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Abstract. Uncertainties in aerosol sources, microphysical
properties, and global distributions undermine efforts to eval-
uate the radiative impacts of atmospheric aerosols. In this
work, we investigate the feasibility of using remote polari-
metric measurements for constraining aerosol and aerosol
precursor emissions in light of these uncertainties. A model
that incorporates a radiative transfer model with forward and
adjoint chemical transport models has been applied to quan-
tify the sensitivity of the reflectance at the top of atmosphere
over land to aerosol emissions and microphysical properties.
A set of simulated satellite observations, one intensity based
and one capable of polarimetric measurements, are used to
illustrate differences in the assimilation potential between
the two. It is found that the sensitivity of the polarized re-
flectance to aerosol and aerosol precursor emissions tends to
be significantly higher than that of the intensity for cases of
non-absorbing aerosols. This is true even when the polari-
metric sampling scheme is spatially sparser than that of the
intensity sampling. This framework allows us to quantify up-
per limits on the uncertainties in the aerosol microphysical
properties for which a 50 % change in aerosol emissions is
detectable using these simulated observations. It was found
that although typical current remote sensing instrumentation
provides retrievals of the refractive index and effective ra-
dius with accuracies within acceptable limits to detect a 50 %
change in emissions, retrievals of the effective variance con-
tain uncertainties too large to detect these changes in emis-
sions. These results may guide new applications of polari-
metric measurements to constrain aerosol sources, and thus
reduce uncertainty in our broader understanding of the im-
pacts of aerosols on climate.

1 Introduction

Aerosols play a significant role in Earth’s atmosphere by af-
fecting the planet’s radiative balance, cloud properties, and
heterogeneous chemistry. Depending on the composition and
the three-dimensional spatial distribution of the aerosol, inci-
dent solar radiation may be scattered or absorbed, resulting in
positive or negative direct radiative forcing. Indirect aerosol
effects include changes in microphysical properties and life-
times of clouds by serving as cloud condensation nuclei, and
radiative absorption due to aerosols can also alter the ambi-
ent cloud cover via the semi-direct aerosol effect (Hansen et
al., 1997). Unfortunately, our understanding of the net radia-
tive effects of atmospheric aerosol is limited by uncertainties
in our knowledge of the global distribution, composition, and
sources of atmospheric aerosol (Kinne et al., 2006; Schulz et
al., 2006; Forster et al., 2007; Myhre et al., 2013; Stier et al.,
2013).

In situ and remote sensing measurements provide a means
of reducing uncertainty in our understanding of aerosol
radiative forcing. Multiple observation networks and plat-
forms provide a range of constraints on aerosol distribu-
tions and microphysical properties. Aerosol concentrations
are measured from both ground-based, such as the AErosol
RObotic NETwork (AERONET; Holben et al., 1998), and
satellite based detectors (King et al., 1999), including the
Moderate-resolution Imaging Spectroradiometer (MODIS;
Salomonson et al., 1989), Polarization and Directionality of
the Earth’s Reflectances (POLDER; Deschamps et al., 1994),
Multi-angle Imaging SpectroRadiometer (MISR; Diner et
al., 1998), or the Aerosol Polarimetry Sensor (APS; Peralta et
al., 2007). Depending on the mission goals for each platform,
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measurements may include only intensity observations, as is
the case for the MODIS and MISR instruments, or may in-
clude polarimetric data as well, for example the POLDER
or APS instruments. Retrieval algorithms are used to deduce
the aerosol optical depth and size distribution information
from the measured signal (e.g., Remer et al., 2005; Dubovik
et al., 2011). These retrievals rely on a priori assumptions
of aerosol optical properties, size distributions, and shape,
which may differ between retrieval algorithms. For instance,
the POLDER retrieval assumes spherical aerosol particles in
its inversion (Deuze et al., 2000) whereas the AERONET sky
retrieval algorithm assumes either spherical (Dubovik and
King, 2000) or spheroidal (Dubovik et al., 2002) particles
depending on the particle size. These different assumptions
may lead to discrepancies between retrieved quantities and
inferences made from these regarding aerosol distributions
and sources.

The accuracy of remote retrieval of aerosol properties
can be enhanced by utilizing measurements of the full po-
larimetric state of light as well as spectral measurements
(Chowdhary et al., 2005). Kokhanovsky et al. (2010) com-
pared the capability of a number of retrieval algorithms
(MODIS, MISR, AATSR, and POLDER algorithms) for de-
termining aerosol optical depth and microphysical proper-
ties from a simulated data set. It was found that multi-angle,
multi-wavelength, polarimetric retrievals outperformed those
that only used scattered light intensity or measurements from
a single viewing angle. Knobelspiesse et al. (2012) simu-
lated the instrument measurement characteristics of MISR,
POLDER, and the Aerosol Polarimetry Sensor (APS) in or-
der to quantify the information content of each measure-
ment technique and to determine the sensitivity of each set of
measurements to aerosol properties. It was again found that
multi-angle, spectral, polarimetric measurements were most
capable of accurate aerosol retrieval.

Atmospheric chemistry and transport models, which simu-
late the production, loss, interaction, and transport of numer-
ous chemical species and aerosols, provide a means of esti-
mating the role of specific processes in determining the over-
all radiative impacts of aerosols. Comparisons across models
have been used to identify the contribution to the total uncer-
tainty owing to treatment of emissions (Textor et al., 2006),
surface albedo and cloud distributions (Stier et al., 2007,
2013), and aerosol optical properties and radiative transfer
(Kinne et al., 2006; Myhre et al., 2013). To reduce our un-
certainty in the sources and distribution of aerosols, observa-
tions and models can be combined through data assimilation.
For example, aerosol optical depth has been assimilated op-
erationally to improve meteorological forecasts (Zhang et al.,
2008; Benedetti et al., 2009), and radiances have been used to
constrain emissions of aerosols and aerosol precursors (e.g.,
Dubovik et al., 2008; Wang et al., 2012).

While these previous works focused on constraining
aerosol properties using polarimetric remote sensing mea-
surements, or aerosol sources using intensity measurements,

there has been less consideration of the value of polarimetric
measurements for deriving constraints on aerosol and aerosol
precursor concentrations or emissions. The goal of this work
is to quantify the utility of polarimetric measurements versus
intensity based measurements for inferring aerosol micro-
physical properties and as a possible means of constraining
aerosol emissions through use of a simulated set of remote
satellite measurements. We consider two sets of simulated
remote sensing observations, both derived from a flight path
closely aligned with that of two former satellites capable of
polarimetric measurements: PARASOL (part of the A-train
between 2004 and 2009) (Fougnie et al., 2007) and that of
the failed Glory satellite (Mishchenko et al., 2007). The sim-
ulated observations of the TOA reflectances were constrained
to be located over N. America and were thus all over land.
All simulated observations and radiative transfer calculations
were made at a wavelength of 650 nm. One simulated satel-
lite, based on specifications of the MODIS instrument aboard
the Aqua satellite, is constrained to intensity measurements,
while a second simulated satellite is assumed to be capable of
polarimetric measurements. Though typical satellite instru-
ments capable of polarimetric measurements (i.e., POLDER
or APS) include multi-angle measurement capabilities, to
highlight differences in the sensitivities due to intrinsic dif-
ferences in the intensity-based and polarized reflectance, the
viewing zenith angle is constrained to zero degrees for both
the radiant and polarized reflectance calculations. This may
not be an unrealistic constraint on these calculations as there
is currently a polarimetric sensor that is only able to mea-
sure the polarized reflectance from a single viewing angle,
the Global Ozone Monitoring Experiment (GOME-2) instru-
ment on board the MetOp-A and MetOp-B satellites (Callies
et al., 2000). We have explored changes to the sensitivities re-
sulting from the implementation of multiple viewing angles
in the polarimetric simulated satellite, though do not present
a rigorous treatment of that case in this work.

The single particle light scattering properties of the
aerosols were calculated using the Mie theory and assume
spherical particles. The sensitivities of the top of atmosphere
(TOA) Stokes parameters, from which the reflectances are
derived, to aerosol concentrations and microphysical proper-
ties are calculated using the Vector LInearized Discrete Or-
dinate Radiative Transfer (VLIDORT) model (Spurr, 2006)
over the simulated satellite flight path. These results are used
as inputs to an adjoint model of the CTM to propagate sen-
sitivities back to aerosol emissions. The overall modeling
framework is described in Sect. 2, with additional back-
ground on the derivation of the sensitivity equations provided
as an Appendix. Section 3 contains specific model configura-
tions used in these calculations as well as details of the sim-
ulated satellite observations. Results are included in Sect. 4,
followed by discussion and conclusions in Sect. 5.
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2 Theory

Determination of the sensitivity of the TOA reflectance to
atmospheric aerosol properties and emissions is performed
using a coupling of the GEOS-Chem forward and adjoint
chemical transport models (Bey et al., 2001; Henze et al.,
2007), a vectorized linear radiative transfer model, VLI-
DORT (Spurr, 2006), modified to incorporate MODIS data
from the Aqua satellite, MARIA (MODIS AOD Retrieval by
an Improved Algorithm) (Wang et al., 2010), and a linearized
Mie light scattering algorithm (Spurr et al., 2012). A flow
chart of the model components and their inputs and outputs
is shown in Fig. 1. In that diagram, the red boxes correspond
to external model inputs such as meteorological parameters,
surface reflectances, and satellite position. Blue boxes corre-
spond to the model calculations, and green boxes represent
model outputs.

Here we describe the basic structure and relevant inputs
to the models used to calculate the sensitivities of TOA re-
flectance. The GEOS-Chem CTM is described in Sect. 2.1.
In Sect. 2.2, the radiative transfer model and the methods for
the calculation of the sensitivity of the TOA Stokes param-
eters to aerosol concentration and microphysical parameters
are described. The adjoint of the GEOS-Chem model is de-
tailed in Sect. 2.3 along with methods for determining the
sensitivity of the Stokes parameters to emissions. From the
Stokes sensitivities, we calculate the sensitivities of the radi-
ant reflectance and polarized reflectance to aerosol loading,
emissions, and microphysical properties.

2.1 GEOS-chem

Atmospheric aerosol concentrations are calculated using the
GEOS-Chem global three-dimensional chemical transport
model (Bey et al., 2001) driven by GEOS-5 meteorological
reanalysis fields from the Global Modeling and Assimilation
Office (GMAO), degraded to 4◦×5◦ horizontal resolution on
a 47 layer vertical grid extending up to 0.01 hPa. The trans-
port time step is 30 min and aerosol concentrations are cal-
culated for each hour of the simulations. Model simulations
include gas-phase NOx-Ox-VOC photochemistry (Bey et al.,
2001) coupled with formation of sulfate, nitrate, ammonium,
and carbonaceous aerosols, which are determined on a global
scale using methods developed by Park et al. (2003, 2004).
Simulations of mineral dust and sea salt aerosols are based on
the works of Fairlie et al. (2007) and Alexander et al. (2005)
respectively. Dry deposition is calculated using a resistance
in series approach (Wesely, 1989; Wang et al., 1998) and wet
deposition and scavenging of aerosols and trace gases are ac-
counted for (Liu et al., 2001; Mari et al., 2000).

Emissions are taken from the following inventories.
Global anthropogenic emissions of NOx, CO, and SOx are
obtained from the Emissions Database for Global Atmo-
spheric Research (EDGAR; Olivier and Berdowski, 2001),
which is overwritten by regional emissions as follows: EMEP

Fig. 1. Flow chart of the chemical transport, radiative transfer, and
adjoint models used in this work. Red boxes correspond to external
model inputs, blue to the model itself, and green for model results.

inventories are used over Europe, BRAVO over Mexico,
Street et al. (2006) over S.E. Asia, CAC over Canada,
NEI 2005 over the United States, and global emissions of
carbonaceous aerosols are from Bond et al. (2007). Bio-
fuel emission inventories are obtained from Yevich and Lo-
gan (2003). Contributions from biomass burning are taken
from GFED v2 (van der Werf et al., 2006). Emissions of bio-
genics are taken from MEGAN v1.2 (Guenther et al., 2006).
NOx emissions from lighting are determined using the algo-
rithm of Price and Rind (1992).

2.2 Radiative transfer algorithm

The Stokes vector,S, completely describes the polarization
state of electromagnetic radiation. The Stokes vector of scat-
tered light at TOA depends upon the bulk optical properties
of the atmosphere it passes through. These properties include
the extinction optical depth,τ , the single scattering albedo,
ω, the scattering matrix,F , as well as the scattering geom-
etry (viewing angle and solar angle, relative azimuth angle).
These bulk properties in turn depend upon the optical prop-
erties (τi , ωi , F i) of the individual aerosol and molecular
species present in the atmospheric column through which
the light passes. The species specific optical properties are
further dependent on the aerosol concentrations and micro-
physical properties (Bohren and Huffman, 1983).

A total of seven aerosol species are considered in the radia-
tive transfer calculations including organic and black carbon
(hydrophilic and hydrophobic), sulfate, nitrate, and ammo-
nium. Aerosols are approximated as spherical and the Mie
theory is used to calculate their optical properties assuming
the aerosols are externally mixed. Inputs to the Mie algo-
rithm include the complex refractive index,n + ik, and the
aerosol size distribution. The size distribution is parameter-
ized in this model by assuming a log-normal distribution de-
fined by the effective radius,reff, and the effective variance of
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the size distribution,νeff. These Mie calculations are repeated
for seven different values of the relative humidity, RH (0, 50,
70, 80, 90, 95, and 99 %). The aerosol properties, refractive
index and size parameters, are adjusted to account for wa-
ter uptake on the surface of the particles for each RH value.
These RH dependent aerosol parameters are taken from the
Global Aerosol Data Set (GADS) (Martin et al., 2003). A
complete list of these input parameters used in these calcula-
tions for all aerosol species is included in Table 1. For the
cases of hydrophilic aerosols, these parameters are shown
for 70 % RH. The Mie code used here is linearized and is
able to numerically calculate the derivatives (Jacobians) of
the optical properties with respect to the aerosol property in-
puts. The optical properties (and their corresponding deriva-
tives) calculated by the Mie code include the single scatter-
ing albedo, the extinction optical depth, and the scattering
matrix for each aerosol species. All optical properties were
calculated assuming a wavelength of 650 nm.

The single scattering optical properties from the Mie code
and the aerosol concentrations from the GEOS-Chem model
are used as inputs to the radiative transfer model, MARIA
(MODIS AOD Retrieval by an Improved Algorithm; Wang
et al., 2010), which is an adaptation of the VLIDORT model
(Spurr, 2006, 2008). The aerosol contribution to the extinc-
tion optical depth, single scattering albedo, and scattering
matrix expansion coefficients are determined for each atmo-
spheric layer using the optical properties for each aerosol
species generated using the Mie theory using methods dis-
cussed in the Appendix (Eqs. A6–A8).

Molecular light scattering is calculated using applications
of Rayleigh scattering theory as implemented by Bodhaine
et al. (1999). Refractive indices, depolarization ratios, and
light scattering cross sections of air are first calculated using
estimates of the relative composition of dry air. From these,
gaseous contributions to the extinction optical depth, single
scattering albedo, and scattering matrix are estimated. A to-
tal of 20 atmospheric layers are used in these calculations in
order to significantly reduce the computational requirements
of the radiative transfer calculations. Aerosol concentrations
from the GEOS-Chem model were interpolated onto this 20
layer grid from the 47 layer native grid prior to being used
in the calculations. The VLIDORT model uses these values
to calculate the full Stokes vector at the TOA. Though the
full Stokes vector is calculated, we neglect any contributions
from circularly polarized light in our calculations of the po-
larized reflectance. This contribution tends to be negligible
and is typically not measured by remote polarimetric sensors
(Fougnie et al., 2007; Mishchenko et al., 2007).

MODIS data used in this model are obtained from the
Level 1 and Atmosphere Archive and Distribution System
(LAADS) of the NASA Goddard Space Flight Center. Level
2 aerosol data from the Aqua satellite was restricted to that
over the same time period of the GEOS-Chem simulation
and to the North American region. Parameters used from the
MODIS data include the viewing geometry of the satellite

(viewing angle, solar position relative to the viewing an-
gle, and geolocation) as well as surface reflectivities for the
646 nm wavelength channel. The surface reflectances from
MODIS are used to constrain the amplitude of the surface
reflectance and a bidirectional reflectance distribution func-
tion, BRDF, is calculated by a VLIDORT subroutine in or-
der to account for surface geometry effects (shading, view-
ing angle, etc.). The surface reflectivities used in the radia-
tive transfer calculations are shown in Fig. 2. These values
have been averaged over the over the two weeks of the model
run. For this figure, the reflectivities have been degraded to
4◦

×5◦ horizontal resolution for comparison with the adjoint
sensitivities discussed in Sect. 2.3. In this work, the zenith
angle was constrained to zero degrees for both the intensity
and polarimetric calculations of the reflectances. A brief dis-
cussion of the effects of including multiple viewing angles
in these sensitivity studies is included in Sect. 5. Calcula-
tions of the TOA reflectances were performed on a pixel-
by-pixel basis. Since the MODIS data files each contain a
large amount of pixels (> 25 000), it was necessary for com-
putational tractability to sub-sample the MODIS grid prior to
these calculations.

2.3 Sensitivity calculations

The derivatives of the TOA Stokes parameters with respect
to the atmospheric optical properties (i.e.,∂S

∂ω
∂S
∂τ

, and ∂S
∂F ) are

calculated in the radiative transfer model at each atmospheric
layer using a Taylor series expansion of the radiation field,
keeping only the first term in the expansion (Spurr, 2006).
For this work, we examined the sensitivities of both the radi-
ant reflectance,RI , as well as the polarized reflectance,Rp.
These quantities are defined in terms of the Stokes parame-
ters in the Appendix (Eqs. A3, A4). It should be reiterated
here that contributions from the circularly polarized compo-
nent ofS are not used in the calculation of the polarized re-
flectance.Rp only contains the contributions from linearly
polarized light. In the following derivations, we will useR to
mean either the radiant or the polarized reflectance in cases
where equivalent expressions exist for each. The derivatives
of the Stokes parameters are used to calculate the deriva-
tives of the reflectances (∂R

∂ω
∂R
∂τ

, and ∂R
∂F ). These values are

then used, along with the derivatives determined in the Mie
code (dωi

dxi
, dτi

dxi
, and dFi

dxi
), to generate the sensitivities of the

TOA reflectance with respect to the aerosol concentrations,
Eq. (1), or microphysical properties, Eq. (2), of each aerosol
species in each atmospheric layer:

dR

dCi

=
∂R

∂ω

dω

dCi

+
∂R

∂τ

dτ

dCi

+
∂R

∂F
dF
dCi

, (1)

dR

dxi

=
∂R

∂ω

∂ω

∂ωi

dωi

dxi

+
∂R

∂τ

∂τ

∂τi

dτi

dxi

+
∂R

∂F
∂F
∂Fi

dFi

dxi

, (2)

wherexi represents any ofni , ki , reff,i , and νeff,i and the
subscripti is the aerosol species. Evaluation of the terms on
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Table 1. Aerosol microphysical properties used in the Mie calculation of aerosol properties. Values are given for the complex refractive
index,m, and the effective radius and variance,reff andνeff, of the aerosol size distribution assuming a log-normal distribution. Values are
taken from the Global Aerosol Data Set described in Koepke et al. (1997). For the case of hydrophilic aerosols, values are only shown for
70 % RH.

Name Description m = n + ik reff (µm) νeff

SO4 Sulfate 1.36+ 0.00i 0.213 0.25
NH4 Ammonium 1.36+ 0.00i 0.213 0.25
NIT Inorganic sulfur nitrates 1.36+ 0.00i 0.213 0.25
BCPI Black carbon (hydrophilic) 1.75+ 0.44i 0.039 0.25
OCPI Organic carbon (hydrophilic) 1.41+ 0.00i 0.171 0.25
BCPO Black carbon (hydrophobic) 1.75+ 0.44i 0.039 0.25
OCPO Organic carbon (hydrophobic) 1.53+ 0.01i 0.117 0.25

Fig. 2. Surface reflectivities over N. America for 646 nm incident
radiation. Reflectivities have been averaged over the two week pe-
riod of the model run.

the right hand sides of Eqs. (1) and (2) is discussed in the
Appendix.

The GEOS-Chem adjoint model (Henze et al., 2007) is
used to relate the sensitivities from Eq. (1) back to sensitivi-
ties with respect to emissions. In general, an adjoint model is
used to calculate the dependence of metrics based on model
output values (i.e., averaged polarized or radiant reflectances)
to a set of input parameters (in this case, emissions). A full
discussion of adjoint modeling can be found in works such
as Giering and Kaminski (1998) or Sandu et al. (2005); here
we present a brief summary. The goal of an adjoint model is
to find the sensitivity of a scalar cost function,J , to a set of
model parameters. Following the work of Henze et al. (2007,
2009), letcn be a state vector of the aerosol concentrations
at a certain model time step,n. The forward GEOS-Chem
model,F , advances the state vector by one time step.

cn+1 = F (cn) (3)

This process is repeated until the model reaches the final time
step,N , and the output aerosol concentration,cN . The goal
is to determine the gradient of the cost function, evaluated
with respect to the state vector at all other time steps in the

model:

∇cnJ =

(
∂J

∂cn

)T

=

N∑
n′=n

(
∂J n′

∂cn

)T

≡ λn
c , (4)

whereλn
c is the adjoint state variable. Using the chain rule,

Eq. (4) can be expanded to show the dependence of the cost
function to concentrations at all earlier time steps,

λn
c =

[
∂cn+1

∂cn

]T

λn+1
c +

(
∂J n

∂cn

)T

=

[
∂cn+1

∂cn

]T

λn+1
c + gn. (5)

The dependence of the cost function to the concentrations
at the current time step is described by the adjoint forcing,
gn. The approach to calculating the dependence of the cost
function on the model inputs, such as initial concentrations
or emissions, is to initialize the adjoint variable at the final
time step (the adjoint forcing,λN

c ), and then apply Eq. (5)
iteratively forn = N , N − 1, . . .1.

For this work, the cost function is defined as the spatiotem-
poral average of all model predictions for the TOA radiant re-
flectance or polarized reflectance calculated in the radiative
transfer model as discussed in Sect. 2.2.

J =
1

NRT

∑
n

RI,n or J =
1

NRT

∑
n

RP,n (6)

The corresponding adjoint forcing terms are the derivatives
of the cost function with respect to aerosol concentrations,

gn
=

1

NRT

(
∂Rn

I

∂cn

)T

or gn
=

1

NRT

(
∂Rn

P

∂cn

)T

, (7)

whereNRT is the number of radiative calculations of the po-
larization or intensity used in the adjoint calculations and the
summationn is over the temporal and spatial extent of the
radiative transfer calculations, i.e., over each simulated ob-
servation throughout the two week time period of the simu-
lation. As can be seen in Eq. (7), it is first necessary to cal-
culate the sensitivities with respect to the aerosol concentra-
tions (Eq. 1) in order to determine the adjoint forcing terms.
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3 Model configurations

Here we describe model settings, input parameters, and simu-
lated observations that were used in the model runs. All simu-
lations spanned a two week period running from 1 April 2008
to 15 April 2008. Aerosol concentrations for seven aerosol
species are calculated by GEOS-Chem on a 4◦

× 5◦ resolu-
tion global grid. The reflectances at TOA along with the rele-
vant Jacobian matrices are calculated over the two week time
frame. Data is constrained to regions over N. America. Sur-
face reflectivities are derived using a 40 day rolling average
of the reflectivities from the MODIS level 4 data product.
This is done on a pixel-by-pixel basis for the MODIS input
data, using two evenly-spaced simulated satellite observation
grids discussed below.

Two different simulated observation grids are used in the
radiative transfer calculations (see Fig. 3) in order to model
typical instrumental specifications from satellites able to
make intensity-based (MODIS, MISR) or polarimetric ob-
servations (POLDER, APS). The first is an evenly spaced
grid where pixels are sampled from every 20th column and
20th row of the MODIS native grid. This grid will be re-
ferred to as the wide-swath grid. A second grid is gener-
ated to be similar to that of the failed Glory satellite, which
was to have a much narrower ground track, only∼ 5.6 km
wide (Mishchenko et al., 2004, 2007). An alternative ap-
proach would have been to approximate the much wider ob-
servational swath of the POLDER instrument,∼ 1600 km
(Fougnie et al., 2007; Tanré et al., 2011). We chose to model
the APS instrument for this work as it can be seen as a more
extreme example of a possible limitation in polarimetric as
opposed to intensity based measurements. To simulate the
Glory observational track in our model, the MODIS native
grid is only sampled along the row directly below the satellite
(row 68) and at every 20th column. This grid will be referred
to as the narrow-swath grid. Two separate sets of reflectances
are then calculated, one for each grid. In each case, each pixel
in each of the simulated observation grids is forced to pass
quality assurance tests (no null data, reasonable signal lev-
els, etc.) and must meet clear sky criteria (cloud free) prior
to being used in the calculations. Failure to pass these tests
resulted in the removal of that pixel from the grid.

For calculations of the sensitivities of the reflectance
to aerosol and aerosol precursor emissions, discussed in
Sect. 2.3, the adjoint model is run twice, once for each sim-
ulated satellite observation grid. The cost function,J , is de-
fined based on the type of grid used in the radiative trans-
fer calculations; see Eqs. (6) and (7). For the wide-swath
grid, the cost function is set equal to the average radiant re-
flectance over the North American region (i.e., the region for
which the radiative transfer calculations are performed). A
total of NRT = 729 pixels from the wide-swath grid passed
the pixel quality checks for the radiative transfer calculations.
For the narrow-swath grid, the polarized reflectance, rather
than the radiant reflectance, is used for the cost function.

Fig. 3. Simulated satellite grids used in the radiative transfer cal-
culations. The wide-swath grid (blue) is based on the MODIS in-
strument specifications and was used for the intensity based calcu-
lations. The narrow-swath grid (red) is based on the APS instrument
aboard the failed Glory satellite and is used for polarimetric based
calculations.

Since this grid is narrower, fewer pixels were available for
use in the radiative transfer calculations,NRT = 91.

4 Results

4.1 Sensitivity validation

The radiative transfer model has been verified by comparing
the analytic derivation of the reflectance sensitivities with re-
spect to the aerosol concentrations, microphysical properties,
and emissions (Eqs. 1, 2) to those generated using a second
order finite difference (FD) test, as shown in Eq. (8) for con-
centrations,

dR

dC
≈

R(C + δC) − R(C − δC)

2δC
. (8)

For the validations of the reflectance sensitivities to aerosol
concentrations, the initial concentration of one aerosol
species was perturbed in one atmospheric layer and the TOA
reflectance was calculated. This was repeated for each atmo-
spheric layer and for a number of aerosol species. For these
tests, the perturbations to the concentrations were of the order
δ = 0.005 to 0.2 depending on the aerosol species. The mag-
nitude of the perturbation tended to be higher for species with
lower concentrations (black carbon) and those where a large
fraction of the aerosol concentrations were located near the
surface. These aerosols tended to contribute fractionally less
to the TOA reflectance and larger perturbations were there-
fore necessary to cause numerically significant changes in
the reflectance.

Validation tests were also performed for the sensitivities
to microphysical properties. For these tests, a single micro-
physical property (n, k, reff, or νeff) input to the Mie code
was perturbed for one aerosol species. The magnitude of
these perturbations ranged fromδ = 0.05− 0.2 depending
on the aerosol species and the microphysical property being
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perturbed. The new perturbed Mie output was then used in
the radiative transfer algorithm to generate a new set of TOA
reflectances. This process was repeated multiple times for
different microphysical properties and aerosol species.

For the tests of the reflectance sensitivity to emissions,
perturbations were performed by applying scaling factors,
δ = 0.05 and−0.05, to one set of emissions for one aerosol
species in separate runs of the forward GEOS-Chem model.
Horizontal transport was disabled in order to evaluate FD
sensitivities in multiple columns simultaneously. The aerosol
concentrations generated by the perturbed forward model
were then used as inputs to the radiative transfer code. This
allowed for a second order approximation of the sensitivities
in the finite difference tests using Eq. (8).

The validation results for selected aerosol species are
shown in Fig. 4. In all plots, the sensitivities have been
normalized by the magnitude of the reflectance and by the
aerosol concentrations or emissions where applicable. For
these plots, the model sensitivities are plotted along thex axis
while the results of the finite difference calculations are plot-
ted along they axis. Perfect agreement between the two cal-
culations would therefore appear as a straight line with a
slope of one (black dashed line). A linear fit to the validation
points, red dashed line, along with corresponding slopes and
coefficients of determination,R2, are included for each plot.
The first row shows the agreement between the model results
(x axis) and the finite difference tests (y axis) for the normal-
ized sensitivities of the TOA polarized reflectance to aerosol
concentrations,C

Rp

dRP
dC

, for hydrophilic black carbon and sul-
fate. Results from the perturbations of the aerosol microphys-
ical properties, x

Rp

dRP
dx

, are shown in the second row. Sensi-
tivities of the polarized reflectance to the effective variance
of the size distribution of ammonium are shown on the left
and the sensitivities to the effective radius of the size distribu-
tion for organic carbon on the right. The bottom row contains
the validations of the sensitivities to emissions,E

Rp

dRP

dE
, of

black carbon (left) and ammonia (right). As can be seen, the
analytic results derived from the model and those generated
using finite difference analysis are in very good agreement
for all reflectance sensitivities with the exception of a few
outliers that can be expected from finite difference approx-
imations of systems containing non-linearities and disconti-
nuities.

We have chosen to report all sensitivities of the TOA re-
flectances in this work in terms of normalized sensitivities,
x
R

dR
dx

. This has been done to facilitate easier comparison of
the sensitivities between different aerosol species and be-
tween different aerosol properties. The magnitudes of the in-
dependent variables for which we are calculating the sensi-
tivities with respect to, i.e., the aerosol concentrations or mi-
crophysical properties, can differ by orders of magnitude. By
normalizing the sensitivities, we are able to instead present
the percent change in the reflectance for some percent change
in the aerosol properties.

Fig. 4. Model validation comparing analytic model results (x axis)
to finite difference calculations (y axis). Validation for the normal-
ized sensitivity of the polarized reflectance to aerosol concentra-
tion is shown (top row) for hydrophobic black carbon (left) and sul-
fate aerosol (right). Results for validation of the sensitivity of TOA
polarized reflectance to aerosol microphysical parameters is given
(middle row) for sensitivity to the variance of the size distribution
of ammonium (left) and the effective radius of hydrophobic organic
carbon (right). The bottom row shows validations of the normalized
sensitivity of the polarized reflectance to hydrophilic black carbon
emissions (left) and to ammonia emissions (right).

4.2 Sensitivities to aerosol concentrations

The column integrated aerosol concentrations, as calculated
by the GEOS-Chem model, are shown in Fig. 5. The val-
ues shown are the average concentrations over the entire two
week time period of the model run. The normalized sensi-
tivities of the polarized reflectance to the aerosol concen-
tration, Ci

RP

dRP
dCi

, of four aerosol species are shown in Fig. 6.
The results include all pixels used in the calculations over a
two week period (i.e., multiple satellite overpasses and mul-
tiple viewing geometries). Aerosol species used in this test
include sulfate, ammonium, nitrate, and hydrophilic organic
and black carbon. As was discussed in Sect. 2.2, the sensitiv-
ities of the reflectances to aerosol concentration and micro-
physical properties were calculated at 20 atmospheric lay-
ers. For ease of presentation, the sensitivities shown in Fig. 6
have been integrated over all of the atmospheric layers for
which they were calculated, i.e., over the entire atmospheric
column (Eq. 9).
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Fig. 5. Aerosol concentrations (kg m−2) for sulfate and ammo-
nium (top row), hydrophilic and hydrophobic organic carbon (mid-
dle row), and hydrophilic and hydrophobic black carbon (bottom
row). For cases where multiplicative value is present on an axis, the
concentrations have been scaled by this value to make comparison
between aerosol species easier.

Ci

R

dR

dCi

=
1

R

20∑
L=1

Ci(L)
dR

dCi(L)
(9)

Above, L denotes the atmospheric layers andCi(L) is the
concentration at layerL. Equivalent normalized summations
have been used in reporting the sensitivities to the aerosol
microphysical properties. The sensitivities to aerosol concen-
trations, averaged over N. America for the entire 2 week time
period for each of the grids, are given in Table 2. All sensi-
tivities given have been scaled by a factor of 100 for clarity.

The sensitivities calculated on the wide-swath grid are
shown in Fig. 6a. As is stated earlier, the wide-swath grid is
primarily used for calculations of the sensitivity of the TOA
radiant, not the polarized, reflectance. It was, however, used
in calculations of the polarized reflectance here for compar-
ative purposes. In each case, the polarized reflectance sen-
sitivity to aerosol concentrations tends to be negative, i.e.,
increasing aerosol concentrations in the atmosphere are ex-
pected to decrease the degree of polarization of TOA re-
flected light. There does appear to be some degree of spatial
variability in these sensitivities, with slightly higher mag-
nitude sensitivities for observations in the eastern United
States. It must be reiterated that the sensitivities shown here
are for viewing geometries determined by the Aqua satellite.
The TOA Stokes parameters, from which the reflectances are
derived, are dependent on the viewing geometry, specifically
the azimuthal viewing angle since the zenith viewing angles

Fig. 6. Column integrated normalized sensitivities (Eq. 9) of the
TOA polarized reflectance to aerosol concentrations of sulfate, am-
monium, and hydrophilic organic and black carbon. For cases where
multiplicative value is present on an axis, the sensitivities have been
scaled by this value to make comparison between aerosol species
easier. Results are given for radiative transfer calculations based on
both the wide-swath grid (a) and the narrow-swath grid (b).

are constrained to nadir views only. Though some of the vari-
ability seen in the sensitivities in Fig. 6a is due to spatial vari-
ations in surface reflectivities, it is also due to the dependence
of the Stokes parameters on viewing geometry, with some
viewing angles producing higher sensitivities to the aerosol
concentrations. It was seen in calculations of single wide-
swath grids (i.e one observation time) that large azimuthal
angles (measured from the satellite flight path) tend to pro-
duce sensitivities that are of a larger magnitude compared
to those that are observed directly along the satellite flight
path. This can be seen most clearly by comparing the results
for the wide-swath grid with those that were calculated using
the narrow-swath satellite grid, Fig. 6b. In this case only pix-
els directly below the satellite were used in the calculations;
the viewing azimuthal angle was constrained to 0◦. Not only
is the mean sensitivity of the polarized reflectance to aerosol
concentration smaller, but the relative variations in the sensi-
tivities are much smaller for all aerosol species. We suspect
this dependence of the viewing geometry on azimuthal angle
is due to two factors, the angular dependence of the single
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Fig. 7. Normalized TOA radiant reflectance sensitivities (Eq. 9)
to aerosol concentrations for sulfate, ammonium, and hydrophilic
organic and black carbon. For cases where multiplicative value is
present on an axis, the sensitivities have been scaled by this value to
make comparison between aerosol species easier. Results are given
for radiative transfer calculations based on the wide-swath grid.

aerosol light scattering properties (phase function and polar-
ization profile) and the increase in path length for the more
extreme azimuthal angles. As the path length increases, the
interaction between incident solar radiation and the aerosols
within that path will increase resulting in a higher sensitivity
to the aerosol properties.

It is also possible that the larger sensitivities seen in the
eastern US may be due to coupling of the sensitivities to the
concentrations of other aerosol species. Since the sensitivi-
ties to aerosol concentrations of a given species presented in
Fig. 6 are normalized by the concentration of that species,
we do not expect the sensitivities to show a spatial depen-
dence that correlates with the concentrations of that species.
However, it may be that larger relative changes in the con-
centrations of the other aerosol species may affect these sen-
sitivities. For example, it can be seen in Fig. 5 that there is a
larger relative difference in the concentrations of BCPI and
OCPI on the eastern US than is seen in the western US. It is
possible that these relatively higher concentrations of OCPI
could contribute to a spatial dependence in the BCPI sensi-
tivities. These cross correlated effects have not been explored
thoroughly in this work however.

Similar calculations were made for the sensitivities of
the radiant reflectance to the aerosol properties. These re-
sults are shown in Fig. 7 for the wide-swath grid. It was
found that the radiant reflectances tend to be less sensitive
to aerosol concentrations for most species. The exception are
aerosols that have large optical absorptance, i.e., large imag-
inary refractive index, such as black carbon. In most cases,
dRI

dC
is positive – opposite in sign to what is calculated for

dRP

dC
. Increasing the aerosol concentrations leads to a higher

amount of TOA scattering. Again this is not the case for ab-
sorbing aerosols, wheredRI

dC
is negative, and increasing the

concentration leads to an attenuation of TOA reflected light
intensity.

Given that remote retrievals of aerosol concentrations are
dependent upon assumptions of aerosol microphysical prop-
erties, calculations of the sensitivities of the radiant and po-
larized reflectances to aerosol size and optical properties are
performed using both the narrow and wide swath grids re-
spectively. The sensitivities to aerosol microphysics are not
reported, but are used later in determining estimates of the
allowable uncertainties in the aerosol microphysical proper-
ties that would be required for constraining aerosol emissions
using the adjoint calculations (see Sect. 4.4).

4.3 Sensitivities to aerosol emissions

Figure 8 shows the results of the adjoint calculations of the
sensitivity of the average TOA radiant reflectance over N.
America to global aerosol emissions,Ei

RI

dRI

dEi
, for the wide-

swath grid. It should be reiterated that these normalized sen-
sitivities are calculated for aerosol emissions at all grid cells,
using 4◦ × 5◦ resolution, on a global grid. Since the values
presented in Fig. 8 are normalized, the sensitivities of the re-
flectance to regions with very low emissions will be close
to zero. Sensitivities are shown with respect to SO2, NH3,
organic carbon and black carbon (hydrophilic and hydropho-
bic) emissions. Here SO2 is linked to the formation of sul-
fate aerosol through the oxidation of SO2 to sulfuric acid,
then partitioning to the aerosol phase. Similarly, ammonium
aerosol is linked to ammonia emissions through formation of
ammonium nitrate and ammonium sulfate (Binkowski and
Roselle, 2003).

The magnitudes of the sensitivities to emissions tend to
be larger over the northeastern United States and over south-
ern Mexico. These regions tend to have higher emissions and
therefore higher aerosol concentrations, see Fig. 5. The nor-
malized sensitivities reflect the impact of percent changes to
existing emissions used in the GEOS-Chem model. There-
fore some aspects of the different spatial patterns reflect dif-
ferences in the spatial patterns of the emissions. The cal-
culated radiant reflectances also show some dependence on
emissions from southeastern Asia, particularly for ammonia
and sulfur dioxide and for hydrophobic organic carbon to a
lesser extent. Sensitivity to these non-local emissions shows
the effects of the long distance transport of aerosols within
the GEOS-Chem model (Yu et al., 2012, 2013). There is also
a region of high sensitivities to ammonia emissions located
over eastern Africa. Here, emissions of ammonia were high
while those of sulfur dioxide were negligible during the two
week time period examined here. Ammonium nitrate would
therefore be the only secondary aerosol formed in that re-
gion. The model is therefore particularly sensitive to these
ammonia emissions.

The calculations of the average TOA polarized reflectance
sensitivity to global emissions,Ei

RP

dRP

dEi
, are given in Fig. 9.

For these calculations, the narrow-swath grid is used in the
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Table 2. Average normalized sensitivities along with the range of values within 1 standard deviation of the mean of the TOA polarized
reflectance,RP , or reflectance,RI , with respect to the concentration of each aerosol species considered in this work. Values are given for
calculations using both the wide-swath (WS) and narrow-swath (NS) grids discussed in Sect. 2.2. All values have been scaled by a factor of
100 for ease in comparing the results.

Aerosol C
RP

dRP
dC

(WS) C
RI

dRI
dC

(WS) C
RP

dRP
dC

(NS) C
RI

dRI
dC

(NS)

SO4 −9.0± 1.4 2.6± 3.0 −5.1± 3.9 1.0± 1.2
NH4 −2.8± 3.9 0.8± 0.9 −1.5± 1.3 0.3± 0.4
NIT −1.7± 2.3 0.4± 0.6 −1.1± 1.1 0.2± 0.2
BCPI −0.4± 0.2 −0.2± 0.1 −0.3± 0.1 −0.2± 0.1
OCPI −1.8± 2.9 0.5± 0.8 −0.9± 0.7 0.2± 0.2
BCPO −0.07± 0.06 −0.06± −0.06 −0.06± .06 −0.06± 0.05
OCPO −0.2± 0.3 0.04± 0.08 −0.1± 0.2 0.02± 0.03

Fig. 8.Normalized sensitivity of TOA radiant reflectance to aerosol
emissions,E

RI

dRI
dE

, for sulfur dioxide and ammonia (top row), hy-
drophilic and hydrophobic organic carbon (middle row), and hy-
drophilic and hydrophobic black carbon (bottom row). For cases
where a multiplicative value is present on an axis, the sensitivities
have been scaled by this value to make comparison between aerosol
species easier. Radiative transfer calculations were performed using
the wide-swath grid.

radiative transfer equations. The spatial distribution of these
sensitivities is similar to that seen in Fig. 8 with the highest
sensitivities to emissions of sulfur dioxide and the carbona-
ceous aerosols from the eastern United States and Mexico
City and to ammonia emissions from the midwestern United
States. Similar to what was seen above for the radiant re-
flectances, the average polarized reflectance over N. America
is dependent on emissions from eastern Asia. These sensitiv-
ities to intercontinental emissions are particularly strong for
ammonia and hydrophobic black carbon emissions.

In order to perform a qualitative comparison between
the sensitivities of the radiant reflectances calculated on the
wide-swath to the polarized reflectances calculated on the

Fig. 9. Normalized sensitivity of TOA polarized reflectance to
aerosol emissions,E

RP

dRP
dE

, for sulfur dioxide and ammonia (top
row), hydrophilic and hydrophobic organic carbon (middle row),
and hydrophilic and hydrophobic black carbon (bottom row). For
cases where a multiplicative value is present on an axis, the sen-
sitivities have been scaled by this value to make comparison be-
tween aerosol species easier. Radiative transfer calculations were
performed using the narrow-swath grid.

narrow-swath grid, the ratio of the magnitude of the nor-
malized polarized reflectance sensitivity to the normalized
radiant reflectance sensitivity is given in Fig. 10. In generat-
ing these ratios, small values (ϑ10−6) are excluded to avoid
infinities that would obscure the regions of interest. For all
of the aerosol species investigated in this work, the spatially
averaged ratio is greater than 1. The polarized reflectance
tends to be more sensitive to aerosol emissions than the radi-
ant reflectance by a factor∼ 3 for sulfur dioxide, ammonia,
and organic carbon. In the case of these weakly absorbing
aerosols, the ratio tends to be large for simulated measure-
ments over the central United States. This corresponds to
regions with lower aerosol concentrations as well as higher
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Fig. 10. Comparison of the magnitude of the sensitivities of the
TOA polarized reflectance to emissions to the radiant reflectance
sensitivities to emissions. Values shown are the absolute value of
the ratios of the normalized sensitivity of the polarized reflectance
to emissions,E

RP

dRP
dE

, to the normalized sensitivity of the radiant

reflectance to emissions,E
RI

dRI
dE

. Results are shown for sulfur diox-
ide and ammonia (top row), hydrophilic and hydrophobic organic
carbon (middle row), and hydrophilic and hydrophobic black car-
bon (bottom row).

surface reflectivities, see Figs. 5 and 2 respectively. However,
lower values of the ratio are seen in the Caribbean and the
eastern US coast. Here, the aerosol concentrations are again
relatively low, but the surface reflectivities in this case are
much lower. This suggests variations in this ratio are due to
spatial variations in the surface albedo. These regions also
exhibited higher relative humidities during the time period
of these calculations, which will affect the aerosol optical
properties and therefore the reflectance sensitivities. For the
absorbing aerosols, a similar spatial distribution is seen in
the ratio, though the magnitude of the ratio for black carbon
is much lower,∼ 1.3. This is consistent with the results of
Sect. 4.2 where it was shown that the percent change in the
radiant reflectance for a given percent change in the aerosol
concentrations was small for the highly scattering aerosols,
but larger for absorbing aerosols when compared to the po-
larized reflectance sensitivities.

It should be reiterated that in remote measurements of the
polarized reflectance, the radiant reflectance at the TOA is
also acquired (Fougnie et al., 2007; Mishchenko et al., 2007).
Even though the ratio of the sensitivities to black carbon
emissions is closer to 1, i.e., the polarimetric measurements
are only slightly more sensitive to emissions, the intensity
based information would be obtained along with the polari-
metric measurements. If the sensitivities of the simulated po-
larimetric and intensity based measurements are combined,
the differences in the measuring capabilities of the two sim-
ulated satellites would be enhanced. To explore this, we have

Fig. 11. Comparison of the sensitivities of the magnitude of the
TOA total reflectance to the radiant reflectance sensitivities to emis-
sions. Values shown are the absolute value of the ratios of the nor-
malized sensitivity of the total reflectance to emissions,E

RT

dRT
dE

, to
the normalized sensitivity of the radiant reflectance to emissions,
E
RI

dRI
dE

. Results are shown for sulfur dioxide and ammonia (top
row), hydrophilic and hydrophobic organic carbon (middle row),
and hydrophilic and hydrophobic black carbon (bottom row).

also considered the case where the cost function is defined for
the narrow swath grid using the total reflectance,RT , defined
as the sum of the averaged polarized and radiant reflectances,

J =
1

N

∑
i

(
RP,i + RI,i

)
=

1

N

∑
i
RT ,i, (10)

∂J

∂C
=

1

N

∑
i
(
∂RP,i

∂Ci

+
∂RI,i

∂Ci

) =
1

N

∑
i

∂RT ,i

∂Ci

. (11)

Comparisons of the sensitivities using this new cost function
for the narrow swath grid to the radiant reflectance sensitivi-
ties to emissions calculated on the wide swath grid are shown
in Fig. 11. In this formulation, it can be seen that the sensitiv-
ities of the total reflectance are of the same or greater mag-
nitude than those obtained from intensity-only based mea-
surements for all aerosol species investigated rather than just
for the scattering aerosols. It can be seen that the largest in-
creases in the sensitivities to emissions due to the implemen-
tation of the total reflectance are for black carbon. This is ex-
pected as the radiant reflectance sensitivities for this aerosol
were of similar magnitude as those of the polarimetric re-
flectances seen in Fig. 10.

4.4 Maximum allowable uncertainties in
aerosol properties

Though the primary focus of this work is examining the de-
pendence of the radiant and polarized reflectances on aerosol
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emissions, both of these quantities are also functions of
aerosol microphysical properties, wavelength, and viewing
geometry (see Sect. 2.2). In order to gauge the accuracy with
which we can determine the sensitivity of the reflectance
to emissions, it is useful to determine how dependent the
remote sensing constraints on emissions are to the aerosol
microphysical parameters (aerosol size and optical proper-
ties) assumed in our model. We quantify this by determining
the maximum uncertainties allowable in the input parame-
ters that would still enable us to detect some predetermined
change in the aerosol emissions, e.g., the maximum uncer-
tainty in the input radius for sulfate aerosols that would re-
sult in smaller changes to the TOA reflectance than a 50 %
change in sulfate aerosol emissions. Though the retrieval of
aerosol emissions is also sensitive to uncertainties in the sur-
face reflectance and to the wavelength of the observations,
these quantities were not varied in the radiative transfer cal-
culations presented in this work and calculations have not
been made for the effect of varying these quantities on re-
trieval of aerosol emissions.

Let 1x be the uncertainty in one of the aerosol input pa-
rameters,x. The uncertainty in the calculated reflectance due
to uncertainties inx is then

1Rx = 1x
dR

dx
. (12)

The goal is to find1Rx ≤ 1RE , where1RE is the uncer-
tainty in the reflectance due to some set change in the aerosol
emissions. Let the percent change in the aerosol emissions
we would like to detect be given byεE , where1E = ±εEE.
The percentage uncertainty in the aerosol parameterx is then

εx =
1x

x
≤

1E

x
(
dR

dE
)(

dR

dx
)
−1

. (13)

For these calculations, we have assumed a value of 0.5 for
εE , i.e., a 50 % change in the emissions. The uncertainties
for each of the four aerosol input parameters(nikireff,iνeff,i)

for each aerosol species were calculated for each pixel on the
wide-swath grid, usingRI , and the narrow-swath grid, us-
ing RP , in Eq. (13). The results are given in Table 3. Values
of NA are given for percent uncertainties in cases where the
aerosol input parameter is effectively zero (e.g., the imagi-
nary refractive index,k, for non-absorbing aerosols).

For nearly all cases it is necessary to constrain the model
input parameters to a higher degree of accuracy when per-
forming the polarized reflectance calculations than is re-
quired for the radiant reflectance. This is expected as the po-
larized reflectance sensitivities tend to be higher than those of
the radiant reflectance sensitivities as was seen in Sect. 4.3.
Mishchenko et al. (2004) found that values ofεr = 10 %,
εν = 50 %, andεn = 1.5 % are required for radiative forcing
calculations that will be able to determine aerosol contribu-
tions to the Earth’s total energy balance. The values predicted
here for constraining aerosol emissions using polarimetric

Table 3. Maximum allowable relative uncertainties in the micro-
physical properties of each aerosol species required to constrain
aerosol emissions within a factor of 50 % for that species. Re-
sults are given assuming intensity based measurements, assuming
a wide-swath grid, in(a) and polarimetric based measurements, as-
suming a narrow-swath grid, in(b). All values are given as a per-
centage uncertainty. Values reported as NA were not calculated as
those values were effectively zero in the radiative transfer calcula-
tions.

(a) Species ε(reff) ε(νeff) ε(n) ε(k)

BCPI 0.8 0.05 2 1
BCPO 17 0.25 16 18
OCPI 9 0.8 0.3 NA
OCPO 52 2 0.8 45
NH4 71 3 10 NA
SO4 0.5 0.5 0.02 NA

(b) Species ε(reff) ε(νeff) ε(n) ε(k)

BCPI 0.3 0.1 3 0.3
BCPO 9 2 20 7
OCPI 0.2 0.4 0.04 NA
OCPO 0.5 0.1 0.1 28
NH4 6 2 3 NA
SO4 0.01 0.02 0.001 NA

measurements are within these constraints for the average
uncertainty in the real refractive index (εn = 4 %), but are
much smaller for the average uncertainty in the effective ra-
dius (εr = 3 %) and the average uncertainties allowed in the
effective variance of the size distribution (εν = 1 %). With
the exception of the real refractive indices, these values are
also smaller than the predicted uncertainties in the data prod-
ucts from the Glory satellite if its mission had been success-
ful; which were estimated to beεr = 10 %, εν = 40 %, and
εn = 1.5 % (Mishchenko et al., 2007).

As was discussed in Sect. 4.3, the radiant reflectance in-
formation is often available along with the polarized re-
flectance in a typical remote sensing measurement. The radi-
ant reflectance information could therefore be used in cases
where it would be beneficial to do so over the polarimet-
ric information. We ran another series of calculations where
the radiant reflectance sensitivities were calculated using the
narrow-swath grid and calculated the new maximum uncer-
tainties using Eq. (13). It was found that the uncertainty lim-
itations on the effective radius are met when using the ra-
diant reflectance,εr = 25 %, though again not for the vari-
ance(εν = 1 %). A combined set of polarimetric and radiant
measurements of the reflectance would therefore only require
better estimates of the effective variance of the size distri-
bution of the aerosols in order to provide the 50 % accura-
cies for constraining aerosol emissions for all of the species
discussed here. This could possibly be achieved through im-
provements in the inversion algorithms used to derive those
estimates for the variance or in the accuracy of the measure-
ments themselves,
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5 Discussion and conclusions

A series of simulations were performed to assess the value
of remote sensing measurements, such as those from the
MODIS, APS, or POLDER instruments, to constrain aerosol
emissions using the adjoint of the GEOS-Chem CTM. One
set of simulated observations was restricted to measuring the
radiant reflectance, proportional to the first element of the
Stokes vector, while a second simulated measurement was
capable of polarimetric measurements and could determine
the polarized reflectance at the TOA. The ability to make po-
larimetric measurements comes at a cost; for example less
spatial coverage per satellite pass (Glory) or a reduction in
the number of wavelength bands that are able to be observed
(POLDER) (Mishchenko et al., 2007; Fougnie et al., 2007).
In this work, we sought to simulate the specifications of a
typical polarimetric measurement platform by incorporating
the use of a spatially limited observation grid for the polari-
metric calculation to quantify the utility of using polarimetric
measurements versus intensity based observations for con-
straining aerosol emissions.

It was found, for non-absorbing aerosols, that the sensi-
tivity of TOA polarized reflectance is a factor of∼ 3 times
more sensitive to aerosol emissions than that of TOA radi-
ant reflectance even though the intensity calculations had a
much larger spatial coverage. This is consistent with studies
of single-particle light scattering calculations (Mishchenko
and Travis, 1994), which find that particle size and shape play
a larger role in determining the polarization state of the light
than that of the imaginary component of the refractive index.
For these cases, it should be noted that instrumentation that
is capable of polarimetric measurements tend to be also ca-
pable of intensity measurements, e.g., Glory or PARASOL
(Fougnie et al., 2007; Mishchenko et al., 2007), as the radi-
ant reflectance is derived from the first element of the Stokes
vector, which is often obtained along with the second and
third elements required for the polarized reflectance calcula-
tions. It would be conceivable to adjust any calculations for
strongly absorbing aerosols, such as black carbon, to com-
bine radiant and polarized reflectance measurements in order
to enhance sensitivities to aerosol properties.

All of the calculations of the polarimetric and intensity
based sensitivities discussed in this work were calculated at
only one viewing angle for our two simulated sets of mea-
surements. It should be noted that including multiple viewing
angles significantly increases the amount of information con-
tent in remote sensing measurements and allows for better re-
trieval of aerosol properties over an otherwise similar set of
measurements with only one viewing angle (Kokhanovsky
et al., 2010). A series of preliminary calculations of the po-
larimetric sensitivities to aerosol emissions have been per-
formed using 12 viewing angles within the range of−60
to 50◦. For these preliminary tests, it was assumed that the
aerosol concentrations were constant for each viewing an-
gle (i.e., no slant columns). It was found that by including

these additional angles, the fractional change in the polar-
ized reflectance for a given fractional change in the radiant
reflectance increased by a factor of∼ 1.5 on average for dif-
ferent aerosol species. This suggests that the use of multi-
ple viewing angles could significantly improve our ability to
constrain aerosol emissions in future work.

It should also be noted that the results presented here were
done assuming all simulated observations were performed
at a wavelength of 650 nm using a predetermined sampling
scheme (narrow and wide swath grids). It is assumed that
results may differ for other wavelength bands or sampling
schemes. Future work on this project will explore changes
in the sensitivities for different wavelength bands. Work will
also be done to incorporate satellite polarimetric measure-
ments, such as those from the POLDER instrument (Tanré et
al., 2011), into the adjoint model as a way of more accurately
determining aerosol emissions.

Appendix A

Presented here is a brief derivation of the methods used to
calculate the polarimetric sensitivities discussed in this work.
Focus has been placed on the functional formulation of the
reflectance and the calculation of its derivatives with respect
to the aerosol optical and microphysical properties. A de-
tailed discussion of radiative transfer theory and aerosol sin-
gle scattering properties, which are necessary for the cal-
culation of the Stokes vector, is beyond the scope of this
article. An analysis of radiative transfer theory as well as
approaches for determining both analytic and numeric so-
lution strategies for the radiative transfer equation are pre-
sented in a wide body of literature (Chandrasekhar, 1960;
Zaneveld et al., 2005; Mishchenko, 2002, 2003; Mishchenko
et al., 1999; Spurr, 2006, 2008). For detailed derivations of
the equations governing single particle and particle ensem-
ble interactions with light using Mie or T Matrix theories,
see works by Bohren and Huffman (1983) or Mishchenko et
al. (2000, 2002) respectively.

The complete polarization state of electromagnetic radia-
tion is described by the four components of the Stokes vector,
S:

S=


I

Q

U

V

 , (A1)

whereI describes the intensity,Q andU describe the de-
gree of linear polarization (at±90◦ and±45◦ relative to a
reference plane, respectively), andV describes the degree of
circular polarization. Here, we define the reflectance vector,
R, in terms of the Stokes vector as

R =
π

I0µ
S, (A2)
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whereI0 is the incident solar intensity to the Earth andµ is
the cosine of the solar zenith angle. The reflectance,RI , and
the polarized reflectance,Rp, are then defined as

RI = R1 =
π

I0µ
I, (A3)

RP =

√
R2

2 + R2
3 =

π

I0µ

√
Q2 + U2. (A4)

Above, contributions to the polarized reflectance from the
circularly polarized light have been set to zero as this contri-
bution tends to be negligible in atmospheric radiative trans-
fer. In the following derivations, we will refer to bothRI

andRp using a general reflectance value,R, for cases where
equivalent equations exist for both quantities.

The polarization state of scattered light in the atmo-
sphere depends on the optical properties of the atmosphere
and therefore on the molecular and aerosol composition,
Eq. (A5). Atmospheric optical properties are described in
terms of the extinction optical depth,τ , the single scattering
albedo,ω, and the scattering matrix,F,

R = R(I,Q,U,V ) = R(τ,ω,F) , (A5)

τ =

∑
i
τi, (A6)

ω =
δ

τ
=

∑
i ωiτi∑
i τi

, (A7)

F =

∑
i τiωiFi∑
i τiωi

. (A8)

The index i is over the different aerosol species that are
present in the atmospheric layer. As discussed in Tegen and
Lacis (1996), the extinction optical depth for each aerosol
species can be calculated from the real and imaginary com-
ponents of the refractive indices,n andk, the effective radius
and variance of the aerosol size distribution,reff (m) andνeff,
and the aerosol column mass concentration,C (kg m−2). The
extinction efficiency is given byQext (unitless) and the parti-
cle density byρ (kg m−3).

τi =
3

4

CiQext,i(RH)

ρireff,i(RH = 0%)

(
reff,i(RH)

reff,i (RH = 0%)

)2

(A9)

The optical properties of the aerosols are dependent on both
the physical (size, shape, orientation) and chemical (refrac-
tive indices) properties of the scattering particles in these in-
teractions and hence

R = R(nikireff,iνeff,iCi). (A10)

The sensitivity of the reflectance to the various aerosol prop-
erties can now be calculated using the chain rule as was given
in Eqs. (1) and (2) and repeated below, Eqs. (A11) and (A15),

for continuity. For the sensitivity of the reflectance to the
aerosol concentration of theith aerosol species,

dR

dCi

=
∂R

∂ω

dω

dCi

+
∂R

∂τ

dτ

dCi

+
∂R

∂F
dF
dCi

. (A11)

The partial derivatives of the reflectance are calculated nu-
merically in the model and are discussed in Sect. 2.2. The
derivatives of the single scattering albedo, extinction optical
depth, and scattering matrix with respect to the aerosol con-
centrations were determined from Eqs. (A6)–(A9).

dτ

dCi

=
3

4

Qext,i(RH)

ρireff,i(RH = 0%)

(
reff,i(RH)

reff,i (RH = 0%)

)2

(A12)

dω

dCi

=
ωi − ω

τ

dτ

dCi

(A13)

dF
dCi

=
ωiFi − ωiF

ωτ

dτ

dCi

(A14)

In calculating the derivatives of the reflectance with respect
to the aerosol physical and optical properties (n, k, reff, and
νeff), the derivatives are again first expanded using the chain
rule. In the following letxi represent any ofni , ki , reff,i , and
νeff,i .

dR

dxi

=
∂R

∂ω

∂ω

∂ωi

dωi

dxi

+
∂R

∂τ

∂τ

∂τi

dτi

dxi

+
∂R

∂F
∂F
∂Fi

dFi

dxi

(A15)

The derivatives∂R
∂ω

∂R
∂τ

, and ∂R
∂F are again calculated numer-

ically in the VLIDORT model along with the derivatives
dωi

dxi
, dτi

dxi
, and dFi

dxi
. The derivatives of the total optical pa-

rameters with respect to the aerosol species specific parame-
ters (i.e., ∂ω

∂ωi
, ∂τ

∂τi
, and ∂F

∂Fi
) are determined analytically from

Eqs. (A6)–(A8).

∂ω

∂ωi

=
τi

τ
(A16)

∂τ

∂τi

= 1 (A17)

∂F
∂Fi

=
τiωi

τω
(A18)
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