PHOTONS) AOD also lies, in part, in the reliance
of aerosol model schemes in the look-up tables (LUT) that prescribe SSA and g in the
remote sensing algorithm [36].

Most importantly, acquiring satellite-derived AOD with high accuracy is quite tricky
over regions with complex terrain and in arid or semi-arid environments, especially the
western U.S. [37,38]. Satellite AOD retrievals are typically overestimated over desert re-
gions because the bright surfaces restrict the retrieval in moderate and low dust loading
conditions, and the upwelling radiance due to aerosol loading is small compared to the
surface reflectance making it difficult to separate the aerosol signal from the surface contri-
bution [39–41]. It has been found that uncertainty in the surface albedo of 1% can translate
to at least 100% AOD retrieval error [42]. Concerns about the potential role for the critical
surface albedo (CSA) in uncertainty estimates of AOD in remote sensing was first pro-
posed by Fraser and Kaufman (1985) [43] based on radiative transfer simulations. This
research suggested that, at the CSA, additional aerosol loading should not generate a net
change in the upward radiance since the enhanced aerosol backscattering at the TOA is
balanced by the increased attenuation of light by the aerosol layer [44]. Great efforts have
been made by exploiting this critical value concept to identify the relationships between
CSA and SSA [45–48] and further studying the implications of the CSA in aerosol remote
sensing [38,42,49,50].

To the best of our knowledge, it appears that there have been no analytical studies
that consider how AOD uncertainties are simultaneously correlated with surface albedo
(A), single scattering albedo (SSA), and asymmetry parameter (g) in the satellite retrieval
algorithms. Our work builds on the CSA concept and considers the AOD sensitivity to the
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critical surface albedo (CSA), the critical single scattering albedo (CSSA), and the critical
asymmetry parameter (CAP). The CSA, CSSA, and CAP are respectively defined as the
values of surface albedo, single scattering albedo, and asymmetry parameter where the
TOA reflectance is independent of the AOD value. While investigating the CSSA and CAP
does not provide as useful information as the CSA, these parameters included in our model
are also essential to providing an analytical method to quantify uncertainties in these
variables on the AOD values obtained from satellites. The CSSA and CAP play a crucial
role when values are prescribed in the RTM from the LUT, and the aerosol type may not
align with the actual aerosol type, or realistic aerosol mixture, in the atmosphere. We use
a simplified radiative transfer model to analytically determine the CSA, CSSA, and CAP
through the propagation of error approach that results in the partial derivatives of AOD
with respect to A, SSA, and g. Furthermore, to elucidate the importance of the uncertainties
in A, SSA, and g on AOD, we determine the CSA, CSSA, and CAP using multiple aerosol
models. At or near these critical values, the uncertainty in AOD retrievals is considerable
because a change in AOD has almost no influence on the TOA reflectance. Additionally,
these critical values are where the aerosol forcing changes sign. This approach also allows
us to investigate the physical characteristics related to surface albedo and aerosol optical
properties that lead to uncertainties in AOD retrievals.

Understanding and quantifying the AOD uncertainties from satellite remote sensing
platforms is critical in improving the global estimates of AOD. Previous methods have been
used to quantify these uncertainties; however, many of them face limitations. A common,
well-accepted approach to determine the retrieval error of satellite AOD datasets is the
comparison of satellite measurements and ground-based sensor data [51–54]. While this
approach is meaningful, it should be regarded as an evaluation of the retrieval algorithm
rather than an uncertainty analysis [55]. Knapp et al. (2002) [56] used an ensemble approach
with numerous AOD retrieval simulations and summarized the retrieval uncertainties of
satellite AOD to be 18% to 34%, depending upon the certainty of the assumed radiative
transfer model parameters. Sayer et al. (2013) [57] defined retrieval-level absolute uncer-
tainties of satellite AOD products by formulating a linear relationship (a + bτ) between
uncertainties in modeled surface reflectance (a), assumptions about aerosol microphysical
properties made in the retrieval algorithm (b) and satellite AOD at 550 nm (τ). Still, in
essence, this empirical model was obtained in terms of an absolute error of the satellite
550 nm AOD compared to AERONET AOD. The error calculation in Sayer et al. (2013) [57]
is only applicable for cases where there are AERONET sensors, and physical processes do
not stratify the uncertainties in satellite AOD, so it is unrealistic to determine the sensitivity
of AOD to A, SSA, and g using this approach.

Our overarching study goal is to provide an initial framework to better understand
satellite AOD retrieval uncertainties associated with surface albedo, single scattering albedo,
and asymmetry parameter. Other important factors to consider in AOD uncertainties using
satellite retrieval algorithms are solar geometry and satellite viewing angle [25,58–60].
However, the simplified model proposed here does not account for changes in either of
these variables. This paper proposes a 1-D fast and simple radiative transfer model and
emphasize the use of traditional error propagation to quantify the uncertainty estimates
for inclusion in satellite AOD algorithms according to well-understood perturbations (i.e.,
surface variations and uncertainties in aerosol optical properties). The two main research
objectives of this study are: (1) outline the importance of the CSA, CSSA, and CAP concepts
in next-generation satellite AOD products to the scientific user community; (2) elaborate
on a mathematical and physical framework to compute uncertainties in satellite AOD
retrievals using analytical equations.

2. Model Development

To derive our fast and simple atmospheric solar 1-D radiative transfer model, we
need to consider that a sensor is above the TOA looking down toward the surface in
the case of normal illumination where 3-D effects (i.e., horizontal transport of photons)
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and polarization are ignored. We use the propagation of error approach [61] to quantify
the uncertainty of aerosol optical depth concerning the uncertainty of surface albedo (A),
single scattering albedo of aerosols (SSA), and asymmetry parameter (g). Here A, SSA,
and g are independent variables (neglecting their correlations for simplicity). Our model
makes simplifying assumptions: (1) the atmosphere is one-dimensional, and it varies
only in the vertical direction while horizontal variations are neglected; (2) the aerosol
layer is infinitesimally thin and is in a plane-parallel, uniform atmosphere under clear-sky
conditions; (3) both Rayleigh (e.g., at 660 nm, ~0.04) and aerosol optical depth (<0.1) are
far less than unity, which requires the aerosol layer to be optically thin enough so that the
single-scattering approximation is valid.

The development of this model is motivated by the desire to investigate the impact of
surface reflectance on satellite AOD retrievals, described by Boehmler et al. (2018) [38], in
the atmosphere with a limited amount of scattering. A general mathematical framework for
the application of atmospheric solar radiative transfer in a simplified 1-D scene is presented
in this study (see Figure 1) to calculate the sensitivity of AOD to surface reflectance (A),
single scattering albedo (SSA), and asymmetry parameter (g). The purpose of this model is
to provide an analytical expression for quantifying and understanding the uncertainty in
AOD retrievals as a function of surface albedo (A) and aerosol optical properties (e.g., SSA
and g) using the propagation of error approach.
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Figure 1. Schematic diagram of the 1-D radiative transfer model. I0 is the top of the atmosphere solar irradiance, A is the
surface albedo, T is the fraction of total radiation (diffuse and direct) transmitted through the aerosol layer, and R is the
fraction of the incident beam backward scattered by the aerosol layer. I0R is the backscattered radiation by the aerosol layer
and I0T2A + I0T2A2R is the sum of the direct and diffuse radiation caused by aerosols.

This work aims to investigate this key question: How do we identify trends in per-
formance degradation from satellite AOD retrievals caused by the gradual shift in three
parameter values (A, SSA, g) from their true values? The analytical solution proposed
here is used to obtain the partial derivatives—∂AOD/∂A, ∂AOD/∂SSA, and ∂AOD/∂g
so that we can determine uncertainty estimates within satellite AOD datasets as it relates
to the uncertainty in surface albedo (∆A), single scattering albedo (∆SSA), and asymmetry
parameter (∆g):

∆AOD =

√(
∆A
(

∂AOD
∂A

))2
+

(
∆SSA

(
∂AOD
∂SSA

))2
+

(
∆g
(

∂AOD
∂g

))2
. (1)

We adopt two-stream approximations for solar radiation transfer through one plane-
parallel uniform scattering layer (e.g., an aerosol layer) in the atmosphere. This single-
scatter model makes less restrictive assumptions regarding the nature of the radiance field
and scattering phase function but does not incorporate second- or higher-order terms
of the radiance field into the solution. Thus, this approach is only directly applicable
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under weak scattering conditions (i.e., minimal scattering optical depth). We define the
satellite-received total radiation Itot as

Itot = I1 + I2, (2)

where I1 is the backscattered radiation by the aerosol layer, and I2 is the sum of the direct
beam radiation reflected by the surface and the diffusely scattered radiation due to 2-times
forward scattering from the presence of aerosol in the atmosphere affected by the surface.
I1 is given by

I1 = I0R, (3)

where I0 is the TOA solar irradiance and R is the fraction of the incident beam backward
scattered by the aerosol layer. R is given by

R ∼= SSA·AOD·1− g
2

. (4)

and I2 is given by
I2 = I0T2 A + I0T2 A2R, (5)

where T is the fraction of total radiation (diffuse and direct) transmitted through the aerosol
layer. T is given by

T ∼= (1− AOD) + SSA·AOD·1 + g
2

. (6)

By neglecting high order terms in AOD, T to the second power with Taylor series
approximation is given by

T2 ∼=
(
(1− AOD) + SSA·AOD·1 + g

2

)2

∼= (1− 2AOD + SSA·AOD·(1 + g)). (7)

Thus,

Itot ∼= I0

[(
1 + A2

)
SSA·AOD·1− g

2
+ (1− 2AOD)A + SSA·AOD·A(1 + g)

]
. (8)

To solve Equation (8) for AOD, the total spectral reflectance at TOA, γ is defined by

γ =
Itot

I0
∼ const, (9)

where γ is the ratio of the total radiation received by the satellite to the top of the atmosphere
solar irradiance. Substituting Equation (9) into Equation (8), and solving for AOD,

AOD ∼=
γ− A[

(1 + A2)SSA 1−g
2 + A(SSA(1 + g)− 2)

] . (10)

Starting with Equation (10) and taking the partial derivatives of AOD with respect to
A, SSA, and g [61], and then using Equation (9) for γ gives (where AOD < 0.1),

∂AOD
∂A
∼= 1[

2A
(

1−SSA 1+g
2

)
−(1+A2)SSA 1−g

2

] (a)

∂AOD
∂SSA

∼= − AOD
SSA− 2A

(1+A2)
1−g

2 +A(1+g)

(b)

∂AOD
∂A
∼= AOD

(1+A2)
1−g

2 +A[(1+g)− 2
SSA ]

1+A2
2 −A

(c)

(11)
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We further analytically quantify the total uncertainty in AOD in terms of A, SSA, and
g, based upon propagation of error by substituting the results from the above Equation (11)
back into Equation (1):

∆AOD =

√(
∆A
(

∂AOD
∂A

))2
+
(

∆SSA
(

∂AOD
∂SSA

))2
+
(

∆g
(

∂AOD
∂g

))2

=

√√√√√√√
(

∆A

(
1[

2A
(

1−SSA 1+g
2

)
−(1+A2)SSA 1−g

2

]
))2

+

∆SSA

− AOD
SSA− 2A

(1+A2)
1−g

2 +A(1+g)

2

+

∆g

 AOD
(1+A2)

1−g
2 +A[(1+g)− 2

SSA ]
1+A2

2 −A




2

. (12)

Taking the limits of Equation (11), first notice that ∂AOD/∂A→ ∞ , ∂AOD/∂SSA→ ∞
and ∂AOD/∂g→ ∞ when their denominators in Equation (11) are set equal to zero to
find a critical value of surface albedo (A), single scattering albedo (SSA), and asymmetry
parameter (g), 

Acrit =
2−SSA(1+g)±2

√
1+SSA[g(SSA−1)−1]

SSA(1−g) (a)

SSAcrit =
2A

(1+A2)
1−g

2 +A(1+g)
(b)

gcrit =
SSA(1+A)2−4A

SSA(1−A)2 (c)

(13)

Note that in Equation (11a) the TOA reflectance (i.e., γ = Itot
I0

) has a non-linear
relationship with surface albedo, which means there are two roots for solving for the
critical surface albedo [see Equation (13a)]. However, the value of surface albedo should

range from 0 to 1. The first solution of Acrit

(
i.e., 2−SSA(1+g)+2

√
1+SSA[g(SSA−1)−1]

SSA(1−g)

)
is

always greater than 1 when SSA, g ε (0, 1). In this case, we used the second solution

of Acrit

(
i.e., 2−SSA(1+g)−2

√
1+SSA[g(SSA−1)−1]

SSA(1−g)

)
to investigate the sensitivity of TOA re-

flectance to AOD.
Now, we will briefly discuss the physical interpretation of the theoretical model. Since

γ = Itot
I0

we find that

γ ∼= AOD
[
(1 + A)2SSA

(1− g)
2

− A(2− SSA(1 + g))
]
+ A. (14)

When the first term in Equation (14) goes to 0, then γ ∼= A. Here A is equal to Acrit.
Thus, the physical meaning of critical surface albedo can be explained as a circumstance
when aerosol backscatter (1 + A)2SSA (1−g)

2 counterbalances the net loss due to forward
scattering (A(2− SSA(1 + g))). Or we can arrange Equation (14) as

γ ∼= AOD
[
(1 + A)2SSA

(1− g)
2

+ A·SSA(1 + g)− 2A
]
+ A. (15)

Alternatively, another physical meaning of critical surface albedo is to strike a bal-
ance between diffuse radiation adding to TOA radiance (AOD(1 + A)2SSA (1−g)

2 + AOD·
A·SSA(1 + g)) and the loss of TOA radiance due to the interaction between the direction
beam with the surface disturbance (2AOD·A).

3. Model Limitations

The fundamental assumption for the validity of the 1-D radiative transfer model,
provided single scattering of the detected photons, is that no scattered photon that leaves
the geometrical field of view of the receiver will be detected by neglecting all possible
successive orders of scattering contributions. Multiple-scattering media have high albedo
(at visible wavelengths) because incident photons reemerge after having been scattered



Remote Sens. 2021, 13, 344 7 of 18

many times by particles that are only weakly absorbing. For a sufficiently large optical
depth of aerosols (when AOD >> 1), the thick aerosol layer will experience multiple
scattering events that cannot be ignored. During high-AOD conditions, our simplified 1-D
radiative transfer model would not be applicable in evaluating the uncertainties of AOD
from satellite retrievals.

The model assumptions here require that the AOD values be much less than 1 to
account for neglecting high order terms in AOD in the mathematical model. Thus, our
study emphasizes conditions where AOD ≤ 0.1. There are many time periods in regions
with low air pollution emissions that have total aerosol loadings that would be within the
assumed limits of our radiative transfer model. For example, Figure 2a shows the spectral
variation of measured AOD (340–1064 nm) from AERONET at the University of Nevada,
Reno (UNR) on 17 October 2019. From 5:00 p.m. to 12:00 a.m., the AERONET AOD data
is far smaller than one for all wavelengths. Whereas, Figure 2b shows daily AOD values
(0.1 < AOD < 0.3) that are higher than the previous example at smaller wavelengths on
1 October–20 October 2019. The retrieval of AOD at wavelengths shorter than 500 nm,
in this case, would have significant uncertainties using our simple 1-D radiative model
since both the Rayleigh (~0.1) and aerosol optical depth (>0.1) are outside the limits of our
initial model assumptions. The 800 nm thus was picked as a representative wavelength to
demonstrate the model results. Though the AOD range within 0.1 considered in our model
is small, low-AOD cases, in fact, match the global average AOD value [57].
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Figure 2. (a) Time series of spectral AOD measurements (AERONET Level 1.5) at the UNR site (39.541◦N, 119.814◦W) on 17
October 2019 (left); (b) Time series of spectral AOD measurements at the UNR site during 2019 October at wavelengths
from 340 nm to 1640 nm (right).

4. Aerosol Models

Numerous studies have focused on measuring and interpreting aerosol optical pro-
prieties [62–66], and their findings can be used in an RTM to approximate the aerosol
conditions in the atmosphere. We consider several generalized categories for aerosol types
with distinctly different optical properties to evaluate the models of representative aerosols.
To use our 1-D radiative model and examine the impacts of aerosol properties on AOD
retrievals, we pick five different aerosol models defined by the OPAC (Optical Properties
of Aerosols and Clouds) software package [67]. Given the single scattering approximation
in our 1-D radiative transfer model, we use the aerosol model properties at 800 nm as the
representative wavelength to satisfy the constraint on aerosol loading (i.e., AOD << 1), by
assuming 50% relative humidity and externally mixed typical aerosol components to form
aerosol types.

The following is a brief description of the five aerosol types obtained from OPAC [64]:
(1) the continental clean aerosol represents remote continental locations with no or little
anthropogenic influence; (2) the continental average aerosol comes from anthropogenically
influenced continental areas; (3) the continental polluted aerosol depicts highly polluted
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continental (not urban) areas heavily influenced by anthropogenic emissions; (4) the
urban aerosol is used to describe strong pollution from fossil fuel combustion in densely
populated industrial areas; (5) the desert aerosol made up of mineral dust over all deserts
of the world with no local distinction. These five general aerosol types are associated
with different sources and emission mechanisms and are expected to exhibit significant
differences in aerosol optical properties. A shortlist of these properties is given in Table 1.
We use the properties in the ‘total’ row for each aerosol type.

Table 1. Microphysical and optical properties of the aerosol models grouped by aerosol types and
aerosol components, with OPAC values for the number densities (Ni) of aerosol components in
particles cm−3, single scattering albedo (SSA) and asymmetry parameter (g) at a wavelength of
0.8 micrometers for 50% relative humidity.

Aerosol Types Components Ni (cm−3) SSA g

Continental clean
total 2600 0.933 0.655

water soluble 2600 0.956 0.634
insoluble 0.15 0.777 0.797

Continental average

total 15,300 0.861 0.620
water soluble 7000 0.956 0.634

insoluble 0.4 0.777 0.797
soot 8300 0.135 0.266

Continental polluted

total 50,000 0.812 0.588
water soluble 15700 0.956 0.634

insoluble 0.6 0.777 0.797
soot 34,300 0.135 0.266

Urban

total 158,000 0.711 0.545
water soluble 28,000 0.956 0.634

insoluble 1.5 0.777 0.797
soot 130,000 0.135 0.266

Desert

total 2300 0.922 0.703
water soluble 2000 0.956 0.634

mineral (nuc. mode) 269.5 0.977 0.633
mineral (acc. mode) 30.5 0.932 0.7
mineral (coa. mode) 0.142 0.754 0.854

5. Results
5.1. RTM Results

Under the single scattering assumption, we generate a synthetic dataset of TOA
reflectance with multiple values of single-scattering albedo, asymmetry parameter, surface
albedo, and AOD values ranging from 0 to 0.1 at 800 nm. Aerosol optical parameters from
the five different aerosol modes are used in the radiative transfer equations to calculate
uncertainties and critical parameters. According to Equation (13), we get the critical value
of one of the three variables (A, SSA, and g) when given the other two. For a given aerosol
of fixed SSA and g (e.g., from Table 1), there is a specific surface albedo, namely CSA, at
which the TOA reflectance is nearly insensitive to aerosol loading based on Equation (13a).
Because we are unable to analyze the CSSA or CAP using surface albedo measurements
from ground observations or satellite remote sensing data, we must rely on another method
to obtain the CSSA or CAP. A shortcut to get the critical values for the aerosol properties is
to rely on the CSA calculated in the way mentioned above, using it as the input surface
albedo while assuming only one of modeled aerosol values (i.e., SSA or g) since we are
able to obtain these aerosol optical properties given a specific aerosol type (from Table 1).
Then we compute the CSSA[CAP] by substituting the CSA and g[SSA] into Equation (13b)
[(13c)]. Table 2 gives a summary of the CSSA, CAP, and CSA values for the different aerosol
classes according to this special situation. The CSA values in Table 2 are computed from
the aerosol types using the specific SSA and g listed in Table 1. The CSSA and CAP are
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included in Table 2 for clarity, but are the same as the SSA and g values in Table 1 due to
the shortcut method used for calculating the CSSA and CAP where the surface albedo is
assumed to be equal to the CSA since measurements are not available. It is important to
note that these critical values of SSA and g are crucial because they are associated with
the CSA. Location-specific albedo measurements are required to calculate the appropriate
CSSA and CAP values related to the observed albedo.

Table 2. Summary of CSA, CSSA, CAP values for the five different aerosol types listed in Table 1.

Aerosol Type CSA CSSA CAP

Continental clean 0.413 0.933 0.655
Continental average 0.294 0.861 0.62
Continental polluted 0.25 0.812 0.588

Urban 0.186 0.711 0.545
Desert 0.36 0.922 0.703

In Figure S1 (Supplementary Materials), the modeled TOA reflectance is a function
of surface albedo (A), single scattering albedo (SSA), and asymmetry parameter (g) for a
continental clean (a), continental average (b), continental polluted (c), urban (d), or desert
(e) aerosol model stratified by AOD values. Different values of AOD and the selection
of aerosol models both influence the TOA reflectance. However, critical values (the CSA,
CSSA, and CAP) for the different aerosol types are based on the same principle that the
TOA reflectance is almost insensitive to AOD. Note that the low sensitivity of the TOA
reflectance with respect to AOD as a function of A shown in Figure S1 (Supplementary
Materials) illustrates that within the narrow range of AOD values considered in this study,
it is virtually imperceptible to spot the CSA in the figure. However, there is still a CSA that
makes an inflection point and causes large uncertainties in the AOD values, as we describe
below in Section 5.2, even at this low AOD range.

Equation (14) can explain why the CSA of the example aerosol models here are
the same as the amount of the TOA reflectance (i.e., γ = CSA) because the contribution
part of aerosol backscatter

(
SSA(1−g)

2

)
balances the net loss of aerosol radiance due to

forward scattering (SSA(1 + g)). The TOA reflectance for a continental clean aerosol
model, subplot (a) in Figure S1 (Supplementary Materials), becomes independent of AOD
at a surface albedo of 0.413, which we define as the CSA where both processes (forward
and backward scattering) compensate each other. The distribution of CSA depends on
the aerosol absorption ratio (i.e., SSA) and the aerosol type. As shown in Table 2, the
more scattering the aerosol, the larger value of CSA. At the CSA, there is a reversal of
the TOA reflectance concerning the aerosol loading, indicating that the TOA reflectance
decreases with increasing AOD for brighter surfaces (when surface albedo is larger than the
critical value) but increases with increasing AOD for dark surfaces (when surface albedo is
smaller than the critical value). This is because aerosol absorption dominates over aerosol
scattering if the atmosphere is sufficiently illuminated from below and vice versa [43,44].

The CSSA and CAP, as seen from Figure S1 (Supplementary Materials), are associ-
ated with the inherent optical properties of the selected aerosol models. Using the three
different continental aerosol models (see Figure S1a–c (Supplementary Materials)), we
can investigate how the absorbing properties of aerosols impact the TOA reflectance. The
higher fraction of absorbing aerosols in the aerosol model, the more distinct increases in
TOA reflectance with increasing AOD (when the single scattering albedo is larger than
the critical value), and vice versa, which is attributable to their lower CSSA. However, the
TOA reflectance decreases if the amount of aerosol loading increases (when the asymmetry
parameter is larger than the critical value) due to the increased forward-scattering fraction
of light caused by additional aerosols, and the opposite situation is also true. This illus-
trates the influence of the aerosol properties on the AOD sensitivity to the TOA reflectance.
Absorbing aerosol types have a much lower CSA and CSSA. For instance, the urban model
with a very low SSA of 0.711 has a CSA of 0.186, while the desert model with an SSA of
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0.922 has a CSA value of 0.36. Moreover, the desert aerosol model with more absorbing
aerosol species (e.g., desert dust) compared to the continental clean aerosol model exhibits
a higher CAP. The desert aerosol model has more large particles, so the forward scattering
probability for the particles is increased.

Though a simplified form of the 1-D radiative transfer model is used in this paper,
the results are comparable to previous investigations that used more sophisticated models.
For example, Figure S1c,d (Supplementary Materials) and Figure 3c,d in this paper are
consistent with Figures 2c, 3b, and 9a,c in Seidel and Popp (2012) [42], respectively, where
their studies are based on the Second Simulation of a Satellite Signal in the Solar Spectrum
(6S) radiative transfer model. Due to these similarities, the proposed 1-D radiative transfer
model presented in this paper captures the underlying physical system behind the overall
radiative effects of aerosols, even if the successive higher-order scattering is neglected.
Therefore, this analytical approach provides a useful method to quantify uncertainties in
AOD remote sensing by a first-order approximation.

5.2. AOD Uncertainty Analysis

The simplified RTM offers insight into investigating errors in retrieved AOD associated
with physical processes quantitatively. It is helpful to start with a conceptual description of
the AOD errors related to the critical values of A, SSA, and g. The TOA reflectance remains
constant at the CSA, CSSA, or CAP despite increasing or decreasing AOD; therefore,
satellite sensors are unable to retrieve the correct aerosol signal at the CSA, CSSA, or CAP.
Similarly, when parameters A, SSA, or g approach their critical values (CSA, CSSA, or
CAP), large uncertainties arise in the retrieved AOD. At these critical values, there is also
a change in the sign of the AOD uncertainty, related to the over- or under-estimation of
retrieved AOD, an important distinction when using AOD to estimate global air pollution
exposure and health impacts. This section focuses on using an analytical framework
to quantify retrieval-level AOD uncertainty on a constant assumed error in the related
physical quantities (A, SSA, and g).

The AOD retrieval errors as a function of surface albedo (A), single scattering albedo
(SSA), and asymmetry parameter (g) with an 0.05 under- (marked as the blue minus
symbols) and over-estimation (marked as the red plus symbols) of each corresponding
properties (A, SSA, and g) for different aerosol types are shown in Figure 3. This error
is defined as the difference between the ‘true’ AOD and the satellite retrieved AOD (i.e.,
∆AOD = AODtrue − AODretrieved), where the negative (positive) error is the overestimated
(underestimated) retrieved AOD. A 0.05 deviation of A, SSA, or g from their true values
illustrates these parameters’ influence on the under- and over-estimation of AOD. In
Figure 3, we set the ‘true’ AOD to 0.08, and the curves were calculated using Equation
(11). Figure 3 shows that it is impossible to retrieve AOD from satellite remote sensing
under conditions at or close to the critical values because the uncertainty of AOD is infinite.
This can be seen on the curves where the AOD retrieval errors approach infinity near the
CSA, CSSA, and CAP (indicated by the vertical black dashed lines). For example, for the
continental clean aerosol model (in Figure 3a), if the actual aerosol SSA is 0.7 and the critical
SSA is 0.933, a ±5% error in the SSA would results in small AOD retrieval errors because
the actual SSA is far from the critical SSA. However, as one gets close to the critical SSA, a
±5% error of SSA will induce a much larger error in the AOD retrieval. In contrast, if the
simulated errors of surface albedo, single scattering albedo, and asymmetry parameter are
small, say within a ±5% interval, the retrieved AOD errors will be small, provided that the
actual surface albedo, single scattering albedo, and asymmetry parameter are far enough
away from their critical values (i.e., CSA, CSSA, and CAP).
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As shown in Figure 3, for surface albedo less than the CSA, overestimating the surface
albedo will result in an underestimated AOD, that is, a positive retrieval error in this
example. However, when it comes to the positive departure of surface albedo from the
CSA, a negative retrieval error of the surface albedo value will introduce an overestimated
AOD. Likely, for single scattering albedo smaller (larger) than the CSSA or asymmetry
parameter smaller (larger) than the CAP, an overestimation of the single scattering albedo
or asymmetry parameter turns out to be an overestimation (underestimation) of AOD and
therefore a negative (positive) retrieval error. This behavior can be seen for the single
scattering albedo and asymmetry parameter impacts on the AOD errors indicated by the
curves for each aerosol model in Figure 3.

An interesting finding is that for the urban aerosol model with strong absorption
characteristics (see Figure 3d), quite low AOD retrieval errors are noticeable over extremely
bright surfaces provided an aerosol retrieval algorithm that does not rely on the surface
being darker than the aerosol [68]. This is an indication that higher reflectance surfaces,
such as those covered by fresh snow and ice, will promise a more accurate satellite retrieved
AOD of strongly absorbing aerosols (e.g., black carbon). The concern for very bright desert
regions, a major natural source of desert dust, is having a surface albedo near the CSA
but without available accurate satellite AOD measurements [38,47]. Understanding the
CSA might improve both AOD and SSA retrievals in arid and semi-arid environments and
would offer an incentive to carefully evaluate albedo products for bright surfaces derived
from remote sensing data.
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5.3. Real World Case Study

Nevada’s Black Rock Desert (BRD) is a semi-arid area covered by a series of lava beds,
playa, and alkali flats, located in the far northwestern Nevada section of the Great Basin
with a lakebed that is a dry remnant of the prehistoric Lake Lahontan. Predominant natural
aerosol sources in the semi-arid environments come from windblown mineral dust [69].
Large quantities of wildfire-generated biomass burning aerosols in the east-northeast
direction during the California fire season (May–October) are another primary aerosol
source affecting the local air pollution [70]. In addition to the effects of dust episodes and
wildfire smoke, relatively high particulate levels in the BRD region can result from the
annual Burning Man event held in September.

The high surface reflectance over arid and semi-arid regions produces extensive non-
random missing grid-specific satellite AOD values as they are quality flagged, which im-
pairs the spatial-temporal coverage in observing local aerosols globally. Another challenge
is AOD artifacts over very bright surfaces. For example, monthly averages of columnar
AOD in the BRD region during the 2012 summer were abnormally high (~0.7) at 550 nm in
the absence of anthropogenic or wildfire aerosol emissions [37]. This indicates that when
the desert surface has an albedo value within the 0.4–0.5 range [38] that is smaller than
the CSA (~0.55) and the corresponding scattering angle <100◦ [42], the underestimated
satellite-retrieved surface albedo leads to unrealistically high AOD values over the BRD.

To illustrate the importance of quantifying AOD retrieval uncertainties associated
with errors in A, SSA, and g, we use our 1-D model with real values from the BRD as a case
study. Based on Boehmler et al. (2018) [38], the dry lake beds of the BRD have an actual
albedo value of ~0.59 over non-road areas and ~0.56 over road locations for the wave-
length range of 770–900 nm. Uncertainties in measured versus satellite estimated albedo
propagate through to uncertainties in the satellite retrieved AOD. The albedo retrievals
from Land Satellite 7 Enhanced Thematic Mapper Plus (Landsat-7 ETM+) manufactured by
Lockheed Martin Space Systems in Denver, CO are lower than the measured albedometer
values by 13.56% for non-road areas and 16.07% for road areas. AOD errors associated
with uncertainties in surface albedo estimates over the BRD region can be explained by
the closeness of the surface albedo to the CSA (0.36) for desert (mineral dust) aerosols.
According to Equation (11a), the deviation of AOD (∆AOD, also known as AOD error) due
to the difference in surface albedo is 1.16 when A ~0.59 for the non-road surface, assuming
the aerosols are windblown dust. Extending this to calculate the AOD errors for a polluted
air mass transported over the BRD, the deviation of AOD is 0.51 when A ~0.56 over the
road surface. The AOD uncertainty associated with uncertainties in A decreases for the
polluted air mass scenario because the CSA decreases, compared to mineral dust aerosols,
and is significantly lower than the real albedo value. Physically, the CSA for the polluted
scenario is less than the mineral dust because the aerosols are more absorbing, which,
in turn, reduces the satellite AOD bias over deserts. We make additional calculations to
determine uncertainties in AOD retrievals associated with the sensitivity of AOD to single
scattering albedo and asymmetry parameter. For single scattering albedo, ∂AOD

∂SSA is 0.52 for
desert aerosols around non-road areas but increases to 0.65 for continental polluted aerosols
around road areas. For asymmetry parameter, ∂AOD

∂g is −0.03 for desert aerosols above
non-road areas but tends to −0.04 for continental polluted aerosols above road areas. This
indicates that selecting an inaccurate aerosol type from the LUT by mistake propagates the
errors in SSA and g through to the retrieved AOD. The AOD uncertainties associated with
each of these physical parameters are not insignificant. For mineral dust with a retrieved
AOD value of 0.03 (approximate 870 nm AOD from Figure 2) above a non-road location
and a polluted air mass with a retrieved AOD value of 0.1 above a road location, both have
uncertainties far greater than 100%.

In light of the discussion above, the sign of the AOD retrieval error depends on the
wavelength of the retrieval where it switches from negative to positive due to the actual
albedo becoming larger than the CSA at the higher bands. Also, the low background
aerosol concentrations in desert regions render the AOD uncertainty unreasonably large
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for any type of aerosol. Retrieving AOD for bright (e.g., mineral dust) aerosols over bright
surfaces (e.g., deserts) is a more complicated process than retrieving AOD for dark (e.g.,
black carbon) aerosols over regions with high reflectance. Sparse AERONET sites in the
remote areas of the western U.S. make it impossible to quantify the satellite AOD retrieval
error in these areas. Thus, it is difficult to account for these errors in the current satellite
AOD products, except for multiangle observations (e.g., MISR, ATSR-2, and AATSR)
which have been shown to be less susceptible to CSA-related retrieval degeneracies [71,72].
Consequently, the sensitivity of AOD to the parameters A, SSA, and g are needed in future
satellite algorithm development to investigate uncertainties in AOD retrievals over bright
surfaces, especially semi-arid environments across the globe.

6. Conclusions

Previous studies mainly focused on applying the critical reflectance derived from
satellite data to retrieve aerosol absorption [45–48]. Seidel and Popp (2012) [42] summarized
the relationships of CSA with various parameters such as SSA, scattering angle, and
wavelength. Our goal is to complement these investigations by estimating the satellite
AOD uncertainty based on a 1-D radiative transfer model and determining the CSA, CSSA,
and CAP using this model. The sensitivity analysis of TOA reflectance as a function of
surface albedo, single scattering albedo, and asymmetry parameter to AOD as well as the
resulting CSA, CSSA, and CAP is comprehensively discussed through physical examples
of each parameter and its impact on AOD retrievals.

This study concludes that satellite AOD retrievals under conditions when A, SSA, or
g are close to the CSA, CSSA, or CAP would give rise to large errors due to the observed
TOA radiance’s low sensitivity to the retrieved quantity. In such a case, we find that
even small inaccuracies of the model-based or measurement-based estimated surface
albedo and aerosol optical properties lead to large AOD retrieval errors. When surface
albedo is smaller than the CSA, an overestimation of surface albedo (+5%) leads to the
underestimated retrieved AOD and thus a positive retrieval error (∆AOD > 0). The
same AOD pattern holds when the single scattering albedo or asymmetry parameter is
larger than the critical value (CSSA or CAP) with an overestimation of single scattering
albedo or asymmetry parameter (+5%). These critical values would be great supplements
to satellite aerosol retrieval algorithms by considering the AOD retrieval accuracy given
different aerosol types over multiple surfaces. Results in this paper also reaffirm that the
retrieval error in AOD becomes negligible for two cases: (1) strongly absorbing aerosols
with high surface reflectance; (2) weakly absorbing aerosols over dark land surfaces. The
methods provided in this paper can be used for the development and refinement of satellite-
based AOD estimation using the CSA, CSSA, and CAP concepts. In particular, the quick,
simplified model shown here can be used to target which improvements to make in the
retrieval algorithms and provide an initial estimate of the associated AOD uncertainty.

Establishing a simple and fast radiative transfer model of atmospheric aerosols to
estimate AOD uncertainties not only facilitates data use, but it also better informs scientific
users of the AOD retrieval quality by establishing a method to quantify uncertainties. In
the future, additional sensitivity analyses for the analytical solution of the TOA reflectance
as a function of AOD needs to be done with a variety of parameters (e.g., surface albedo,
single scattering albedo, asymmetry parameter, wavelength, solar zenith angle, viewing
zenith angle). The uncertainty analysis of satellite AOD in this paper is useful but can only
describe limited aspects of the uncertainty—the ‘unknowns’ that are known and quantifi-
able. More complex systematic errors in the model approximations and assumptions can
be incorporated in an updated version of the radiative transfer model.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-429
2/13/3/344/s1, Figure S1: Derivative of TOA reflectance with respect to AOD as functions of surface
albedo, single scattering albedo, and asymmetry parameter for different aerosol models.
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