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Abstract

Uncertainties in aerosol sources, microphysical properties, and global distributions un-
dermine efforts to evaluate the radiative impacts of atmospheric aerosols. In this work,
we investigate the feasibility of using remote polarimetric measurements for constrain-
ing aerosol and aerosol precursor emissions in light of these uncertainties. A model5

that incorporates a radiative transfer model with forward and adjoint chemical trans-
port models has been applied to quantify the sensitivity of the reflectance at the top
of atmosphere to aerosol emissions and microphysical properties. A set of simulated
satellite observations, one intensity based and one capable of polarimetric measure-
ments, are used to illustrate differences in the assimilation potential between the two.10

It is found that the sensitivity of the polarized reflectance to aerosol and aerosol pre-
cursor emissions tends to be significantly higher than that of the intensity for cases of
non-absorbing aerosols. This is true even when the polarimetric sampling scheme is
spatially sparser than that of the intensity sampling. This framework allows us to quan-
tify upper limits on the uncertainties in the aerosol microphysical properties for which15

a 50 % change in aerosol emissions is detectable using these simulated observations.
It was found that although typical current remote sensing instrumentation provides re-
trievals of the refractive index and effective radius with accuracies within acceptable
limits to detect a 50 % change in emissions, retrievals of the effective variance contain
uncertainties too large to detect these changes in emissions. These results may guide20

new applications of polarimetric measurements to constrain aerosol sources, and thus
reduce uncertainty in our broader understanding of the impacts of aerosols on climate.

1 Introduction

Aerosols play a significant role in Earth’s atmosphere by affecting the planet’s radia-
tive balance, cloud properties, and heterogeneous chemistry. Depending on the com-25

position and the three dimensional spatial distribution of the aerosol, incident solar
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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 ambient cloud cover via the semi-direct aerosol effect
(Hansen et al., 1997). Unfortunately, our understanding of the net radiative effects of5

atmospheric aerosol is limited by uncertainties in our knowledge of the global distribu-
tion, composition, and sources of atmospheric aerosol (Kinne et al., 2006; Schulz et
al., 2006; Forster et al., 2007; Myhre et al., 2012; 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 and10

platforms provide a range of constraints on aerosol distributions 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 detec-
tors (King et al., 1999), including the Moderate-resolution Imaging Spectroradiometer
(MODIS; Salomonson et al., 1989), Polarization and Directionality of the Earth’s Re-15

flectances (POLDER; Deschamps et al., 1994), Multi-angle Imaging SpectroRadiome-
ter (MISR; Diner et al., 1998), or the Aerosol Polarimetry Sensor (APS; Peralta et al.,
2007). Depending on the mission goals for each platform, measurements may include
only intensity observations, as is the case for the MODIS and MISR instruments, or
may include polarimetric data as well, for example the POLDER or APS instruments.20

Retrieval algorithms are used to deduce the aerosol optical depth and size distribu-
tion 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 et25

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
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retrieved quantities and inferences made from these regarding aerosol distributions
and sources.

The accuracy of remote retrieval of aerosol properties can be enhanced by utiliz-
ing measurements of the full polarimetric state of light as well as spectral measure-
ments (Chowdhary et al., 2005). Kokhanovsky et al. (2010) compared the capability5

of number of retrieval algorithms (MODIS, MISR, AATSR, and POLDER algorithms)
for determining aerosol optical depth and microphysical properties from a simulated
data set. It was found that multi-angle, multi-wavelength, polarimetric retrievals outper-
formed those which only used scattered light intensity or measurements from a sin-
gle viewing angle. Knobelspiesse et al. (2012) simulated the instrument measurement10

characteristics of MISR, POLDER, and the Aerosol Polarimetry Sensor (APS) in order
to quantify the information content of each measurement 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.15

Atmospheric chemistry and transport models, which simulate the production, loss, in-
teraction, and transport of numerous chemical species and aerosols, provide a means
of estimating the role of specific processes in determining the overall radiative impacts
of aerosols. Comparisons across models have been used to identify the contribution
to the total uncertainty owing to treatment of emissions (Textor et al., 2006), surface20

albedo and cloud distributions (Stier et al., 2007, 2013), and aerosol optical properties
and radiative transfer (Kinne et al., 2006; Myhre et al., 2012). To reduce our uncertainty
in the sources and distribution of aerosols, observations and models can be combined
through data assimilation. For example, aerosol optical depth has been assimilated
operationally to improve meteorological forecasts (Zhang et al., 2008; Benedetti et al.,25

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 measurements, or aerosol sources using intensity
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measurements, there has been less consideration of the value of polarimetric mea-
surements for deriving constraints on aerosol and aerosol precursor concentrations
or emissions. The goal of this work is to quantify the utility of polarimetric measure-
ments versus intensity based measurements for inferring aerosol microphysical prop-
erties and as a possible means of constraining aerosol emissions through use of a5

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). One simulated satellite, based on specifications of10

the MODIS instrument aboard the Aqua satellite, is constrained to intensity measure-
ments, while a second simulated satellite is assumed to be capable of polarimetric
measurements. Though typical satellite instruments capable of polarimetric measure-
ment (i.e., POLDER or APS) include multi-angle measurement capabilities, to high-
light differences in the sensitivities due to intrinsic differences in the intensity-based15

and polarized reflectance, the viewing zenith angle is constrained to zero degrees for
both the radiant and polarized reflectance calculations. The sensitivities of the top of
atmosphere (TOA) Stokes parameters, from which the reflectances are derived, to
aerosol concentrations and microphysical properties are calculated using the Vector
LInearized Discrete Ordinate Radiative Transfer (VLIDORT) model (Spurr, 2006) over20

the simulated satellite flight path. These results are used as inputs to an adjoint model
of the CTM to propagate sensitivities back to aerosol emissions. The overall model-
ing framework is described in Sect. 2, with additional background on the derivation of
the sensitivity equations provided as an Appendix. Section 3 contains specific model
configurations used in these calculations as well as details of the simulated satellite25

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 prop-
erties 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, VLIDORT (Spurr, 2006), modified to incorporate MODIS5

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.

Here we describe the basic structure and relevant inputs to the models used to cal-
culate the sensitivities of the elements of the Stokes vector. The GEOS-Chem CTM is10

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 parameters to aerosol concentration
and microphysical parameters are described. The adjoint of the GEOS-Chem model is
detailed in Sect. 2.3 along with methods for determining the sensitivity of the Stokes
parameters to emissions. From the Stokes sensitivities, we calculate the sensitivities15

of the radiant 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 mete-20

orological 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 transport time step is 30 min and aerosol concentrations are calculated
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, ammo-25

nium, and carbonaceous aerosols which are determined on a global scale using meth-
ods developed by Park et al. (2003, 2004). Simulations of mineral dust and sea salt
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aerosols are based on the works of Fairlie et al. (2007) and Alexander et al. (2005) re-
spectively. Dry deposition is calculated using a resistance in series approach (Wesely,
1990; Wang et al., 1998) and wet deposition and scavenging of aerosols and trace
gases are accounted for (Liu et al., 2001; Mari et al., 2000).

Emissions are taken from the following inventories. Global anthropogenic emissions5

of NOx, CO, and SOx are obtained from the Emissions Database for Global Atmo-
spheric Research (EDGAR; Oliver and Berdowski, 2001) which is overwritten by re-
gional emissions as follows: EMEP 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).10

Biofuel emission inventories are obtained from Yevich and Logan (2003). Contributions
from biomass burning are taken from GFED v1.2 (van der Werf et al., 2006). Emis-
sions of biogenics are taken from MEGAN version 1.2 (Guenther et al., 2006). NOx
emissions from lighting are determined using the algorithm of Price and Rind (1992).

2.2 Radiative transfer algorithm15

The Stokes vector, S, completely describes the polarization state of electromagnetic
radiation. The Stokes vector of scattered light at TOA depends upon the bulk optical
properties of the atmosphere it passes through. These properties include the extinc-
tion optical depth, τ, the single scattering albedo, ω, the scattering matrix, F, as well as
the scattering geometry (viewing angle and solar angle, relative azimuth angle). These20

bulk properties in turn depend upon the optical properties (τi , ωi , Fi ) of the individ-
ual 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 microphysical properties (Bohren and Huffman, 1983).

A total of seven aerosol species are considered in the radiative transfer calculations25

including: organic and black carbon (hydrophilic and hydrophobic), sulfate, nitrate, and
ammonium. Aerosols are approximated as spherical and Mie theory is used to calcu-
late their optical properties assuming the aerosols are externally mixed. Inputs to the
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Mie algorithm include the complex refractive index, n+ik, and the aerosol size distri-
bution. The size distribution is parameterized in this model by assuming a log-normal
distribution defined by the effective radius, reff, and the effective variance of 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 percent). The aerosol properties,5

refractive index and size parameters, are adjusted to account for water 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 calculations for all aerosol species is in-
cluded in Table 1. For the cases of hydrophilic aerosols, these parameters are shown10

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 prop-
erty inputs. The optical properties (and their corresponding derivatives) calculated by
the Mie code include the single scattering albedo, the extinction optical depth, and the
scattering matrix for each aerosol species.15

The single scattering optical properties from the Mie code and the aerosol concen-
trations 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 extinction optical depth, single scattering albedo, and scattering matrix expan-20

sion coefficients are determined for each atmospheric layer using the optical properties
for each aerosol species generated using Mie theory using methods discussed in the
Appendices A6–A8.

Molecular light scattering is calculated using applications of Rayleigh scattering the-
ory as implemented by Bodhaine et al. (1999). Refractive indices, depolarization ratios,25

and light scattering cross sections of air are first calculated using estimates of the rel-
ative composition of dry air. From these, gaseous contributions to the extinction optical
depth, single scattering albedo, and scattering matrix are estimated. A total of 20 at-
mospheric layers are used in these calculations in order to significantly reduce the
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computational requirements of the radiative transfer calculations. Aerosol concentra-
tions 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.

MODIS data used in this model are obtained from the Level 1 and Atmosphere5

Archive and Distribution System (LAADS) of the NASA Goddard Space Flight Cen-
ter. 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. Param-
eters used from the MODIS data include the viewing geometry of the satellite (viewing
angle, solar position relative to the viewing angle, and geolocation) as well as surface10

reflectivities for the 646 nm wavelength channel. The surface reflectivities used in the
radiative 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 sensi-
tivities discussed in Sect. 2.3. In this work, the zenith angle was constrained to zero15

degrees for both the intensity and polarimetric calculations of the reflectances. A brief
discussion of the effects of including multiple viewing angles in these sensitivity stud-
ies is included in Sect. 5. Calculations of the TOA Stokes parameters and 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 computational tractability to20

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 only25

the first term in the expansion (Spurr, 2006). For this work, we examined the sensitivi-
ties of both the radiant reflectance, RI, as well as the polarized reflectance, Rp. These
quantities are defined in terms of the Stokes parameters in the Appendices A3–A4.
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In the following derivations, we will use R to mean either the radiant or the polar-
ized reflectance in cases where equivalent expressions exist for each. The derivatives
of the Stokes parameters are used to calculate the derivatives 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 reflectance5

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)10

where xi represents any of ni , ki , RI, and σi and the subscript i is the aerosol species.
Evaluation of the terms on 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 sensitivities with respect to emissions. In general, an adjoint model15

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 model20

parameters. Following the work of Henze et al. (2007, 2009), let cn 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)
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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,

∇cn
J =
(
∂J
∂cn

)T
=
∑N

n′=n

(
∂Jn′

∂cn

)T

≡ λnc (4)

where λnc is the adjoint state variable. Using the chain rule, Eq. (4) can be expanded to5

show the dependence of the cost function to concentrations at all earlier time steps,

λnc =
[
∂cn+1

∂cn

]T
λn+1

c +
(
∂Jn

∂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, is10

to initialize the adjoint variable at the final time step (the adjoint forcing, λNc ), and then
apply Eq. (5) iteratively for n = N, N −1, . . .1.

For this work, the cost function is defined as the spatio-temporal average of all model
predictions for the TOA radiant reflectance or polarized reflectance calculated in the
radiative transfer model as discussed in Sect. 2.2.15

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)
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where NRT is the number of radiative calculations of the polarization or intensity used in
the adjoint calculations and the summation n is over the temporal and spatial extent of
the radiative transfer calculations, i.e., over each simulated observation throughout the
two week time period of the simulation. As can be seen in Eq. (7), it is first necessary
to calculate the sensitivities with respect to the aerosol concentrations (Eq. 1). in order5

to determine the adjoint forcing terms.

3 Model configurations

Here we describe model settings, input parameters, and simulated observations that
were used in the model runs. All simulations spanned a two week period running from
1 April 2008 to 15 April 2008. Aerosol concentrations for seven aerosol species are10

calculated by GEOS-Chem on a 4◦ ×5◦ resolution global grid. The full Stokes vector at
TOA along with its relevant Jacobian matrix is calculated over the two week timeframe.
Data is constrained to regions over N. America. Surface 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-spaced15

simulated satellite observation grids discussed below.
Two different simulated observation grids are used in the radiative transfer calcula-

tions (see Fig. 3) in order to model typical instrumental specifications from satellites
able to make intensity based (MODIS, MISR) or polarimetric observations (POLDER,
APS). The first is an evenly spaced grid where pixels are sampled from every 20th col-20

umn and 20th row of the MODIS native grid. This grid will be referred to as the Wide-
Swath grid. A second grid is generated 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 approach would have been to approximate the much
wider observational swath of the POLDER instrument, ∼1600 km (Fougnie et al., 2007;25

Tanre 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 a polarimetric as opposed to
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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 TOA Stokes parameters are then calculated, one for each grid.
In each case, each pixel in each of the simulated observation grids is forced to pass5

quality assurance tests (no null data, reasonable signal levels, etc.) prior to being used
in the calculations.

For calculations of the sensitivities of the Stokes parameters to aerosol and aerosol
precursor emissions, discussed in Sect. 2.3, the adjoint model is run twice, once for
each simulated satellite observation grid. The cost function, J , is defined based on10

the type of grid used in the radiative transfer calculations; see Eq. (6)–(7). For the
Wide-Swath grid, the cost function is set equal to the average radiant reflectance 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, the15

polarized reflectance, rather than the radiant reflectance, is used for the cost function.
Since this grid is narrower, fewer pixels were available for use in the radiative transfer
calculations, NRT = 91.

4 Results

4.1 Sensitivity validation20

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

dR
dC

≈
R(C+δC)−R(C−δC)

2δC
(8)25
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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 atmospheric layer and for
a number of aerosol species. For these tests, the perturbations to the concentrations
were of the order δ = 0.005–0.2 depending on the aerosol species. The magnitude5

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 re-
flectance and larger perturbations were therefore necessary to cause numerically sig-
nificant changes in the reflectance.10

Validation tests were also performed for the sensitivities to microphysical properties.
For these tests, a single microphysical property (n, k, reff, or σ) input to the Mie code
was perturbed for one aerosol species. The magnitude of these perturbations ranged
from δ = 0.05–0.2 depending on the aerosol species and the microphysical property
being perturbed. The new perturbed Mie output was then used in the radiative trans-15

fer 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 a 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 trans-20

port was disabled in order to evaluate FD sensitivities in multiple columns simultane-
ously. 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 approxi-
mation 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,25

the sensitivities have been normalized by the magnitude of the reflectance and by the
aerosol concentrations or emissions were applicable. The first row shows the agree-
ment between the model results (x-axis) and the finite difference tests (y-axis) for

the sensitivities of the TOA polarized reflectance to aerosol concentrations,
dRp

dC , for
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hydrophilic black carbon and sulfate. Results from the perturbations of the aerosol mi-

crophysical properties,
dRp

dx , are shown in the second row. Sensitivities 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 distribution for organic
carbon on the right. The bottom row contains the validations of the sensitivities to5

emissions,
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 out-
liers that can be expected from finite difference approximations of systems containing
nonlinearities and discontinuities.10

4.2 Sensitivities to aerosol concentrations

The column integrated aerosol concentrations, as calculated by the GEOS-Chem
model, are shown in Fig. 5. The values shown are the average concentrations over
the entire two week time period of the model run. The normalized sensitivities of the

polarized reflectance to the aerosol concentration, Ci
Rp

dRp

dCi
, of four aerosol species are15

shown in Fig. 6. The results include all pixels used in the calculations over a two week
period (i.e., multiple satellite overpasses and multiple 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 sensitivities of the TOA Stokes
parameters and reflectances to aerosol concentration and microphysical properties20

were calculated at 20 atmospheric layers. 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).

Ci

R
dR
dCi

=
1
R

20∑
L=1

Ci (L)
dR

dCi (L)
(9)
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Above, L denotes the atmospheric layers and Ci (L) is the concentration at layer L.
Equivalent normalized summations have been used in reporting the sensitivities to the
aerosol microphysical properties. The sensitivities to aerosol concentrations, averaged
over N. America for the entire 2 week time period for each of the grids, are given in
Table 2. All sensitivities given have been scaled by a factor of 100 for clarity.5

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 comparative purposes. In each case, the polarized
reflectance sensitivity to aerosol concentrations tends to be negative, i.e., increasing10

aerosol concentrations in the atmosphere are expected to decrease the degree of po-
larization of TOA reflected light. There does appear to be some degree of spatial vari-
ability in these sensitivities, with slightly higher magnitude 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 parame-15

ters, from which the reflectances are derived, are dependent on the viewing geometry,
specifically the azimuthal viewing angle since the zenith viewing angles are constrained
to nadir views only. Though some of the variability seen in the sensitivities in Fig. 6a is
due to spatial variations in surface reflectivities, it is primarily due to the dependence
of the Stokes parameters on viewing geometry, with some viewing angles producing20

higher sensitivities to the aerosol concentrations. It was seen in these calculations that
large azimuthal angles (measured from the satellite flight path) tend to produce sen-
sitivities 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 Narrow-Swath satellite25

grid, Fig. 6b. In this case only pixels directly below the satellite were used in the cal-
culations; 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 sensitivities are much smaller for all aerosol species.
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Similar calculations were made for the sensitivities of the radiant reflectance to the
aerosol properties. These results 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 is aerosols that have large optical absorptance, i.e.,
large imaginary refractive index, such as black carbon. In most cases, dRI

dC is positive5

– 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 absorbing
aerosols, where dRI

dC is negative, and increasing the concentration leads to an attenua-
tion of TOA reflected light intensity.

Given that remote retrievals of aerosol concentrations are dependent upon assump-10

tions of aerosol microphysical properties, calculations of the sensitivities of the radiant
and polarized reflectances to aerosol size and optical properties are performed using
both the narrow and wide swath grids respectively. The sensitivities to aerosol micro-
physics are not reported, but are used later in determining estimates of the allowable
uncertainties in the aerosol microphysical properties that would be required for con-15

straining 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 aerosol emissions, Ei

RI

dRI
dEi

, for the Wide-
Swath grid. Sensitivities are shown with respect to SO2, NH3, organic carbon and black20

carbon (hydrophilic and hydrophobic) emissions. Here SO2 is linked to the formation
of sulfate 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 north-25

eastern United States and over southern Mexico. These regions tend to have higher
emissions and therefore higher aerosol concentrations, Fig. 5. It is therefore expected
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that these regions will have slightly higher sensitivities due to the normalization factor.
The calculated radiant reflectances also show some dependence on emissions from
south-eastern 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 et5

al., 2012, 2013).
The calculations of the average TOA polarized reflectance sensitivities to global

emissions, Ei
Rp

dRp

dEi
, are given in Fig. 9. For these calculations, the Narrow-Swath grid

is used in the radiative transfer equations. The spatial distribution of these sensitivities
is similar to that which was seen in Fig. 8 with the highest sensitivities to emissions10

of sulfur dioxide and the carbonaceous 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 reflectances, the average polarized reflectance
over N. America is dependent on emissions from Eastern Asia. These sensitivities to
intercontinental emissions are particularly strong for ammonia and hydrophobic black15

carbon emissions.
In order to perform a qualitative comparison between the sensitivities of the radi-

ant reflectances calculated on the Wide-Swath to the polarized reflectances calculated
on the Narrow-Swath grid, the ratio of the magnitude of the normalized polarized re-
flectance sensitivity to the normalized radiant reflectance sensitivity is given in Fig. 10.20

In generating these ratios, small values (ϑ10−6) are excluded to avoid infinities which
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 radiant reflectance by a factor ∼3
for sulfur dioxide, ammonia, and organic carbon. In the case of these weakly absorb-25

ing aerosols, the ratio tends to be large for simulated measurements over the central
United States. This corresponds to regions with lower aerosol concentrations as well as
higher surface reflectivities, see Figs. 5 and 2 respectively. However, lower values of the
ratio are seen in the Caribbean. Here, the aerosol concentrations are again relatively

5464

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 5447–5493, 2013

The GEOS-Chem
adjoint model

B. S. Meland et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

low, but the surface reflectivities in this case are much lower. This suggests variations
in this ratio some contribution from differences in the surface albedo. For the absorb-
ing 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 a5

given percent change in the aerosol concentrations was small for the highly scattering
aerosols, but larger for absorbing aerosols when compared to the polarized 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 et10

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 polarimetric measure-
ments. If the sensitivities of the simulated polarimetric and intensity based measure-
ments are combined, the differences in the measuring capabilities of the two simulated15

satellites would be enhanced.

4.4 Maximum allowable uncertainties in aerosol properties

Though the primary focus of this work is examining the dependence of the radiant and
polarized reflectances on aerosol emissions, both of these quantities are also functions
of aerosol microphysical properties, wavelength, and viewing geometry (see Sect. 2.2).20

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 properties) assumed in our model. We quantify this by determining the
maximum uncertainties allowable in the input parameters that would still enable us25

to detect some predetermined change in the aerosol emissions, e.g., the maximum
uncertainty in the input radius for sulfate aerosols that would result in smaller changes
to the TOA reflectance than a 50 % change in sulfate aerosol emissions.
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Let ∆x be the uncertainty in one of the aerosol input parameters, x. The uncertainty
in the calculated reflectance due to uncertainties in x is then

∆Rx = ∆x
dR
dx

(10)

The goal is to find ∆Rx ≤∆RE , where ∆RE is the uncertainty in the reflectance due
to some set change in the aerosol emissions. Let the percent change in the aerosol5

emissions we would like to detect be given by εE , where ∆E = ±εEE . The percentage
uncertainty in the aerosol parameter x is then

εx =
∆x
x

≤ ∆E
x

(
dR
dE

)(
dR
dx

)
−1

(11)

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 parameters10

(niki reff,iνeff,i ) for each aerosol species were calculated for each pixel on the Wide-
Swath grid, using RI in Eq. (11), and the Narrow-Swath grid, using Rp in Eq. (11). 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 imaginary refractive
index, k, for nonabsorbing aerosols).15

For nearly all cases it is necessary to constrain the model input parameters to
a higher degree of accuracy when performing the polarized reflectance calculations
than is required for the radiant reflectance. This is expected as the polarized re-
flectance sensitivities tend to be higher than those of the radiant reflectance sen-
sitivities as was seen in Sect. 4.3. Mishchenko et al. (2004) found that values of20

εr = 10%, εν = 50%, andεn = 1.5% are required for radiative forcing calculations that
will be able to determine aerosols contributions to the Earth’s total energy balance.
The values predicted here for constraining aerosol emissions using polarimetric mea-
surements are within these constraints for the average uncertainty in the real refrac-
tive index (εn = 4%), but are much smaller for the average uncertainty in the effec-25

tive radius (εr = 3%) and the average uncertainties allowed in the effective variance
5466

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 5447–5493, 2013

The GEOS-Chem
adjoint model

B. S. Meland et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

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 products
from the Glory satellite if its mission had been successful; which were estimated to
be εr = 10%, εν = 40%, andεn = 1.5% (Mishchenko et al., 2007). However, as was
discussed in Sect. 4.3, the radiant reflectance information is often available with the5

polarized reflectance in a typical remote sensing measurement. For these calculations,
the uncertainty limitations on the effective radius are met by when using the radiant
reflectance, εr = 25%, though again not for the variance (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 distribution of the aerosols, pos-10

sibly achieved through improvements in the inversion algorithms used to derive those
estimates or in the accuracy of the measurements themselves, in order to provide the
50 % accuracies for constraining aerosol emissions for all of the species discussed
here.

5 Discussion and conclusions15

A series of simulations were performed to assess the value of remote sensing mea-
surements, 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 capa-20

ble of polarimetric measurements and could determine the polarized reflectance at the
TOA. The ability to make polarimetric 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 polarimetric25

measurement platform by incorporating the use of a spatially limited observation grid

5467

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 5447–5493, 2013

The GEOS-Chem
adjoint model

B. S. Meland et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

for the polarimetric calculation to quantify the utility of using polarimetric measurements
versus intensity based observations for constraining aerosol emissions.

It was found, for nonabsorbing aerosols, that the sensitivity of TOA polarized re-
flectance is a factor of ∼3 times more sensitive to aerosol emissions than that of TOA
radiant reflectance even though the intensity calculations had a much larger spatial5

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 compo-
nent of the refractive index. For these cases, it should be noted that instrumentation
that is capable of polarimetric measurements tend to be also capable of intensity mea-10

surements, e.g., Glory or PARASOL (Fougnie et al., 2007; Mishchenko et al., 2007),
as the radiant 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 calculations. It would be conceivable to adjust any calculations for strongly
absorbing aerosols, such as black carbon, to combine radiant and polarized reflectance15

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
measurements. It should be noted that including multiple viewing angles significantly
increases the amount of information content in remote sensing measurements and al-20

lows for better retrieval of aerosol properties over an otherwise similar set of measure-
ments with only one viewing angle (Kokhanovsky et al., 2010). A series of preliminary
calculations of the polarimetric sensitivities to aerosol emissions have been performed
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 angle25

(i.e., no slant columns). It was found that by including these additional angles, the frac-
tional change in the polarized reflectance for a given fractional change in the radiant
reflectance increased by a factor of ∼1.5 on average for different aerosol species. This
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suggests that the use of multiple viewing angles could significantly improve our ability
to constrain aerosol emissions in future work.

Future work on this project will focus on incorporating satellite polarimetric measure-
ments, such as those from the POLDER instrument (Tanre et al., 2011), into the adjoint
model as a way of more accurately determining aerosol emissions.5

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 formula-
tion of the reflectance and the calculation of its derivatives with respect to the aerosol10

optical and microphysical properties. A detailed discussion of radiative transfer theory
and aerosol single scattering properties, which are necessary for the calculation of
the Stokes vector, is beyond the scope of this article. An analysis of radiative trans-
fer theory as well as approaches for determining both analytic and numeric solution
strategies for the radiative transfer equation are presented in a wide body of literature15

(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 ensemble 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 radiation is described by the four20

components of the Stokes vector, S,

S =


I
Q
U
V

 (A1)
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where I describes the intensity, Q and U describe the degree of linear polarization (at
±90◦ and ±45◦ relative to a reference plane, respectively), and V 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)5

where I0 is the incident solar intensity to the Earth and µ 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)

10

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 contribution tends to be negligible in atmospheric radiative
transfer. In the following derivations, we will refer to both RI and Rp using a general
reflectance value, R, for cases where equivalent equations exist for both quantities.15

The polarization state of scattered light in the atmosphere 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)20

τ =
∑

i
τi (A6)
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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 atmospheric5

layer. As discussed in Tegen and Lacis (1996), the extinction optical depth for each
aerosol species can be calculated from the real and imaginary components of the
refractive indices, n and k, the effective radius and variance of the aerosol size distri-
bution, reff (m) and νeff, and the aerosol column mass concentration, C (kg m−2). The
extinction efficiency is given by Qext (unitless) and the particle density by ρ (kg m−3).10

τi =
3
4

CiQext,i (RH)

ρi reff,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 (refractive indices) properties of the scattering particles in
these interactions and hence

R = R(niki reff,iνeff,iCi ) (A10)15

The sensitivity of the reflectance to the various aerosol properties can now be cal-
culated 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 the i th aerosol species,

dR
dCi

=
∂R
∂ω

dω
dCi

+
∂R
∂τ

dτ
dCi

+
∂R
∂F

dF
dCi

(A11)20
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The partial derivatives of the reflectance are calculated numerically 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 concentrations were
determined from Eqs. (A6)–(A9).

dτ
dCi

=
3
4

Qext,i (RH)

ρi reff,i (RH = 0%)

( reff,i (RH)

reff,i (RH = 0%)

)2

(A12)5

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 and10

optical properties (n,k, reff, and σ), the derivatives are again first expanded using the
chain rule. In the following let xi represent any of ni ,ki , reff,i , and σi .

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 numerically in the VLIDORT model

along with the derivatives dωi
dxi

, dτi
dxi

, and dFi
dxi

. The derivatives of the total optical parame-15

ters with respect to the aerosol species specific parameters (i.e., ∂ω
∂ωi

, ∂τ
∂τi

, and ∂F
∂Fi

) are
determined analytically from Eqs. (A6)–(A8).

∂ω
∂ωi

=
τi
τ

(A16)
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∂τ
∂τi

= 1 (A17)

∂F
∂Fi

=
τiωi

τω
(A18)
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A., and Lopatin, A.: Statistically optimized inversion algorithm for enhanced retrieval of
aerosol properties from spectral multi-angle polarimetric satellite observations, Atmos. Meas.
Tech., 4, 975–1018, doi:10.5194/amt-4-975-2011, 2011.

Fairlie, T. D., Jacob, D. J., and Park, R. J.: The impact of transpacific transport of mineral dust
in the United States, Atmos. Environ., 41, 1251–1266, 2007.30

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood, J., Lean,
J., Lowe, D. C., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland, R.:
Changes in Atmospheric Constituents and in Radiative Forcing, in: Climate Change 2007:

5474

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2006GB002840
http://dx.doi.org/10.1117/12.631201
http://dx.doi.org/10.1029/2001GL014506
http://dx.doi.org/10.5194/acp-8-209-2008
http://dx.doi.org/10.5194/amt-4-975-2011


AMTD
6, 5447–5493, 2013

The GEOS-Chem
adjoint model

B. S. Meland et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, edited by: Solomon, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 2007.

Fougnie, B., Bracco, G., Lafrance, B., Ruffel, C., Hagolle, O., and Tinel, C.: PARASOL in-flight5

calibration and performance, Appl. Opt., 46, 5435–5451, 2007.
Giering, R. and Kaminski, T.: Recipes for Adjoint Construction, ACM Trans. Math. Softw., 24,

437–474, 1998.
Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. I., and Geron, C.: Estimates

of global terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and10

Aerosols from Nature), Atmos. Chem. Phys., 6, 3181–3210, doi:10.5194/acp-6-3181-2006,
2006.

Hansen, J., Sato, M., Lacis, A., and Ruedy, R., The missing climate forcing, Philos. Trans. Roy.
Soc. Lond. B, 352, 231–240, doi:10.1098/rstb.1997.0018, 1997.

Henze, D. K., Hakami, A., and Seinfeld, J. H.: Development of the adjoint of GEOS-Chem,15

Atmos. Chem. Phys., 7, 2413–2433, doi:10.5194/acp-7-2413-2007, 2007.
Henze, D. K., Seinfeld, J. H., and Shindell, D. T.: Inverse modeling and mapping US air quality

influences of inorganic PM2.5 precursor emissions using the adjoint of GEOS-Chem, Atmos.
Chem. Phys., 9, 5877–5903, doi:10.5194/acp-9-5877-2009, 2009.
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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
and νeff, 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
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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
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Table 3. Maximum allowable relative uncertainties in the microphysical properties of each
aerosol species required to constrain aerosol emissions within a factor of 50 % for that species.
Results are given assuming intensity based measurements, assuming a Wide-Swath Grid, in
(a) and polarimetric based measurements, assuming a Narrow-Swath Grid, in (b). All values
are given as a percentage uncertainty. Values reported as NA were not calculated as those
values were effectively zero in the radiative transfer calculations.

(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)

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
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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.
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Fig. 2. Surface reflectivities over N. America for 646 nm incident radiation. Reflectivities have
been averaged over the two week period of the model run.
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Fig. 3. Simulated satellite grids used in the radiative transfer calculations. The Wide-Swath grid
(blue) is based on the MODIS instrument specifications and was used for the intensity based
calculations. The Narrow-Swath grid (red) is based on the APS instrument aboard the failed
Glory satellite and is used for polarimetric based calculations.
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Fig. 4. Model validation comparing analytic model results (x-axis) to finite difference calcula-
tions (y-axis). Validation for the normalized sensitivity of the polarized reflectance to aerosol
concentration is shown (top row) for hydrophobic black carbon (left) and sulfate 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 am-
monium (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).
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Fig. 5. Aerosol concentrations (kg m−2) for sulfate and ammonium (top row), hydrophilic and hy-
drophobic organic carbon (middle row), and hydrophilic and hydrophobic black carbon (bottom
row). The concentrations have been scaled (scaling factors shown for each plot) for clarity.
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Fig. 6. Column integrated normalized sensitivities (Eq. 9) of the TOA polarized reflectance
to aerosol concentrations of sulfate, ammonium, and hydrophilic organic and black carbon.
Sensitivities for organic and black carbon have been scaled by factors of 5 and 25 respectively
for clarity. Results are given for radiative transfer calculations based on both the Wide-Swath
grid (a) and the Narrow-Swath grid (b).
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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. Sensitivities for ammonium and
organic and black carbon have been scaled by a factor of 5 for clarity. Results are given for
radiative transfer calculations based on the Wide-Swath grid.

5490

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/5447/2013/amtd-6-5447-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 5447–5493, 2013

The GEOS-Chem
adjoint model

B. S. Meland et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

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

dRI

dE , for sulfur
dioxide and ammonia (top row), hydrophilic and hydrophobic organic carbon (middle row), and
hydrophilic and hydrophobic black carbon (bottom row). The sensitivities have been scaled
(scaling factors shown for each plot) for clarity. Radiative transfer calculations were performed
using the Wide-Swath grid.
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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). The sensitivities have been scaled
(scaling factors shown for each plot) for clarity. Radiative transfer calculations were performed
using the Narrow-Swath grid.
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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 dioxide and ammonia (top row), hydrophilic and hydrophobic organic carbon (middle
row), and hydrophilic and hydrophobic black carbon (bottom row).
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