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Abstract: Aerosols and their radiative properties play an integral part in understanding Earth’s
climate. It is becoming increasingly common to examine aerosol’s radiative impacts on a regional
scale. The primary goal of this research is to explore the impacts of regional aerosol’s forcing at the
surface and top-of-atmosphere (TOA) in the south-eastern U.S. by using a 1-D radiative transfer
model. By using test cases that are representative of conditions common to this region, an estimate of
aerosol forcing can be compared to other results. Speciation data and aerosol layer analysis provide
the basis for the modeling. Results indicate that the region experiences TOA cooling year-round,
where the winter has TOA forcings between −2.8 and −5 W/m2, and the summer has forcings
between −5 and −15 W/m2 for typical atmospheric conditions. Surface level forcing efficiencies
are greater than those estimated for the TOA for all cases considered i.e., urban and non-urban
background conditions. One potential implication of this research is that regional aerosol mixtures
have effects that are not well captured in global climate model estimates, which has implications for a
warming climate where all radiative inputs are not well characterized, thus increasing the ambiguity
in determining regional climate impacts.

Keywords: aerosols; radiative forcing efficiency; Cloud-Aerosol Lidar and Infrared Pathfinder
(CALIPSO); Santa Barbara Disort Atmospheric Radiative Transfer (SBDART); climate; biomass
burning; radiative effects

1. Introduction

The changes to the Earth’s climate are controlled by a myriad of different variables. Aerosols have
long been known to be a major influencer of climate on global and regional scales. Aerosols have a
spectrum of radiative effects are due to a multitude of factors e.g., the aerosol’s chemical composition,
altitude in the atmosphere, morphology, etc. Recently, there has been a concerted effort to better
characterize aerosols in the south-eastern U.S. [1]. The South-East Aerosol Study (SAS) combined
multiple flight and ground-based platforms that studied aerosols both in gaseous and particulate
form [1]. Like the majority of the eastern U.S., in the south-eastern U.S. the dominant aerosol types as
measured by ground-based particulate matter monitors are organic carbon and sulfate, with a small
portion comprised of black carbon [2].

Satellite data provides an additional perspective of aerosols with time. Satellite aerosol data
provides regional scale measurements that are useful in attempts to characterize aerosol behavior,
which makes it useful for understanding the radiative impacts of these regional aerosols.

Many radiation studies have typically focused on the radiative balance at the top-of-the-
atmosphere (TOA) on a global basis. Recently these studies are focusing more on the regional
nature of aerosol radiative impacts. Carrico et al. [3] estimated the TOA forcing based on daily
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point measurements of the aerosol extinction with a sun photometer in Atlanta, GA, during the 6-week
1999 Atlanta Supersite Experiment. These measurements are only representative of the immediate
urban environment and do not sample the regional aerosols. Additionally, these measurements are of
short duration; longer in time and larger spatial resolution data records are needed to draw broader
conclusions about regional aerosol impacts. More recent studies like SAS also provide estimates of
regional forcing [4] and this research raises pertinent questions for further investigative study as found
in Carlton et al. [1].

The goal of the current study is to provide a quantitative assessment of the radiative forcing by
combining modeling and observation. This research builds upon the findings of our earlier work [5]
by expanding into optical modeling to better represent the aerosol constituents prevalent to this region.
Finally, this research will be placed within the broader context of other research centered upon this
region of the U.S.

2. Experiments

2.1. Methodology for Optical and Radiative Transfer Modeling

To access the radiative impacts of aerosols, many factors must be considered such as species,
sources, concentrations, particle size distributions, atmospheric vertical structure, etc. We follow a
similar methodology to both Benas et al. [6] and Menon et al. [7] in our modeling approach. In order
to accurately represent regional south-eastern U. S. aerosols in both optical and radiative transfer
models, we use information from both published literature and generic aerosol models that are
frequently used in the radiative transfer modeling. Based on this information we constructed cases
that are representative of mixtures of aerosol species and concentrations for season (winter or summer),
constituents (urban or background) and physical process (biomass burning and suspended organic
aerosol layer). For each case, the Mie optical modeling was performed to calculate the scattering
and extinction coefficients, single scattering albedo (SSA or ω0) and asymmetry parameter (g) for
wavelengths encompassing the shortwave portion of the electromagnetic spectrum (0.3–2.0 µm).
The spectral aerosol optical depth (AOD) for each wavelength are calculated from computed extinction
coefficients using satellite retrieved AOD at 550 nm [8] or aerosol concentrations and the aerosol layer
depth. The spectral AOD, ω0, and g are used as input into the Santa Barbara Disort Atmospheric
Radiative Transfer (SBDART) model to calculate TOA and surface radiative fluxes [9].

2.2. Optical Modeling Using Mie Theory

The Mie code requires input of the microphysical properties of each respective assemblage of
aerosols. We consider four aerosol species that make up most of the measured PM2.5: sulfate, organics,
black carbon (BC) and nitrates [10,11]. Size distributions in terms of the parameters R0 (the median
radius) and σ (geometric standard deviation) of a log-normal function, and ρ (density) are taken from
Optical Properties of Aerosols and Clouds (OPAC) [12]. To account for hygroscopic effects on sulfates
and nitrates, R0 and the refractive indexes were calculated for each relative humidity (RH) of interest,
e.g., RH of 75% for the winter cases and 90% for the summer cases.

To address seasonality, we compare the winter (W) with summer conditions (S) to create the four
study cases: WB-Winter Background; WU-Winter Urban; SB-Summer Background; SU-Summer Urban.
These cases were constructed based on the aerosol composition data from the EPA’s Air Quality System
(http://www.epa.gov/airexplorer/). For sulfates we used ammoniated sulfates and for nitrates we
used ammoniated nitrates based on the EPA data. Speciation concentrations were averaged for each
season over all available data between years 2000–2009 (Figure 1).

http://www.epa.gov/airexplorer/
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For the biomass burning case, PM2.5 speciation mass measurements from the 2007 GA wildfire 
from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network are used 
[15]. Finally, for the aerosol layer aloft case, we use typical summertime aerosols for the first (lowest) 
layer, and the second layer is pure organics where measurements are provided by Hennigan et al. 
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Figure 1. Mass fractions of BC (black carbon), organics, sulfates and nitrates for the modeling cases
(see also Table 1).

For the aforementioned study cases we consider the species to be externally mixed in keeping
with satellite retrieval algorithms; however, there is observational evidence to support internal
mixtures of BC with other aerosol species. For addressing this type of internal mixture, we follow
a methodology similar to Wang and Martin [13] and these cases will be denoted by WBi, WUi, SBi
and SUi. We consider that all of the BC aerosols are covered by sulfate (~5% BC core by mass, with a
sulfate shell), and that internally mixed BC/Sulfate aerosols form an external mixture with Organics
and Nitrates (at appropriate RH). We calculate an effective refractive index based on the well-mixed
sphere mixing rule [14] for a particle with the BC mass fraction presented in Table 2. These internally
mixed cases should be considered representative of normal conditions during these seasons.

For the biomass burning case, PM2.5 speciation mass measurements from the 2007 GA wildfire
from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network are used [15].
Finally, for the aerosol layer aloft case, we use typical summertime aerosols for the first (lowest) layer,
and the second layer is pure organics where measurements are provided by Hennigan et al. [16].
The Cloud-Aerosol Lidar and Infrared Pathfinder (CALIPSO) is used to identify the frequency of this
occurrence in the region, see Section 2.3. The Mie model inputs and case names are summarized in
Tables 1 and 2. The parameter M* shown in Table 1 is the ratio of the mass concentration and the
particle number concentration that was computed for each species to provide the conversion between
the mass concentration and the particle number concentration.



Atmosphere 2018, 9, 271 4 of 17

Table 1. Study case names and microphysical properties used in the optical modeling of externally
mixed aerosols species.

Model Cases

WB (Winter Background) WU (Winter Urban)

Microphysical
Properties

BC (Black
Carbon) Organics Sulfates

75%
Nitrates

75%
BC (Black
Carbon) Organics Sulfates

75%
Nitrates

75%

R0 0.01188 0.0296 0.0296 0.0296 0.0118 0.0296 0.0296 0.0296
ln σ 0.6931 0.8065 0.8065 0.8605 0.6931 0.8065 0.8065 0.8065

Density (ρ) (g/cm3) 1.00 2.00 1.30 1.30 1.00 2.00 1.30 1.30
M* (µg/m3)/cm−3 5.98 × 10−5 2.81 × 10−5 1.83 × 10−3 1.83 × 10−3 5.98 × 10−5 2.81 × 10−3 1.83 × 10−3 1.83 × 10−3

Mass Fraction 0.0636 0.4475 0.3359 0.1530 0.0933 0.4443 0.2976 0.1648
Number Fraction 0.7139 0.1067 0.1232 0.0561 0.7915 0.0801 0.0826 0.0457

SB (Summer Background) SU (Summer Urban)

Microphysical
Properties

BC (Black
Carbon) Organics Sulfates

90%
Nitrates

90%
BC (Black
Carbon) Organics Sulfates

90%
Nitrates

90%

R0 0.0118 0.0348 0.0348 0.0348 0.0118 0.0348 0.0348 0.0348
ln σ 0.693 0.8065 0.8065 0.8065 0.6931 0.8065 0.8065 0.8065

Density (ρ) (g/cm3) 1.00 2.00 1.18 1.18 1.00 2.00 1.18 1.18
M*(µg/m3)/cm−3 5.98 × 10−5 6.59 × 10−3 4.28 × 10−3 4.28 × 10−3 5.98 × 10−5 6.59 × 10−3 4.28 × 10−3 4.28 × 10−3

Mass Fraction 0.0330 0.3950 0.5329 0.0392 0.0590 0.3686 0.5426 0.0298
Number Fraction 0.7401 0.0805 0.1671 0.0123 0.8389 0.0475 0.1077 0.0059

SBB (Summer Biomass Burning)

Microphysical
Properties

BC (Black
Carbon) Organics Sulfates

90%
Nitrates

90%

R0 0.011 0.0348 0.0348 0.0348
ln σ 0.693 0.8065 0.8065 0.8065

Density (ρ) (g/cm3) 1.00 2.00 1.18 1.18
M* (µg/m3)/cm−3 5.98 × 10−5 6.59 × 10−3 4.28 × 10−3 4.28 × 10−3

Mass Fraction 0.0217 0.6508 0.3037 0.0239
Number Fraction 0.6743 0.1835 0.1319 0.0104

SALA (Summer Aerosol Layer Aloft)—Layer 1 SALA—Layer 2

Microphysical
Properties

BC (Black
Carbon) Organics Sulfates

90%
Nitrates

90% Organics

R0 0.0118 0.0348 0.0348 0.0348 0.0348
ln σ 0.693 0.8065 0.8065 0.8065 0.8065

M* (µg/m3)/cm−3 5.98 × 10−5 6.59 × 10−3 4.28 × 10−3 4.28 × 10−3 6.59 × 10−3

Density (ρ) (g/cm3) 1.00 2.00 1.18 1.18 2.00
Mass Fraction 0.0330 0.3950 0.5329 0.0392 1.00

Number Fraction 0.7401 0.0805 0.1671 0.0123 1.00

Table 2. Study case names and microphysical properties used in the optical modeling of internally
mixed aerosol species.

Model Cases

WBi (Winter Background) WUi (Winter Urban)

Microphysical
Properties

BC/Sulfates
75% Organics Nitrates

75%
BC/Sulfates

75% Organics Nitrates
75%

R0 0.0296 0.0296 0.0296 0.0296 0.0296 0.0296
ln σ 0.8065 0.8065 0.8605 0.8065 0.8065 0.8065

Density (ρ) (g/cm3) 1.30 2.00 1.30 1.30 2.00 1.30
M* (µg/m3)/cm−3 1.83 × 10−3 2.81 × 10−3 1.83 × 10−3 1.83 × 10−3 2.81 × 10−3 1.83 × 10−3

Mass Fraction 0.3994 0.4475 0.1530 0.3909 0.4443 0.1648
Number Fraction 0.8371 0.1067 0.0561 0.7915 0.8741 0.0457

SBi (Summer Background) SUi (Summer Urban)

Microphysical
Properties

BC/Sulfates
90% Organics Nitrates

90%
BC/Sulfates

90% Organics Nitrates
90%

R0 0.0348 0.0348 0.0348 0.0348 0.0348 0.0348
ln σ 0.8065 0.8065 0.8065 0.8065 0.8065 0.8065

Density (ρ) (g/cm3) 1.18 2.00 1.18 1.18 2.00 1.18
M* (µg/m3)/cm−3 4.28 × 10−3 6.59 × 10−3 4.28 × 10−3 4.28 × 10−3 6.59 × 10−3 4.28 × 10−3

Mass Fraction 0.5658 0.3950 0.0392 0.6014 0.3686 0.0298
Number Fraction 0.9072 0.0805 0.0123 0.9466 0.0475 0.0059
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The Mie optical model produces the normalized (per unit concentration) extinction, scattering and
absorption coefficients, SSA, and asymmetry parameters for each species as a function of wavelength.
The effective normalized coefficient of the mixture is:

ke f f
ext (λ) = ∑ f jkext

j (λ) (1)

where j represents each individual species, N is the total number concentration, and fj is the number
fraction. The effective normalized scattering coefficient is given by similar expression so that the
effective SSA (ω0) and the effective asymmetry parameter (g) are:

ω
e f f
0 (λ) =

ke f f
sca (λ)

ke f f
ext (λ)

(2)

ge f f (λ) =
∑ f jksca

j (λ)gj(λ)

ke f f
sca (λ)

(3)

From the calculations of the effective extinction and scattering coefficients, the optical depth is
simply the integration of the extinction coefficient for a layer in the atmosphere.

τ(λ) = Nke f f
ext (λ)∆z (4)

Using satellite derived AOD at 550 nm and layer depth (∆z) we can use Equation (4) to solve for
the total number concentration per modeling case.

N =
τ(550)

ke f f
ext (550)∆z

(5)

Multiplying ke f f
ext (λ) by N gives the spectral AOD for each study case.

2.3. Radiative Transfer Modeling Using Santa Barbara Disort Atmospheric Radiative Transfer (SBDART)

The Mie optical model results are used as input to SBDART in terms of considering boundary layer
aerosols that are representative of the south-eastern U.S. We modify the model to accept a user defined
aerosol layer and the aerosol optical characteristics from the Mie modeling analysis. Since this region
is covered year-round by evergreens, surface albedos do vary over seasons, but the magnitude of that
variance is small, thus we use seasonal surface albedo values from the Moderate Resolution Imaging
Spectroradiometer (MODIS) on board the Terra satellite [17,18]. We use regional spatially-averaged
MODIS AOD to constrain the spectral AOD inputs from our Mie analysis into SBDART [18] to make
the modeling cases more regionally specific than the default AOD within SBDART. As with our earlier
work, we are using Collection 5 Level 2 aerosol over land MODIS products for AOD [19,20]. Since
we are considering two seasons, we use the appropriate atmospheric profile (mid-latitude winter
or mid-latitude summer). Additionally, we only consider shortwave (SW) fluxes, as the species
considered here are not strongly reactive in the longer wavelengths. Table 2 summarizes the SBDART
model inputs and Figure 2 presents a pictorial representation of the steps used for this modeling
approach. We do not consider cloud fraction in this study, thus our analysis is representative of clear
sky radiative effects.
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2.4. Vertical Profile Analysis of CALIPSO Data

Different aerosol layer depths or mixing layer thicknesses are considered also. To determine the
thickness of the layer (shown in Table 3), one-year of CALIPSO browse images are used to determine
“average” heights of those layers. We looked at winter overpasses (December 2008–February 2009)
and summer overpasses (June 2009–August 2009). We chose to use this year because we wanted
a year where there were no problems with the laser and a year without any appreciable biomass
burning in the region. We used CALIPSO Level 2 Aerosol Layer Data products Version 3.0 for this
analysis [21]. Our analysis determined that during the winter, the aerosol layer was approximately 1km
thick, and during the summer, the layer depth was about 2 km. Our analysis, which is summarized in
Tables 4 and 5, revealed that during the winter, there are a number of days where there are no aerosols
present or if there were some aerosols, they were not in sufficiently high enough concentrations to have
the significant backscattering at 532 nm. We also use this analysis to determine if there is a persistent
organic aerosol layer aloft and, if there are two distinct layers, use the AOD and layer information from
CALIPSO. Our analysis showed that there is no persistent aerosol layer aloft over this region, which is
a tenet of the hypothesis from Goldstein et al. [22]. Goldstein et al., offer different definitions of what
“aloft” means, but they do not provide a clear single answer. Further casting doubt on this hypothesis
is work by Heald et al. [23], which concludes that data from 17 field experiments do not substantiate
elevated secondary organic aerosols (SOA) in the mid-troposphere where it is often predicted to be
by models. It is possible that due to some of CALIPSO’s limitations in the PBL and being unable to
discriminate between SOA and other aerosols, that there are aerosols present aloft so, we do consider a
case where an aerosol layer consisting of organics is aloft from a lower layer of typical summertime
aerosols (SALA case). Our analysis revealed one date (14 August 2009) where there were two distinct
aerosol layers, see Figure 3. During this nighttime overpass, the lowest layer (0–2 km) is identified
as primarily polluted continental (lidar ratio of 70) with some areas identified as polluted dust (lidar
ratio of 55) and has an AOD of 0.11, and the upper layer (2.5–3.5 km) is primarily clean continental
(lidar ration of 35) with an AOD of 0.03. Although the CALIPSO’s problem of misidentifying some
polluted aerosols as polluted dust is still a minor issue, the majority of the aerosol typing was correct.
The overall accuracy of the CALIPSO AOD is based on the pre-determined lidar ratio; thus if the
aerosols are incorrectly identified the lidar ratio used to estimate AOD could result in errors in the
accuracy of CALIPSO AOD [24]. While the CALIPSO-derived AOD values are slightly on the low
side compared to typical MODIS AOD in the region, we hypothesize that problems with CALIPSO
selecting the correct lidar ratio could be a possible reason why CALIPSO AOD is biased low against
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MODIS AOD [25]. This current research does not explore the accuracy of CALIPSO AOD in this region,
as we primarily use CALIPSO data for providing a basis a modeling case. We use our unpublished
results from the biomass burning case studies to determine that for most of the biomass burning
events there is only one layer of aerosols that is approximately 2 km thick (SBB case), and this value
has good agreement with published analysis from a recent wildfire in Georgia [15] from 2007, which
found biomass burning aerosols in a layer approximately 2–3 km thick, see Table 3 for the SBDART
modeling cases.

Table 3. Santa Barbara Disort Atmospheric Radiative Transfer (SBDART) model initialization for each
study case. The SALA case has 2 layer depths (km).

Cases

Season

WB/WBi WU/WUi SB/SBi SU/SUi SBB SALA

Mid-Latitude
Winter

Mid-Latitude
Winter

Mid-Latitude
Summer

Mid-Latitude
Summer

Mid-Latitude
Summer

Mid-Latitude
Summer

Wavelength min (µm) 0.3 0.3 0.3 0.3 0.3 0.3

Wavelength max (µm) 2 2 2 2 2 2

Wavelength
increment (µm) 0.1 0.1 0.1 0.1 0.1 0.1

Albedo 0.12 0.12 0.15 0.15 0.15 0.15

SZA 50–85 50–85 10–84 10–84 10–84 10–84

AOD550 nm 0.04 0.09 0.28 0.34 0.7
L1 = 0.04
L2 = 0.24

Number of Layers 1 1 1 1 1 2

Layer Depth (km) 1 1 2 2 2
2
1

Table 4. Aerosol layer analysis using CALIPSO browse images for winter 2008–2009. Attenuated =
Signal attenuated; No Aerosols = No aerosols detected in the vertical feature mask; <the 532 nm total
attenuated backscatter (km−1 sr−1) is less than 2.0 × 10−2. Days without data that would have flown
over area of interest: 1/11/09, 2/17/09, 2/19/09, 2/21/09, 2/24/09, 2/26/09, 2/28/09. Dashes denote
missing data.

Winter Layer 1

Dates Time (UTC) Number of Layers Layer Bottom (km) Layer Top (km) Layer Thickness (km)

12/1/08 18:06 Attenuated - - -
12/3/08 7:14 1 0.00 1.00 1.00
12/6/08 18:24 Attenuated - - -
12/8/08 18:12 1 0.00 2.00 2.00

12/10/08 7:20 1 0.00 2.00 2.00
12/15/08 18:18 1 0.00 1.00 1.00
12/17/08 18:05 < - - -
12/19/08 7:13 1 0.00 1.50 1.50
12/22/08 18:24 No Aerosols - - -
12/24/08 18:12 1 0.00 1.00 1.00
12/26/08 7:20 1 0.00 1.00 1.00
12/31/08 18:18 No Aerosols - - -

1/2/09 7:26 Attenuated - - -
1/2/09 18:06 1 0.00 1.50 1.50
1/4/09 7:14 1 0.00 1.00 1.00
1/7/09 18:25 Attenuated - - -
1/9/09 18:12 No Aerosols - - -
1/16/09 18:19 Attenuated - - -
1/18/09 7:41 < - - -
1/20/09 7:15 Attenuated 0.00 1.50 1.50
1/23/09 18:26 1 - - -
1/25/09 18:14 No Aerosols - - -
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Table 4. Cont.

Winter Layer 1

Dates Time (UTC) Number of Layers Layer Bottom (km) Layer Top (km) Layer Thickness (km)

1/27/09 7:22 Attenuated 0.00 1.50 1.50
2/1/09 18:21 No Aerosols - - -
2/3/09 7:29 Attenuated - - -
2/5/09 7:18 No Aerosols 0.00 1.00 1.00
2/8/09 18:28 1 0.00 1.00 -
2/10/09 18:16 1 0.00 1.50 -
2/12/09 7:24 1 0.00 1.00 1.00

Table 5. Aerosol layer analysis using CALIPSO browse images for summer 2009. Attenuated = Signal
attenuated; <the 532nm total attenuated backscatter (km−1 sr−1) is less than 2.0 × 10−2. Dashes denote
missing data.

Summer Layer 1 Layer 2

Dates Time
(UTC)

Number of
Layers

Layer
Bottom (km)

Layer
Top (km)

Layer
Thickness (km)

Layer
Bottom (km)

Layer
Top (km)

Layer
Thickness (km)

6/2/09 18:27 1 0.00 2.00 2.00 - - -
6/4/09 5:56 Attenuated - - - - - -
6/6/09 7:23 1 0.00 1.00 1.00 - - -

6/11/09 7:14 1 1.00 2.00 1.00 - - -
6/16/09 18:40 1 1.00 2.00 1.00 - - -
6/18/09 19:08 1 1.00 2.00 1.00 - - -
6/20/09 7:35 2 0.00 2.00 2.00 1.50 2.50 1.00
6/22/09 7:23 Attenuated - - - - - -
6/27/09 7:41 1 0.00 2.50 2.50 - - -
6/29/09 7:29 1 0.00 2.50 2.50 - - -
7/2/09 18:39 1 2.00 3.00 1.00 - - -

7/11/09 18:32 < - - -
7/18/09 18:35 2 0.00 2.00 2.00 1.50 2.50 1.00
7/20/09 7:46 < - - - - - -
7/20/09 18:26 1 1.00 3.00 2.00 - - -
7/29/09 7:29 1 0.00 2.00 2.00 - - -
8/3/09 18:37 1 0.00 1.00 1.00 - - -
8/5/09 18:24 1 0.00 2.00 2.00 - - -

8/12/09 18:30 1 0.00 2.00 2.00 - - -
8/14/09 7:37 2 0.00 2.00 2.00 2.50 3.50 1.00
8/19/09 18:35 1 0.00 1.00 1.00 - - -
8/28/09 18:28 1 0.00 1.00 1.00 - - -
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Figure 3. (A) CALIPSO layer base and top and (B) CALIPSO layer AOD for August 14, 2009 with an
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3. Results

3.1. Analysis of Optical Modeling Results of South-Eastern U.S. Aerosols

Figure 4 shows the refractive indexes for sulfates and nitrates computed at multiple RH of 0% (dry
salt), 50%, 75% (winter) and 90% (summer). As expected the only species with significant absorption
as measured by the imaginary part of the refractive index is BC, Organics and the BC/Sulfate internal
mixture. The other species can be called essentially light scattering.

In the shorter wavelengths, sulfates and nitrates have different behaviors in their absorption
spectra, but as wavelengths increase the behavior of both becomes similar. For nitrates, the dry salt has
the strongest absorption relative to the other nitrate measurements at increasing RH. Sulfate behaves
opposite of nitrate, where increases in RH lead to slightly more absorption. In the scattering spectra for
sulfates and nitrates, the dry salts are the most scattering, while the uptake of water leads to decreases
in scattering.

The Mie optical model requires each species be modeled individually and the external mixture
of aerosols is done afterward for each study case. Figure 5 shows the normalized (per unit number
concentration) extinction coefficient and ω0 for each species.

The behaviors of the extinction and ω0 curves are similar for sulfates and nitrates. The single
scattering albedo (ω0) provides additional information that can be used in interpreting the optical
depth. The single scattering albedo is defined as the ratio between the scattering coefficient and the
extinction coefficient. A high value of ω0 implies that scattering is more dominant, vice versa small
values imply absorption is more dominant. BC has the smallest extinction, but has the lowest ω0,
while ω0 for organics falls in between the other species.

The outputs from the optical model are normalized properties and must be multiplied by the
number concentrations per species for each case to obtain effective layer properties. Earlier MODIS
AOD analyses from Alston et al. [18] were used to determine a representative AOD at 550 nm for each
study case. Through Equations (1)–(5) we can then calculate the total number concentration, which can
then be multiplied by the effective normalized extinction coefficient to determine the spectral AOD for
0.2–2.0 µm. The spectral AOD (or τ) are shown in Figure 6. The addition of a layer of organics above
typical summer background conditions causes increased extinction. The biomass burning case (SBB)
had the highest spectral AOD with values around 1.2 in the visible range, and the winter cases have
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the lowest AOD with values below 0.2. Though these effective properties are tuned to match satellite
observed AOD, it would be useful to compare the spectral properties with those from Aerosol Robotic
Network (AERONET); however, there are no AERONET stations in our region of interest. The effective
asymmetry parameter (g) behaves similarly for all of the cases, with small differences between the
cases (Figure 6). In fact, for the winter and summer cases, they are virtually the same. The urban
cases have the lowest effective ω0, followed by the background winter conditions. The cases with the
highest ω0 are the winter cases and the aerosol layer aloft (SALA). These effective ω0 agree well with
published literature data that show that scattering aerosols dominate this region [11,23,26,27]. Also,
these ω0 agree well with satellite estimates of ω0 from Multi-angle Imaging SpectroRadiometer (MISR),
see Figure 6, though for the internal mixture SSA values are lower with ranges in the visible spectrum
around 0.7–0.8. Wang and Martin [13] found a similar result in SSA relating to external mixtures and
internal mixtures.Atmosphere 2018, 9, x FOR PEER REVIEW  9 of 16 
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3.2. Analysis of Modeled Radiative Forcing

In Alston and Sokolik [5] we performed an estimate of TOA radiative forcing using the first order
approximation where we used time-series of the surface albedo, cloud fraction and satellite AOD from
both MODIS and MISR. However, that approximation is only applicable to TOA and cannot be used to
determine the extent of surface forcing, not only for typical conditions (e.g., WB, SB) but for special
cases such as biomass burning or deciphering the presence of an organic aerosol layer aloft. Thus,
we use the SBDART radiative model to perform an assessment of TOA and surface forcing for our
study cases (see Tables 1 and 2).

We define the radiative forcing as the difference in fluxes between clean atmosphere (refers to
the model run without any aerosols) and aerosols (refers to the model run with aerosols as specified
in Table 3):

∆FTOA = F↑Clean
TOA − F↑Aerosols

TOA (6)

∆FSur f ace = F↓Aerosols
Su f ace − F↓Clean

Sur f ace (7)

In the above equations, the direction of the net fluxes are represented by: ↑ = upward flux
and ↓ = downward flux. Using this convention negative values of ∆F are indicative of net aerosol
cooling, and positive values are indicative of net aerosol warming.

Comparisons between the different cases are dependent upon aerosol speciation, concentration
and RH, so we define the radiative forcing efficiency (RFE) as:

RFE =
∆F

∆τ550nm
(8)

RFE is a useful metric because it makes for easier comparisons of forcing despite changes in the
aerosol type. We use AOD at 550 nm from MODIS (see Table 3). RFE is calculated for both the TOA
and surface forcings. The units for RFE are Wm−2 τ−1.

We show modeled TOA and surface forcing and RFE for the study cases in Figure 7. All the aerosol
mixtures from the study cases result in negative TOA and surface forcing. The special summer cases
SBB (biomass burning) and SALA (organic aerosol layer aloft) have the largest forcings in absolute
terms. In fact, SBB produces three times more TOA forcing than the other cases. During the winter,
modeled TOA forcing is −2.8 and −5 W/m2 for the WB and WU cases, and these values generally
agree with the estimated forcing from Alston and Sokolik [5]. The modeled summer TOA forcings
(SB = −13.3 W/m2) also generally agree well with earlier estimates. Interestingly, the study case that
is representative of the Atlanta metropolitan area has less forcing (SU = −3.3 W/m2) in absolute terms
compared with background conditions. A possible explanation of this difference could be ascribed to
the differences in AOD between the urban (τ = 0.34) and background (τ = 0.28) cases. All of the aerosol
cases result in negative surface forcing (cooling), a component that has not been explored previously.
The SBB case had the largest degree of the surface cooling, with the next highest being the summer
cases. All of these estimates of the forcing presented in this research are significantly higher than those
predicted by the Intergovernmental Panel on Climate Change (IPCC) (1.5 W/m2) [28] although they
consider global TOA forcing (~1.5 W/m2) as opposed to our regional study.

Comparisons of RFE of the study cases reveals that Figure 7 also shows that the externally mixed
cases have less variability on the case to case basis for the winter cases in terms of RFE. We find that
the urban cases have higher RFE than background conditions at the surface, yet WB, WU, SB have RFE
that vary between −40 to −70 Wm−2 τ−1. The winter cases appear to be more efficient at forcing at the
TOA. The SU case is unexpected in terms of comparing its RFE from the surface with the TOA. The SU
case has the lowest RFE for TOA forcing of −9.8 Wm−2 τ−1, yet has the largest RFE for surface forcing
of −406.7 Wm−2 τ−1. As Figure 7 shows the SU case has slightly more BC than the SB case, it is likely
this increase in BC lead to a more pronounced warming. This suggests that the region experiences
TOA cooling year around as opposed to just the summer as is implied in Goldstein et al. [22]. Also
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our modeled TOA forcing (WB, SB, and SALA) agrees better with Goldstein et al. than our estimated
TOA forcing calculated earlier Alston and Sokolik [5]. This could be because we are using a seasonally
averaged AOD value from MODIS, instead of a continuously varying AOD time series. Interestingly,
the biomass burning case (SBB) has similar forcing efficiencies (−44 Wm−2 τ−1) to that of summer
background conditions (−47.6 Wm−2 τ−1). This has an interesting implication for those situations
where biomass burning aerosols are located aloft, our results suggest that in those cases the surface
may experience increased surface level forcing. Lastly, we present study cases using the interally
mixed cases (WBi, WUi, SBi, and SUi) in Figure 8. We wanted to present an analysis that is based on
observational studies where BC has been internally mixed with sulfate. An interesting observation is
that for the interally mixed cases, the net forcing at the surface is similar to those cases of externally
mixed aerosols, but the net forcing at the TOA results in appreciabily different values for the summer
cases. We know that BC is has higher forcing at the TOA than surface, at shorter wavelengths, which is
what shown in these results. Given that the number concentrations of the internally mixed BC core
sulfate shell aerosols are higher in the summer, it would be expected to see net warming at the TOA
for these cases. It follows that the RFE for the summer internally mixed cases is not only opposite in
sign (warming instead of cooling) and larger in magnitude compared to the externally mixed cases
(RFE SU = −48 Wm−2 τ−1 vs. RFE SUi = 60 Wm−2 τ−1).
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Figure 7. Modeled radiative forcing (top) and radiative forcing efficiency (RFE) (bottom) at the
top-of-atmosphere (TOA) (white bars) and surface (blue bars) for the study cases.
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Figure 8. Modeled radiative forcing (top) and RFE (bottom) at the TOA (white bars) and surface (blue
bars) for the study cases of internally mixed aerosols.

4. Discussion

It is important to provide context of these results to the greater body of research in the topical area
and geographical area. For instance, Carrico et al. [3] found forcing to be approximately −11 W/m2

during the 1999 Atlanta Supersite study. This estimate was derived from a summertime field study
in downtown Atlanta, GA which measured the optical properties of PM2.5 (particulate matter with
aerodynamic radii <2.5 µm). Our analysis shows good agreement with the SB (summer background)
case with the findings of Carrico et al. [3], while our results underperform for the urban conditions
that could be attributed to the initialization conditions of our aerosol mixtures.

Mao et al. [4] conducted a thorough examination of model based research for the south-eastern
U.S. as a high level overview of the literature to provide pertinent context for the SAS. This research
highlights an interesting aspect of climate in the region, namely that of the warming hole due to aerosol
effects. There are dueling perspectives on climate and radiation impacts of aerosol effects from both
natural and anthropogenic sources [29–31]. The research here does not necessarily seek to answer
this debate, however, the hypothesis of Y. Lee et al. [32] does offer intriguing insights into a future
climate scenario where air pollution control policies may have in had an impact. Carlton et al. [33]
posit that biogenic sources of SOA can be regulated similar to air pollution, which raises interesting
future considerations for policy makers. Future research in this area could focus upon exploring the
linkages between reduced forcing (less negative) and potential derived health benefits for this region.
Additionally, while this research focuses on clear sky conditions, it would be intriguing to perform this
same analysis by taking cloud effects into account by estimating all-sky conditions.

5. Conclusions

We presented the results on modeling radiative forcing at the TOA and surface through the use of
optical models and 1-D radiative transfer model (SBDART). We used representative microphysical
properties to calculate optical properties of BC, organics, sulfates and nitrates as external mixtures.
We also considered study cases where BC was coated with sulfate for an internal mixture. We used
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results from the Mie optical model of the effective aerosol layer properties to predict surface
and TOA forcing using SBDART. We found that all of externally mixed aerosol cases considered
resulted in negative TOA radiative forcing. The radiative forcing efficiency at the TOA varied from
−9 to −72 Wm−2 τ−1, while RFE at the surface varied from −50 to −410 Wm−2 τ−1. Interestingly
the RFE at the TOA was similar for the winter cases, and the modeled TOA forcing was more similar
to the estimated forcing calculated by Goldstein et al. [22]. The RFE of biomass burning both at
the TOA and surface were similar to the RFE of summer background aerosol. This result has direct
implications for biomass burning radiative effects in this region especially in the context of a potentially
warming climate. The interpretation of the internally mixed cases yield interesting considerations
for future studies. While satellite retrievals consider externally mixed aerosols, our results show that
when internally mixed aerosols are considered, not only does the magnitude of the forcing increase
slightly but it also results in a warming at the TOA, compared to externally mixed cases representing
the TOA (RFE SB = −48 Wm−2 τ−1 vs. RFE SBi = 48 Wm−2 τ−1 and RFE SU = −10 Wm−2 τ−1 vs.
RFE SUi = 60 Wm−2 τ−1). This has implications in regions where this type of mixture is more common,
and could impact satellite retrieval values of aerosol properties.
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