Atmos. Meas. Tech., 6, 3443457, 2013 Atmospheric [e
www.atmos-meas-tech.net/6/3441/2013/ g
doi:10.5194/amt-6-3441-2013 Measurement z
© Author(s) 2013. CC Attribution 3.0 License. Techniques §

Assessing remote polarimetric measurement sensitivities to aerosol
emissions using the geos-chem adjoint model

B. S. Meland!, X. Xu?, D. K. Henze!, and J. Wang?

LUniversity of Colorado — Boulder, Mechanical Engineering Dept., Boulder, CO 80309, USA
2University of Nebraska — Lincoln, Dept. of Earth and Atmospheric Sciences, Lincoln, NE 68588, USA

Correspondence tdB. S. Meland (brian.meland@du.edu)

Received: 5 April 2013 — Published in Atmos. Meas. Tech. Discuss.: 19 June 2013
Revised: 5 November 2013 — Accepted: 6 November 2013 — Published: 10 December 2013

Abstract. Uncertainties in aerosol sources, microphysicall Introduction
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- A€rosols play a significant role in Earth’s atmosphere by af-
metric measurements for constraining aerosol and aerosdfcting the planet's radiative balance, cloud properties, and
precursor emissions in light of these uncertainties. A modelh€terogeneous chemistry. Depending on the composition and
that incorporates a radiative transfer model with forward andthe three-dimensional spatial distribution of the aerosol, inci-
adjoint chemical transport models has been applied to quandent solar radiation may be scattered or absorbed, resulting in
tify the sensitivity of the reflectance at the top of am~,ospherepositive or negative direct radiative forcing. Indirect aerosol
over land to aerosol emissions and microphysical propertieséffects include changes in microphysical properties and life-
A set of simulated satellite observations, one intensity basedimes of clouds by serving as cloud condensation nuclei, and
and one capable of polarimetric measurements, are used {gdiative absorption due to aerosols can also alter the ambi-
illustrate differences in the assimilation potential between€nt cloud cover via the semi-direct aerosol effect (Hansen et
the two. It is found that the sensitivity of the polarized re- al., 1997). Unfortunately, our understanding of the net radia-
flectance to aerosol and aerosol precursor emissions tends ttye effects of atmospheric aerosol is limited by uncertainties
be significantly higher than that of the intensity for cases ofin our knowledge of the global distribution, composition, and
non-absorbing aerosols. This is true even when the polariSOUrces of atmospheric aerosol (Kinne et al., 2006; Schulz et
metric sampling scheme is spatially sparser than that of thél-» 2006; Forster et al., 2007; Myhre et al., 2013; Stier et al.,
intensity sampling. This framework allows us to quantify up- 2013).
per limits on the uncertainties in the aerosol microphysical In situ and remote sensing measurements provide a means
properties for which a 50 % change in aerosol emissions i9f reducing uncertainty in our understanding of aerosol
detectable using these simulated observations. It was fountfdiative forcing. Multiple observation networks and plat-
that although typical current remote sensing instrumentatiorforms provide a range of constraints on aerosol distribu-
provides retrievals of the refractive index and effective ra-tions and microphysical properties. Aerosol concentrations
dius with accuracies within acceptable limits to detect a 50 %are measured from both ground-based, such as the AErosol
change in emissions, retrievals of the effective variance conRObotic NETwork (AERONET:; Holben et al., 1998), and
tain uncertainties too large to detect these changes in emigatellite based detectors (King et al., 1999), including the
sions. These results may guide new applications of polariModerate-resolution Imaging Spectroradiometer (MODIS;
metric measurements to constrain aerosol sources, and thlomonson et al., 1989), Polarization and Directionality of
reduce uncertainty in our broader understanding of the imthe Earth’s Reflectances (POLDER; Deschamps et al., 1994),
pacts of aerosols on climate. 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 ithere has been less consideration of the value of polarimetric
the case for the MODIS and MISR instruments, or may in- measurements for deriving constraints on aerosol and aerosol
clude polarimetric data as well, for example the POLDER precursor concentrations or emissions. The goal of this work
or APS instruments. Retrieval algorithms are used to deducés to quantify the utility of polarimetric measurements versus
the aerosol optical depth and size distribution informationintensity based measurements for inferring aerosol micro-
from the measured signal (e.g., Remer et al., 2005; Dubovikphysical properties and as a possible means of constraining
et al., 2011). These retrievals rely on a priori assumptionsaerosol emissions through use of a simulated set of remote
of aerosol optical properties, size distributions, and shapesatellite measurements. We consider two sets of simulated
which may differ between retrieval algorithms. For instance,remote sensing observations, both derived from a flight path
the POLDER retrieval assumes spherical aerosol particles iclosely aligned with that of two former satellites capable of
its inversion (Deuze et al., 2000) whereas the AERONET skypolarimetric measurements: PARASOL (part of the A-train
retrieval algorithm assumes either spherical (Dubovik andbetween 2004 and 2009) (Fougnie et al., 2007) and that of
King, 2000) or spheroidal (Dubovik et al., 2002) particles the failed Glory satellite (Mishchenko et al., 2007). The sim-
depending on the particle size. These different assumptionalated observations of the TOA reflectances were constrained
may lead to discrepancies between retrieved quantities antb be located over N. America and were thus all over land.
inferences made from these regarding aerosol distribution@\ll simulated observations and radiative transfer calculations
and sources. were made at a wavelength of 650 nm. One simulated satel-

The accuracy of remote retrieval of aerosol propertieslite, based on specifications of the MODIS instrument aboard
can be enhanced by utilizing measurements of the full pothe Aqua satellite, is constrained to intensity measurements,
larimetric state of light as well as spectral measurementsvhile a second simulated satellite is assumed to be capable of
(Chowdhary et al., 2005). Kokhanovsky et al. (2010) com- polarimetric measurements. Though typical satellite instru-
pared the capability of a number of retrieval algorithms ments capable of polarimetric measurements (i.e., POLDER
(MODIS, MISR, AATSR, and POLDER algorithms) for de- or APS) include multi-angle measurement capabilities, to
termining aerosol optical depth and microphysical proper-highlight differences in the sensitivities due to intrinsic dif-
ties from a simulated data set. It was found that multi-angle ferences in the intensity-based and polarized reflectance, the
multi-wavelength, polarimetric retrievals outperformed thoseviewing zenith angle is constrained to zero degrees for both
that only used scattered light intensity or measurements fronthe radiant and polarized reflectance calculations. This may
a single viewing angle. Knobelspiesse et al. (2012) simu-not be an unrealistic constraint on these calculations as there
lated the instrument measurement characteristics of MISRis currently a polarimetric sensor that is only able to mea-
POLDER, and the Aerosol Polarimetry Sensor (APS) in or-sure the polarized reflectance from a single viewing angle,
der to quantify the information content of each measure-the Global Ozone Monitoring Experiment (GOME-2) instru-
ment technique and to determine the sensitivity of each set ofnent on board the MetOp-A and MetOp-B satellites (Callies
measurements to aerosol properties. It was again found thatdt al., 2000). We have explored changes to the sensitivities re-
multi-angle, spectral, polarimetric measurements were mossulting from the implementation of multiple viewing angles
capable of accurate aerosol retrieval. in the polarimetric simulated satellite, though do not present

Atmospheric chemistry and transport models, which simu-a rigorous treatment of that case in this work.
late the production, loss, interaction, and transport of numer- The single particle light scattering properties of the
ous chemical species and aerosols, provide a means of es&erosols were calculated using the Mie theory and assume
mating the role of specific processes in determining the overspherical particles. The sensitivities of the top of atmosphere
all radiative impacts of aerosols. Comparisons across model§TOA) Stokes parameters, from which the reflectances are
have been used to identify the contribution to the total uncer-derived, to aerosol concentrations and microphysical proper-
tainty owing to treatment of emissions (Textor et al., 2006), ties are calculated using the Vector Linearized Discrete Or-
surface albedo and cloud distributions (Stier et al., 2007 dinate Radiative Transfer (VLIDORT) model (Spurr, 2006)
2013), and aerosol optical properties and radiative transfepver the simulated satellite flight path. These results are used
(Kinne et al., 2006; Myhre et al., 2013). To reduce our un-as inputs to an adjoint model of the CTM to propagate sen-
certainty in the sources and distribution of aerosols, observasitivities back to aerosol emissions. The overall modeling
tions and models can be combined through data assimilatiorframework is described in Sect. 2, with additional back-
For example, aerosol optical depth has been assimilated oground on the derivation of the sensitivity equations provided
erationally to improve meteorological forecasts (Zhang et al.,as an Appendix. Section 3 contains specific model configura-
2008; Benedetti et al., 2009), and radiances have been used tions used in these calculations as well as details of the sim-
constrain emissions of aerosols and aerosol precursors (e.gilated satellite observations. Results are included in Sect. 4,
Dubovik et al., 2008; Wang et al., 2012). followed by discussion and conclusions in Sect. 5.

While these previous works focused on constraining
aerosol properties using polarimetric remote sensing mea-
surements, or aerosol sources using intensity measurements,
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Determination of the sensitivity of the TOA reflectance to
atmospheric aerosol properties and emissions is performec
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 - e
from the Aqua satellite, MARIA (MODIS AOD Retrieval by E o, F Sensitivity
an Improved Algorithm) (Wang et al., 2010), and a linearized Calclstions
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 correrig. 1. Flow chart of the chemical transport, radiative transfer, and

spond to the model calculations, and green boxes represeﬁﬂjoint models used in this work. Red boxes correspond to external
model outputs. model inputs, blue to the model itself, and green for model resullts.
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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. 2.1linventories are used over Europe, BRAVO over Mexico,
In Sect. 2.2, the radiative transfer model and the methods fobtreet et al. (2006) over S.E. Asia, CAC over Canada,
the calculation of the sensitivity of the TOA Stokes param- NEI 2005 over the United States, and global emissions of
eters to aerosol concentration and microphysical parametersarbonaceous aerosols are from Bond et al. (2007). Bio-
are described. The adjoint of the GEOS-Chem model is defuel emission inventories are obtained from Yevich and Lo-
tailed in Sect. 2.3 along with methods for determining the gan (2003). Contributions from biomass burning are taken
sensitivity of the Stokes parameters to emissions. From thédrom GFED v2 (van der Werf et al., 2006). Emissions of bio-
Stokes sensitivities, we calculate the sensitivities of the radi-genics are taken from MEGAN v1.2 (Guenther et al., 2006).
ant reflectance and polarized reflectance to aerosol loadindgYOx emissions from lighting are determined using the algo-
emissions, and microphysical properties. rithm of Price and Rind (1992).

2.1 GEOS-chem 2.2 Radiative transfer algorithm

Atmospheric aerosol concentrations are calculated using th&he Stokes vectol§, completely describes the polarization
GEOS-Chem global three-dimensional chemical transporstate of electromagnetic radiation. The Stokes vector of scat-
model (Bey et al., 2001) driven by GEOS-5 meteorologicaltered light at TOA depends upon the bulk optical properties
reanalysis fields from the Global Modeling and Assimilation of the atmosphere it passes through. These properties include
Office (GMAO), degraded to4x 5° horizontal resolution on  the extinction optical depth;, the single scattering albedo,
a 47 layer vertical grid extending up to 0.01 hPa. The trans-w, the scattering matrixF, as well as the scattering geom-
port time step is 30 min and aerosol concentrations are caletry (viewing angle and solar angle, relative azimuth angle).
culated for each hour of the simulations. Model simulationsThese bulk properties in turn depend upon the optical prop-
include gas-phase N@Ox-VOC photochemistry (Bey et al., erties ;, w;, F;) of the individual aerosol and molecular
2001) coupled with formation of sulfate, nitrate, ammonium, species present in the atmospheric column through which
and carbonaceous aerosols, which are determined on a globtile light passes. The species specific optical properties are
scale using methods developed by Park et al. (2003, 2004¥further dependent on the aerosol concentrations and micro-
Simulations of mineral dust and sea salt aerosols are based grhysical properties (Bohren and Huffman, 1983).
the works of Fairlie et al. (2007) and Alexander et al. (2005) A total of seven aerosol species are considered in the radia-
respectively. Dry deposition is calculated using a resistanceive transfer calculations including organic and black carbon
in series approach (Wesely, 1989; Wang et al., 1998) and wethydrophilic and hydrophobic), sulfate, nitrate, and ammo-
deposition and scavenging of aerosols and trace gases are atium. Aerosols are approximated as spherical and the Mie
counted for (Liu et al., 2001; Mari et al., 2000). theory is used to calculate their optical properties assuming
Emissions are taken from the following inventories. the aerosols are externally mixed. Inputs to the Mie algo-
Global anthropogenic emissions of NGCO, and SQ are  rithm include the complex refractive index+ ik, and the
obtained from the Emissions Database for Global Atmo-aerosol size distribution. The size distribution is parameter-
spheric Research (EDGAR; Olivier and Berdowski, 2001), ized in this model by assuming a log-normal distribution de-
which is overwritten by regional emissions as follows: EMEP fined by the effective radiuggs;, and the effective variance of

www.atmos-meas-tech.net/6/3441/2013/ Atmos. Meas. Tech., 6, 38457, 2013



3444 B. S. Meland et al.: Assessing remote polarimetric measurement sensitivities

the size distributionyesr. These Mie calculations are repeated (viewing angle, solar position relative to the viewing an-
for seven different values of the relative humidity, RH (0, 50, gle, and geolocation) as well as surface reflectivities for the
70, 80, 90, 95, and 99 %). The aerosol properties, refractive646 nm wavelength channel. The surface reflectances from
index and size parameters, are adjusted to account for waviODIS are used to constrain the amplitude of the surface
ter uptake on the surface of the particles for each RH valuereflectance and a bidirectional reflectance distribution func-
These RH dependent aerosol parameters are taken from thi®n, BRDF, is calculated by a VLIDORT subroutine in or-
Global Aerosol Data Set (GADS) (Martin et al., 2003). A der to account for surface geometry effects (shading, view-
complete list of these input parameters used in these calculdang angle, etc.). The surface reflectivities used in the radia-
tions for all aerosol species is included in Table 1. For thetive transfer calculations are shown in Fig. 2. These values
cases of hydrophilic aerosols, these parameters are showmave been averaged over the over the two weeks of the model
for 70% RH. The Mie code used here is linearized and isrun. For this figure, the reflectivities have been degraded to
able to numerically calculate the derivatives (Jacobians) o#4° x 5° horizontal resolution for comparison with the adjoint
the optical properties with respect to the aerosol property in-sensitivities discussed in Sect. 2.3. In this work, the zenith
puts. The optical properties (and their corresponding derivaangle was constrained to zero degrees for both the intensity
tives) calculated by the Mie code include the single scatter-and polarimetric calculations of the reflectances. A brief dis-
ing albedo, the extinction optical depth, and the scatteringcussion of the effects of including multiple viewing angles
matrix for each aerosol species. All optical properties werein these sensitivity studies is included in Sect. 5. Calcula-
calculated assuming a wavelength of 650 nm. tions of the TOA reflectances were performed on a pixel-
The single scattering optical properties from the Mie codeby-pixel basis. Since the MODIS data files each contain a
and the aerosol concentrations from the GEOS-Chem moddharge amount of pixels (>25 000), it was necessary for com-
are used as inputs to the radiative transfer model, MARIAputational tractability to sub-sample the MODIS grid prior to
(MODIS AOD Retrieval by an Improved Algorithm; Wang these calculations.
et al., 2010), which is an adaptation of the VLIDORT model
(Spurr, 2006, 2008). The aerosol contribution to the extinc-2-3 ~ Sensitivity calculations
tion optical depth, single scattering albedo, and scatteringl_ o )
matrix expansion coefficients are determined for each atmo- he derivatives o,f the ,TOA Stokgs pgrarr;gters V‘a’gh respect
spheric layer using the optical properties for each aerosof® the atmospheric optical properties (i- andzg) are

: A 9T’ ,
species generated using the Mie theory using methods disQalculated in the radiative transfer model at each atmospheric

cussed in the Appendix (Egs. A6—A8) layer using a Taylor series expansion of the radiation field,
' ' keeping only the first term in the expansion (Spurr, 2006).

Molecular light scattering is calculated using applications hi ! ined th A tboth the radi
of Rayleigh scattering theory as implemented by Bodhaine ©" this work, we examined the sensitivities of both the radi-

et al. (1999). Refractive indices, depolarization ratios, and@nt reerctang_eR, » 8s Wel_l as t_he polarized reflectandg,
These quantities are defined in terms of the Stokes parame-

light scattering cross sections of air are first calculated using[ i th di hould b . d
estimates of the relative composition of dry air. From these, ers in the Appendix (Egs. A3, Ad). It should be reiterate

gaseous contributions to the extinction optical depth, single'€re that contributions from the circularly polarized compo-
scattering albedo, and scattering matrix are estimated. A to€nt ofS are not used in the calculation of the polarized re-
tal of 20 atmospheric layers are used in these calculations iII]Iecta_nce.I_ep only contains _the co_ntr|l_3ut|ons fro_m linearly
order to significantly reduce the computational requirementd©!arized light. In the following derivations, we will useto

of the radiative transfer calculations. Aerosol concentrationd™€an €ither the radiant or the polarized reflectance in cases

from the GEOS-Chem model were interpolated onto this 20where equivalent expressions exist for each. The derivatives
layer grid from the 47 layer native grid prior to being used of the Stokes parameters are used to calculate the deriva-

: IR IR 3R
in the calculations. The VLIDORT model uses these valuest'ves of the reflectance%—r, and 3¢). These values are

to calculate the full Stokes vector at the TOA. Though thethen used, along with the derivatives determined in the Mie

oyt g O tivit
full Stokes vector is calculated, we neglect any contributionsS29€ G*_f] d+ and _dxﬁ)’ to genera;e the senlsmvmes of the
from circularly polarized light in our calculations of the po- 1 OA réflectance with respect to the aerosol concentrations,

larized reflectance. This contribution tends to be negligibIeEq' (1), or microphysical properties, Eq. (2), of each aerosol

and is typically not measured by remote polarimetric sensorsPeCIes In each atmospheric layer:
(Fougnie et al., 2007; Mishchenko et al., 2007). dR ORdw OR dr IR dF

MODIS data used in this model are obtained from the gc. — @d_C[TL 9t dC; +ﬁd_c,~ ’ @)
Level 1 and Atmosphere Archive and Distribution System
(LAADS) of the NASA Goddard Spape Flight Cepter. Level dR  9R dw do; OR 97 dr.  9R 9F dF;
2 aerosol data from the Aqua satellite was restrictedtothat— = — — —+ — — — + — — —, 2
over the same time period of the GEOS-Chem simulation®%i 9@ dwi dv; 97 97 dv; ~ 9F 9F; dx;
and to the North American region. Parameters used from theavherex; represents any of;, k;, refr;, andvesr; and the
MODIS data include the viewing geometry of the satellite subscript 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 varianeg; andveg;, 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 (UM)  Veff

SOy Sulfate 136+ 0.00: 0.213 0.25
NHz Ammonium 136+ 0.00i 0.213 0.25
NIT Inorganic sulfur nitrates .B6+0.00i 0.213 0.25

BCPI Black carbon (hydrophilic) JI5+0.44 0.039 0.25
OCPI  Organic carbon (hydrophilic) .41+ 0.00 0.171 0.25
BCPO Black carbon (hydrophobic) .75+ 0.44i 0.039 0.25

OCPO Organic carbon (hydrophobic) .53+ 0.0L 0.117 0.25
0.2 model:
0.18 N T
aI\T X faan
0.16 Ve J=—] = =", 4
(i) =2 (%) =» @
0.14 n=n

0.2 where}” 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,

T T
0.06 A= dCn+1 Al 9J"
c C
dacy, dacy,

0.02 dCnt1 ! n+1 n
Skl Ry ©
n

The dependence of the cost function to the concentrations
at the current time step is described by the adjoint forcing,

g". The approach to calculating the dependence of the cost
functlon on the model inputs, such as initial concentrations
or emissions, is to initialize the adjoint variable at the final
the right hand sides of Egs. (1) and (2) is discussed in thaime step (the adjoint forcing,Y), and then apply Eq. (5)
Appendix. iteratively forn =N, N — 1, ... 1.

The GEOS-Chem adjoint model (Henze et al., 2007) is  For this work, the cost function is defined as the spatiotem-
used to relate the sensitivities from Eq. (1) back to sensitivi-poral average of all model predictions for the TOA radiant re-
ties with respect to emissions. In general, an adjoint model iglectance or polarized reflectance calculated in the radiative
used to calculate the dependence of metrics based on modghnsfer model as discussed in Sect. 2.2.
output values (i.e., averaged polarized or radiant reflectances)
to a set of input parameters (in this case, emissions). A full/ = — ZRz n OF J=— ZRP n (6)
discussion of adjoint modeling can be found in works such RT
as Giering and Kaminski (1998) or Sandu et al. (2005); hereThe corresponding adjoint forcing terms are the derivatives
we present a brief summary. The goal of an adjoint model isof the cost function with respect to aerosol concentrations,
to find the sensitivity of a scalar cost functiah, to a set of T T
model parameters. Following the work of Henze etal. (2007, » _ 1 <3R1) or o' = 1 <8RP> 7 %

2009), letc,, be a state vector of the aerosol concentrations ~ Ngrr \ d¢, NRT \ 3¢y
whereNRr is the number of radiative calculations of the po-

at a certain model time step, The forward GEOS-Chem
model, F', advances the state vector by one time step. larization or intensity used in the adjoint calculations and the
cn1= F(cy) 3) summatior: is over the t(_amporal and spatial extent of the
radiative transfer calculations, i.e., over each simulated ob-
This process is repeated until the model reaches the final timeervation throughout the two week time period of the simu-
step,N, and the output aerosol concentratiogy, The goal lation. As can be seen in Eqg. (7), it is first necessary to cal-
is to determine the gradient of the cost function, evaluatedculate the sensitivities with respect to the aerosol concentra-
with respect to the state vector at all other time steps in thaions (Eq. 1) in order to determine the adjoint forcing terms.

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.
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3 Model configurations <3 =

Here we describe model settings, input parameters, and simu- =y
lated observations that were used in the model runs. All simu- T
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 o1 & 8° resolu- \\\;;
tion global grid. The reflectances at TOA along with the rele-
vant Jacobian matrices are calculated over the two week time ’ \i
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 Fig. 3. Simulated satellite grids used in the radiative transfer cal-

data, using two evenly-spaced simulated satellite observatioaulations. The wide-swath grid (blue) is based on the MODIS in-
grids discussed below. strument specifications and was used for the intensity based calcu-

Two different simulated observation grids are used in thelations. The narrow-swath grid (red) is based on the APS instrument

radiative transfer calculations (see Fig. 3) in order to modelaboard _the failed Glory satellite and is used for polarimetric based
. - e . calculations.

typical instrumental specifications from satellites able to

make intensity-based (MODIS, MISR) or polarimetric ob-

servations (POLDER, APS). The first is an evenly space

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-4 Results

ated to be similar to that of the failed Glory satellite, which

was to have a much narrower ground track, onl$.6km 4.1 Sensitivity validation

wide (Mishchenko et al., 2004, 2007). An alternative ap-

proach would have been to approximate the much wider obThe radiative transfer model has been verified by comparing

servational swath of the POLDER instrument1600km  the analytic derivation of the reflectance sensitivities with re-

(Fougnie et al., 2007; Tanré et al., 2011). We chose to mode$Pect to the aerosol concentrations, microphysical properties,

the APS instrument for this work as it can be seen as a mor@nd emissions (Egs. 1, 2) to those generated using a second

extreme example of a possible limitation in polarimetric asorder finite difference (FD) test, as shown in Eg. (8) for con-

opposed to intensity based measurements. To simulate tHeentrations,

Gllor_y observational track in our mgdel, the MODIS nati\_/e dR  R(C+5C)—R(C —5C)

grid is only sampled along the row directly below the satellite ac A %5C .

(row 68) and at every 20th column. This grid will be referred

to as the narrow-swath grid. Two separate sets of reflectancdsor the validations of the reflectance sensitivities to aerosol

are then calculated, one for each grid. In each case, each pixebncentrations, the initial concentration of one aerosol

in each of the simulated observation grids is forced to passpecies was perturbed in one atmospheric layer and the TOA

quality assurance tests (no null data, reasonable signal leweflectance was calculated. This was repeated for each atmo-

els, etc.) and must meet clear sky criteria (cloud free) priorspheric layer and for a number of aerosol species. For these

to being used in the calculations. Failure to pass these testests, the perturbations to the concentrations were of the order

resulted in the removal of that pixel from the grid. 5 = 0.005 to 02 depending on the aerosol species. The mag-
For calculations of the sensitivities of the reflectance nitude of the perturbation tended to be higher for species with

to aerosol and aerosol precursor emissions, discussed iower concentrations (black carbon) and those where a large

Sect. 2.3, the adjoint model is run twice, once for each sim-fraction of the aerosol concentrations were located near the

ulated satellite observation grid. The cost functidnjs de-  surface. These aerosols tended to contribute fractionally less

fined based on the type of grid used in the radiative transto the TOA reflectance and larger perturbations were there-

fer calculations; see Eqgs. (6) and (7). For the wide-swathfore necessary to cause numerically significant changes in

grid, the cost function is set equal to the average radiant rethe reflectance.

flectance over the North American region (i.e., the region for Validation tests were also performed for the sensitivities

which the radiative transfer calculations are performed). Ato microphysical properties. For these tests, a single micro-

total of NrT = 729 pixels from the wide-swath grid passed physical property A, k, reff, Or veff) input to the Mie code

the pixel quality checks for the radiative transfer calculations.was perturbed for one aerosol species. The magnitude of

For the narrow-swath grid, the polarized reflectance, rathethese perturbations ranged fradr=0.05— 0.2 depending

than the radiant reflectance, is used for the cost functionon the aerosol species and the microphysical property being

L4 a
. &
L4 3
L] /‘
® " Wide-Swath Grid
—~ % N \

N \ \ Narrow-Swath Grid

dSince this grid is narrower, fewer pixels were available for
use in the radiative transfer calculationgT = 91.

©)
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perturbed. The new perturbed Mie output was then used in x10*

the radiative transfer algorithm to generate a new set of TOA 4| 5%, PR B
. . . Py Intercept = 6.1346e-08 - 0.01 Intercept = -9.363e-06
reflectances. This process was repeated multiple times for
different microphysical properties and aerosol species. go ra g o e
For the tests of the reflectance sensitivity to emissions, -2 (CIR,)"dR,/dC 001 (CIR,)dR,/dC
. . . BC (Hydrophobic) e SO,
perturbations were performed by applying scaling factors, .« 0024
8 = 0.05 and—0.05, to one set of emissions for one aerosol BT payie g 00200 e 0
species in separate runs of the forward GEOS-Chem model -
Horizontal transport was disabled in order to evaluate FD o] 5po%es, e R oseozs
IPEEE] . . . Intercept = -0.022686 2 Intercept = 0.015557
sensitivities in multiple columns simultaneously. The aerosol s °
concentrations generated by the perturbed forward modek o /:ﬁ’ £o C%
were then used as inputs to the radiative transfer code. This * (VIR)dR v 2 (7R, dRfr
allowed for a second order approximation of the sensitivites ™[~~~ ™ oo oot
in the finite difference tests using Eq. (8). 00 e " 2 e
The validation results for selected aerosol species are  .o° 4 x10*
shown in Fig. 4. In all plots, the sensitivities have been gﬁ,;:fgf;,igg ! 2.’;:583;5984
normalized by the magnitude of the reflectance and by the R 2| TerenmRIA
aerosol concentrations or emissions where applicable. Foi g o &y" go o ool
these plots, the model sensitivities are plotted along thres A ERYaRyE 2f AT ERYRyE
while the results of the finite difference calculations are plot- | BO (Hydrophlic) e ™
ted along they axis. Perfect agreement between the two cal- N pnic 5“075 T e 1;

culations would therefore appear as a straight line with a

slope of one (black dashed line). A linear fit to the validation Fig. 4. Model validation comparing analytic model resultsgxis)
points, red dashed line, along with corresponding slopes antp finite difference calculations (axis). Validation for the normal-
coefficients of determinatiork?, are included for each plot. ized sensitivity of the polarized reflectance to aerosol concentra-
The first row shows the agreement between the model resulféon is shown (top row) for hydrophobic black carbon (left) and sul-
(x axis) and the finite difference tests4xis) for the normal- fate aerosol (right). Results for validation of the sensitivity of TOA

ized sensitivities of the TOA polarized reflectance to alerosolpolarized reflectance to aerosol microphysical parameters is given
C dRp (middle row) for sensitivity to the variance of the size distribution

ConcentratlonsR—p dc for hydrophilic black carbon and sul- of ammonium (left) and the effective radius of hydrophobic organic
fate. Results from the perturbations of the aerosol microphyscarbon (right). The bottom row shows validations of the normalized
ical properties,Rip%’fTP, are shown in the second row. Sensi- sensitivity of the polarized reflectance to hydrophilic black carbon
tivities of the polarized reflectance to the effective varianceemissions (left) and to ammonia emissions (right).

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 -2~ Sensitivities to aerosol concentrations
dRp

the validations of the sensitivities to emissio%,—, of . .
o p dE The column integrated aerosol concentrations, as calculated
black carbon (left) and ammonia (right). As can be seen, theby the GEOS-Chem model, are shown in Fig. 5. The val-

analytic results derived from the model and those generateflog shown are the average concentrations over the entire two
using finite difference %f!a,'YS'S are in very goqd agreementyqek time period of the model run. The normalized sensi-
for all reflectance sensitivities with the exception of a few tivities of the polarized reflectance to the aerosol concen-

outliers that can be expected from finite difference approx-ation C: dke

o g L _ ) ' &5 dc» of four aerosol species are shown in Fig. 6.
imations of systems containing non-linearities and disconti-ryg regyits include all pixels used in the calculations over a
nuities.

L two week period (i.e., multiple satellite overpasses and mul-
We have chosen to report all sensitivities of the TOA re- e \iewing geometries). Aerosol species used in this test
flectances in this work in terms of normalized sensitivities, include sulfate, ammonium, nitrate, and hydrophilic organic

dR . oy . .
% dv+ This has been done to facilitate easier comparison of, 4 piack carbon. As was discussed in Sect. 2.2, the sensitiv-

the sensitivities between different aerosol species and bejag of the reflectances to aerosol concentration and micro-
tween different aerosol properties. The magnitudes of the iNphysical properties were calculated at 20 atmospheric lay-

dependent variables for which we are calculating the sensig, For ease of presentation, the sensitivities shown in Fig. 6

tivities with respect.to, ie., thg aerosol concentratiops or mi'have been integrated over all of the atmospheric layers for
crophysical properties, can differ by orders of magnitude. By, pjcp, they were calculated, i.e., over the entire atmospheric
normalizing the sensitivities, we are able to instead presentqy,mn (Eq. 9).

the percent change in the reflectance for some percent change
in the aerosol properties.
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8 . (T e Mean (C/R,)*dR /dC
g \ -2.8e-2 +/- 3.9¢-2

4 2
./ Mean (CR,)dR,/dC] - _  Mean (CIR,)*dR,/dC
ATETN ste2 43902 N\ ST Ase2 41302

BCPO

Fig. 5. Aerosol concentrations (kgnf) 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 compariso
between aerosol species easier.

-0.04
-0.08
-0.12
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Fig. 6. Column integrated normalized sensitivities (Eq. 9) of the
TOA polarized reflectance to aerosol concentrations of sulfate, am-
C; dR 1L dr monium, and hydrophilic organic and black carbon. For cases where
RIC-R Z Ci(L) 9C(L (9)  multiplicative value is present on an axis, the sensitivities have been
! L=1 i(L) scaled by this value to make comparison between aerosol species
Above, L denotes the atmospheric layers afdL) is the easier. Re_sults are givgn for radiative transfer calcqlations based on
concentration at layek. Equivalent normalized summations POth the wide-swath gricej and the narrow-swath gridb}.
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 timeare constrained to nadir views only. Though some of the vari-
period for each of the grids, are given in Table 2. All sensi- ability seen in the sensitivities in Fig. 6a is due to spatial vari-
tivities given have been scaled by a factor of 100 for clarity. ations in surface reflectivities, it is also due to the dependence
The sensitivities calculated on the wide-swath grid areof the Stokes parameters on viewing geometry, with some
shown in Fig. 6a. As is stated earlier, the wide-swath grid isviewing angles producing higher sensitivities to the aerosol
primarily used for calculations of the sensitivity of the TOA concentrations. It was seen in calculations of single wide-
radiant, not the polarized, reflectance. It was, however, usedwath grids (i.e one observation time) that large azimuthal
in calculations of the polarized reflectance here for compar-angles (measured from the satellite flight path) tend to pro-
ative purposes. In each case, the polarized reflectance seduce sensitivities that are of a larger magnitude compared
sitivity to aerosol concentrations tends to be negative, i.e.fo those that are observed directly along the satellite flight
increasing aerosol concentrations in the atmosphere are exath. This can be seen most clearly by comparing the results
pected to decrease the degree of polarization of TOA refor the wide-swath grid with those that were calculated using
flected light. There does appear to be some degree of spatisthe narrow-swath satellite grid, Fig. 6b. In this case only pix-
variability in these sensitivities, with slightly higher mag- els directly below the satellite were used in the calculations;
nitude sensitivities for observations in the eastern Unitedthe viewing azimuthal angle was constrained toNot only
States. It must be reiterated that the sensitivities shown heris the mean sensitivity of the polarized reflectance to aerosol
are for viewing geometries determined by the Aqua satellite.concentration smaller, but the relative variations in the sensi-
The TOA Stokes parameters, from which the reflectances arévities are much smaller for all aerosol species. We suspect
derived, are dependent on the viewing geometry, specificallythis dependence of the viewing geometry on azimuthal angle
the azimuthal viewing angle since the zenith viewing anglesis due to two factors, the angular dependence of the single
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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-

2 N8 e 0.05

" Mean (CR)dR/dC

/ Mean (CIR)*dR /dC
SRR 260-2 +- 3.0e-2
g

B . - oot larized reflectances to aerosol size and optical properties are
= - 000 performed using both the narrow and wide swath grids re-
OCPI . ags ey . .
N oot spectively. The sensitivities to aerosol microphysics are not

reported, but are used later in determining estimates of the

e nyone| S LR wencryorec| [ allowable uncertainties in the aerosol microphysical proper-

2% e Wl O ties that would be required for constraining aerosol emissions
AWy SN S using the adjoint calculations (see Sect. 4.4).

Fig. 7. Normalized TOA radiant reflectance sensitivities (Eq. 9) 4.3 Sensitivities to aerosol emissions

to aerosol concentrations for sulfate, ammonium, and hydrophilic

organic and black carbon. For cases where multiplicative value isFlgur_e_ 8 shows the results of the aP'JO'”t calculations of the
present on an axis, the sensitivities have been scaled by this value RENSitivity of the average TOA rfid'a_n(tj Rreflectance over N.
make comparison between aerosol species easier. Results are givérinerica to global aerosol emlSSlOﬂ%a—’,, for the wide-

for radiative transfer calculations based on the wide-swath grid.  Swath grid. It should be reiterated that these normalized sen-
sitivities are calculated for aerosol emissions at all grid cells,
using 4 x 5° resolution, on a global grid. Since the values
. . . _ presented in Fig. 8 are normalized, the sensitivities of the re-
aerosol light scattering properties (phase function and polarflectance to regions with very low emissions will be close
ization prOfl-le) and the increase in path |ength .for the moretg zero. Sensitivities are shown with respect top SNH3,
extreme azimuthal angles. As the path length increases, thgrganic carbon and black carbon (hydrophilic and hydropho-
interaction between incident solar radiation and the aerosolgic) emissions. Here SOs linked to the formation of sul-
within that path will increase resulting in a higher sensitivity fate aerosol through the oxidation of 8@ sulfuric acid,
to the aerosol properties. o ~ then partitioning to the aerosol phase. Similarly, ammonium
It is also possible that the larger sensitivities seen in theaerosol is linked to ammonia emissions through formation of
eastern US may be due to coupling of the sensitivities to theammonium nitrate and ammonium sulfate (Binkowski and
concentrations of other aerosol species. Since the sensitiviRpselle, 2003).
ties to aerosol concentrations of a given species presented in The magnitudes of the sensitivities to emissions tend to
Fig. 6 are normalized by the concentration of that specieshe larger over the northeastern United States and over south-
we do not expect the sensitivities to show a spatial depenern Mexico. These regions tend to have higher emissions and
dence that correlates with the concentrations of that speciesherefore higher aerosol concentrations, see Fig. 5. The nor-
However, it may be that larger relative changes in the conmalized sensitivities reflect the impact of percent changes to
centrations of the other aerosol species may affect these se@xisting emissions used in the GEOS-Chem model. There-
sitivities. For example, it can be seen in Fig. 5 that there is &ore some aspects of the different spatial patterns reflect dif-
Iarger relative difference in the concentrations of BCPI andferences in the Spatia| patterns of the emissions. The cal-
OCPI on the eastern US than is seen in the western US. It igylated radiant reflectances also show some dependence on
possible that these relatively higher concentrations of OCPemissions from southeastern Asia, particularly for ammonia
could contribute to a spatial dependence in the BCPI sensiand sulfur dioxide and for hydrophobic organic carbon to a
tivities. These cross correlated effects have not been exploregsser extent. Sensitivity to these non-local emissions shows
thoroughly in this work however. the effects of the long distance transport of aerosols within
Similar calculations were made for the sensitivities of the GEOS-Chem model (Yu et al., 2012, 2013). There is also
the radiant reflectance to the aerosol properties. These res region of high sensitivities to ammonia emissions located
sults are shown in Fig. 7 for the wide-swath grid. It was gver eastern Africa. Here, emissions of ammonia were high
found that the radiant reflectances tend to be less sensitivighile those of sulfur dioxide were negligible during the two
to aerosol concentrations for most species. The exception afgeek time period examined here. Ammonium nitrate would
aerosols that have large optical absorptance, i.e., large imagherefore be the only secondary aerosol formed in that re-
inary refractive index, such as black carbon. In most casesgion. The model is therefore particularly sensitive to these

dR; - i ; : .
G Is positive — opposite in sign to what is calculated for gmmonia emissions.

dd%. Increasing the aerosol concentrations leads to a higher The calculations of the average TOA polarized reflectance
amount of TOA scattering. Again this is not the case for ab-sensitivity to global emission%‘é‘%, are given in Fig. 9.

sorbing aerosols, whel’#c—’ is negative, and increasing the 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
reflectanceR p, or reflectanceR;, 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 £ (ws) a4 ws) £ Ns) £ NS
SO —9.0+14 26+30  -51+39 10+1.2
NH. —2.8+39 08+09  -15+13 03+0.4
NIT 17423 04+06  -11+11 02+0.2
BCPI ~0.4+0.2 ~02+01  -03+01  -02+01
OCPI ~1.8+29 05+08  —09+07 02+0.2
BCPO  —0.07+0.06 -0.06+-0.06 —006+.06 —0.06+0.05
OCPO ~0.2+03 004+008  -014+02  002+0.03

X 10 X 10
0.8 0.8
0.6 0.6

L loa 0.4

L o2 It o2

0 0

-0.2 -0.2

-0.4 -0.4

0.6 0.6

-0.8 0.8

4 el X100

-1

Fig. 8. Normalized sensitivity of TOA radiant reflectance to aerosol Fig. 9. Normalized sensitivity of TOA polarized reflectance to
em|35|ons,E ?1%1 for sulfur dioxide and ammonia (top row), hy- aerosol emlssmns,%dfﬁ for sulfur dioxide and ammonia (top
drophilic and hydrophobic organic carbon (middle row), and hy- row), hydrophilic and hydrophobic organic carbon (middle row),
drophilic and hydrophobic black carbon (bottom row). For casesand hydrophilic and hydrophobic black carbon (bottom row). For
where a multiplicative value is present on an axis, the sensitivitiescases where a multiplicative value is present on an axis, the sen-
have been scaled by this value to make comparison between aerosgitivities have been scaled by this value to make comparison be-
species easier. Radiative transfer calculations were performed usingveen aerosol species easier. Radiative transfer calculations were

the wide-swath grid. performed using the narrow-swath grid.

radiative transfer equations. The spatial distribution of thesenarrow-swath grid, the ratio of the magnitude of the nor-
sensitivities is similar to that seen in Fig. 8 with the highest malized polarized reflectance sensitivity to the normalized
sensitivities to emissions of sulfur dioxide and the carbona-radiant reflectance sensitivity is given in Fig. 10. In generat-
ceous aerosols from the eastern United States and Mexicimg these ratios, small values 10-6) are excluded to avoid
City and to ammonia emissions from the midwestern Unitedinfinities that would obscure the regions of interest. For all
States. Similar to what was seen above for the radiant reef the aerosol species investigated in this work, the spatially
flectances, the average polarized reflectance over N. Americaveraged ratio is greater than 1. The polarized reflectance
is dependent on emissions from eastern Asia. These sensititends to be more sensitive to aerosol emissions than the radi-
ities to intercontinental emissions are particularly strong forant reflectance by a facter 3 for sulfur dioxide, ammonia,
ammonia and hydrophobic black carbon emissions. and organic carbon. In the case of these weakly absorbing
In order to perform a qualitative comparison betweenaerosols, the ratio tends to be large for simulated measure-
the sensitivities of the radiant reflectances calculated on thenents over the central United States. This corresponds to
wide-swath to the polarized reflectances calculated on theegions with lower aerosol concentrations as well as higher
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Fig. 10. Comparison of the magnitude of the sensitivities of the Fig. 11. Comparison of the sensitivities of the magnitude of the
TOA polarized reflectance to emissions to the radiant reflectancerOA total reflectance to the radiant reflectance sensitivities to emis-
sensitivities to emissions. Values shown are the absolute value ofjons. Values shown are the absolute value of the ratios of the nor-
the ratios of the normalized sensitivity of the polarized reflectancemalized sensitivity of the total reflectance to emissioﬁﬁ%&’, to

to emissions,IfP d(f%, to the normalized sensitivity of the radiant the normalized sensitivity of the radiant reflectance to emissions,

reflectance to emission%%%. Results are shown for sulfur diox- RL,%%’- Results are shown for sulfur dioxide and ammonia (top
ide and ammonia (top row), hydrophilic and hydrophobic organic fow), hydrophilic and hydrophobic organic carbon (middle row),
carbon (middle row), and hydrophilic and hydrophobic black car- @hd hydrophilic and hydrophobic black carbon (bottom row).

bon (bottom row).

also considered the case where the cost function is defined for

surface reflectivities, see Figs. 5 and 2 respectively. Howeverthe narrow swath grid using the total reflectanke, defined
lower values of the ratio are seen in the Caribbean and th@s the sum of the averaged polarized and radiant reflectances,
eastern US coast. Here, the aerosol concentrations are again
relatively low, but the surface reflectivities in this case are 1
much lower. This suggests variations in this ratio are due toJ = — Zi (RP,i + R[,i) =N Zi R7i, (10)
spatial variations in the surface albedo. These regions also
exhibited higher relative humidities during the time period 1 9R»: IR, 1 IR

: . . : P,i 1,i T,i
of these calculations, which will affect the aerosol optical — = —Z,( =4 ) = —Z, L (11)
properties and therefore the reflectance sensitivities. For thdC N1 9G C; N =" 3C;

absorbing aerosols, a similar spatial distribution is seen incomparisons of the sensitivities using this new cost function
the ratio, though the magnitude of the ratio for black carbonso the narrow swath grid to the radiant reflectance sensitivi-

is much lower,~1.3. This is consistent with the results of es to emissions calculated on the wide swath grid are shown
Sect. 4.2 where it was shown that the percent change in thg, rig 11 In this formulation, it can be seen that the sensitiv-
radiant reflectance for a given percent change in the aerosgjies of the total reflectance are of the same or greater mag-
concentrations was gmall for the highly scattering aerosolspiy,de than those obtained from intensity-only based mea-
but larger for absorbing aerosols when compared to the pogy,rements for all aerosol species investigated rather than just

larized reflectance sensitivities. for the scattering aerosols. It can be seen that the largest in-
It should be reiterated that in remote measurements of theeases in the sensitivities to emissions due to the implemen-

polarized reflectance, the radiant reflectance at the TOA igation of the total reflectance are for black carbon. This is ex-

also acquired (Fougnie et al., 2007; Mishchenko etal., 2007)hecteq as the radiant reflectance sensitivities for this aerosol

Even though the ratio of the sensitivities to black carbonyyere of similar magnitude as those of the polarimetric re-
emissions is closer to 1, i.e., the polarimetric measurement§ectances seen in Fig. 10.

are only slightly more sensitive to emissions, the intensity

based information would be obtained along with the polari-4.4 Maximum allowable uncertainties in

metric measurements. If the sensitivities of the simulated po- aerosol properties

larimetric and intensity based measurements are combined,

the differences in the measuring capabilities of the two sim-Though the primary focus of this work is examining the de-
ulated satellites would be enhanced. To explore this, we havpendence of the radiant and polarized reflectances on aerosol
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emissions, both of these quantities are also functions offable 3. Maximum allowable relative uncertainties in the micro-
aerosol microphysical properties, wavelength, and viewingphysical properties of each aerosol species required to constrain
geometry (see Sect. 2.2). In order to gauge the accuracy witgerosol emissions within a factor of 50% for that species. Re-
which we can determine the sensitivity of the reflectanceSults are given assuming intensity based measurements, assuming
to emissions, it is useful to determine how dependent the? Wide-swath grid, ifa) and polarimetric based measurements, as-
remote sensing constraints on emissions are to the aerosgyMiNg @ narrow-swath grid, ifo). All values are given as a per-
microphysical parameters (aerosol size and optical proper(-:emage uncertainty. Values reported as NA were not calculated as
. : . . .~ 'those values were effectively zero in the radiative transfer calcula-
ties) assumed in our model. We quantify this by determiningyjons.

the maximum uncertainties allowable in the input parame-

ters that would still enable us to detect some predetermined (a) Species e(ref)) e(ve)  e()  e(k)

change in the aerosol emissions, e.g., the maximum uncer-

tainty in the input radius for sulfate aerosols that would re- BCPI 0.8 0.05 2 1
: BCPO 17 0.25 16 18
sult in smaller changes to the TOA reflectance than a 50 % OCP] 9 08 03 NA
change in ;ulfate qerosol emissions. Though' the rgtneval of OCPO 50 5 08 45
aerosol emissions is also sensitive to uncertainties in the sur- NHg4 71 3 10 NA
face reflectance and to the wavelength of the observations, SOy 05 05 0.02 NA
these quantities were not varied in the radiative transfer cal- 5 -
culations presented in this work and calculations have not (b) Species e(ref) e(verr)  e(n)  elk)
been made for the effect of varying these quantities on re- BCPI 0.3 0.1 3 03
trieval of aerosol emissions. BCPO 9 2 20 7
Let Ax be the uncertainty in one of the aerosol input pa- OCPI 0.2 04 004 NA
rametersy. The uncertainty in the calculated reflectance due OCPO 05 01 01 28
to uncertainties in is then NH, 6 2 3 NA
g SOy 0.01 0.02 0.001 NA
R
ARy = Ax—. 12
= Ax (12)

measurements are within these constraints for the average
The goal is to findAR, < ARE, where AR is the uncer-  uncertainty in the real refractive index,(= 4 %), but are
tainty in the reflectance due to some set change in the aerosahuch smaller for the average uncertainty in the effective ra-
emissions. Let the percent change in the aerosol emissiongius , = 3 %) and the average uncertainties allowed in the
we would like to detect be given by, whereAE = +sgE.  effective variance of the size distribution, & 1%). With
The percentage uncertainty in the aerosol parametethen  the exception of the real refractive indices, these values are
also smaller than the predicted uncertainties in the data prod-
Axr  AE drR dr -1 ucts frqm the Glory_satellite if its mission had been success-
ey =—<—(—)(=—) . (13) ful; which were estimated to bg =10 %, ¢, = 40 %, and
x T x dEdx e, = 1.5% (Mishchenko et al., 2007).
For these calculations, we have assumed a value of 0.5 for As was discussed in Sect. 4.3, the radiant reflectance in-
¢g, i.e., a 50 % change in the emissions. The uncertaintiegormation is often available along with the polarized re-
for each of the four aerosol input parameters; refr,; ve.; ) flectance in a typical remote sensing measurement. The radi-
for each aerosol species were calculated for each pixel on thant reflectance information could therefore be used in cases
wide-swath grid, using®;, and the narrow-swath grid, us- where it would be beneficial to do so over the polarimet-
ing Rp, in Eq. (13). The results are given in Table 3. Values ric information. We ran another series of calculations where
of NA are given for percent uncertainties in cases where thehe radiant reflectance sensitivities were calculated using the
aerosol input parameter is effectively zero (e.g., the imagi-narrow-swath grid and calculated the new maximum uncer-
nary refractive indexk, for non-absorbing aerosols). tainties using Eqg. (13). It was found that the uncertainty lim-
For nearly all cases it is necessary to constrain the modeiations on the effective radius are met when using the ra-
input parameters to a higher degree of accuracy when periant reflectances, = 25 %, though again not for the vari-
forming the polarized reflectance calculations than is re-ance(e, = 1%). A combined set of polarimetric and radiant
quired for the radiant reflectance. This is expected as the pomeasurements of the reflectance would therefore only require
larized reflectance sensitivities tend to be higher than those dbetter estimates of the effective variance of the size distri-
the radiant reflectance sensitivities as was seen in Sect. 4.Bution of the aerosols in order to provide the 50 % accura-
Mishchenko et al. (2004) found that values £f=10%,  cies for constraining aerosol emissions for all of the species
&, =50%, ands, = 1.5% are required for radiative forcing discussed here. This could possibly be achieved through im-
calculations that will be able to determine aerosol contribu-provements in the inversion algorithms used to derive those
tions to the Earth’s total energy balance. The values predicte@stimates for the variance or in the accuracy of the measure-
here for constraining aerosol emissions using polarimetricnents themselves,
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5 Discussion and conclusions these additional angles, the fractional change in the polar-
ized reflectance for a given fractional change in the radiant

A series of simulations were performed to assess the valueeflectance increased by a factor-efL.5 on average for dif-

of remote sensing measurements, such as those from tHerent aerosol species. This suggests that the use of multi-

MODIS, APS, or POLDER instruments, to constrain aerosolple viewing angles could significantly improve our ability to

emissions using the adjoint of the GEOS-Chem CTM. Oneconstrain aerosol emissions in future work.

set of simulated observations was restricted to measuring the It should also be noted that the results presented here were

radiant reflectance, proportional to the first element of thedone assuming all simulated observations were performed

Stokes vector, while a second simulated measurement waast a wavelength of 650 nm using a predetermined sampling

capable of polarimetric measurements and could determinscheme (narrow and wide swath grids). It is assumed that

the polarized reflectance at the TOA. The ability to make po-results may differ for other wavelength bands or sampling

larimetric measurements comes at a cost; for example lesschemes. Future work on this project will explore changes

spatial coverage per satellite pass (Glory) or a reduction inn the sensitivities for different wavelength bands. Work will

the number of wavelength bands that are able to be observealso be done to incorporate satellite polarimetric measure-

(POLDER) (Mishchenko et al., 2007; Fougnie et al., 2007). ments, such as those from the POLDER instrument (Tanré et

In this work, we sought to simulate the specifications of aal., 2011), into the adjoint model as a way of more accurately

typical polarimetric measurement platform by incorporating determining aerosol emissions.

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 coftPpendix A

straining aerosol emissions.

It was found, for non-absorbing aerosols, that the sensipresented here is a brief derivation of the methods used to
tivity of TOA polarized reflectance is a factor of3 times  calculate the polarimetric sensitivities discussed in this work.
more sensitive to aerosol emissions than that of TOA radi-Focus has been p|aced on the functional formulation of the
ant reflectance even though the intensity calculations had geflectance and the calculation of its derivatives with respect
much larger spatial coverage. This is consistent with studiego the aerosol optical and microphysical properties. A de-
of single-particle light scattering calculations (Mishchenko tajled discussion of radiative transfer theory and aerosol sin-
and Travis, 1994), which find that particle size and shape playyle scattering properties, which are necessary for the cal-
a larger role in determining the polarization state of the lightculation of the Stokes vector, is beyond the scope of this
than that of the imaginary component of the refractive index.article. An analysis of radiative transfer theory as well as
For these cases, it should be noted that instrumentation thafpproaches for determining both analytic and numeric so-
is capable of polarimetric measurements tend to be also cgution strategies for the radiative transfer equation are pre-
pable of intensity measurements, e.g., Glory or PARASOLsented in a wide body of literature (Chandrasekhar, 1960;
(Fougnie et al., 2007; Mishchenko et al., 2007), as the radizaneveld et al., 2005; Mishchenko, 2002, 2003; Mishchenko
ant reflectance is derived from the first element of the Stokest al., 1999; Spurr, 2006, 2008). For detailed derivations of
vector, which is often obtained along with the second andthe equations governing single particle and particle ensem-
third elements required for the polarized reflectance calculaple interactions with light using Mie or T Matrix theories,
tions. It would be conceivable to adjust any calculations forsee works by Bohren and Huffman (1983) or Mishchenko et
strongly absorbing aerosols, such as black carbon, to comg|. (2000, 2002) respectively.
bine radiant and polarized reflectance measurements in order The complete polarization state of electromagnetic radia-
to enhance sensitivities to aerosol properties. tion is described by the four components of the Stokes vector,

All of the calculations of the polarimetric and intensity s
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 g _
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 (KokhanovskyWhereI describes the intensity) and U describe the de-

et al., 2010). A series of preliminary calculations of the po- 9r€€ of linear polarization (at90° and £45° relative to a
larimetric sensitivities to aerosol emissions have been perféference plane, respectively), avidiescribes the degree of

formed using 12 viewing angles within the range -060 circular polarization. Here, we define the reflectance vector,
to 5C¢°. For these preliminary tests, it was assumed that thek: in terms of the Stokes vector as

aerosol concentrations were constant for each viewing an- T
gle (i.e., no slant columns). It was found that by including R= m

(A1)

< QO ~

S, (A2)
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wherely is the incident solar intensity to the Earth gads for continuity. For the sensitivity of the reflectance to the
the cosine of the solar zenith angle. The reflectaRgeand  aerosol concentration of thiéh aerosol species,

the polarized reflectanc®,, are then defined as
dR OdRdw R dr  OR dF

RimRi= T (A3) 4G, dwdC, | avdc; | oFdC;
oM

(A11)

The partial derivatives of the reflectance are calculated nu-

T merically in the model and are discussed in Sect. 2.2. The
Rp=\/R5+R3=—"—0Q2+U2 A4 L : : o .

P 2t Iop o +v (A4) derivatives of the single scattering albedo, extinction optical

depth, and scattering matrix with respect to the aerosol con-

Above, contributions to the polarized reflectance from the .ot ations were determined from Egs. (A6)—(A9).

circularly polarized light have been set to zero as this contri-

bution tends to b.e negligibk_a in atmospheric radiative trans- g~ 3 Qg (RH) reft.i (RH) 2
fer. In the following derivations, we will refer to botk;, —~ =7——— >+ 5 — T o (A12)
. dC; ~ 4 piresii(RH=0%) \ refr; (RH = 0%)
andRp using a general reflectance valug,for cases where ’ ’
equivalent equations exist for both quantities. do w—w dr
The polarization state of scattered light in the atmo- 5~ = = (A13)
) i dc; T dC;
sphere depends on the optical properties of the atmosphere
and therefore on the molecular and aerosol composition,dF  w;F; — w;F dr AL4
Eq. (A5). Atmqsphgnc opncal propertles.are descrlbgd inge;, ot dG; (A14)
terms of the extinction optical depth, the single scattering
albedow, and the scattering matrig, In calculating the derivatives of the reflectance with respect
to the aerosol physical and optical propertiesk reff, and
R=R(,0Q,U,V)=R(r,0,F), (A5)  ve), the derivatives are again first expanded using the chain
rule. In the following letx; represent any of;, ;, reff;, and
Y j .
T = Zi 7, (A6) eff.i
dR _OROwde OROTdy OROFOR o
é Zi w; T dx,~ ow 30),' dx,~ ot 3‘[,' dx,' oF 3F,‘ dx,'
w=—= 5 , (A7)
T : Ti . . P p )
o The derivativesiX 28 and 48 are again calculated numer-
> tioiF; ically in the VLIDORT model along with the derivatives
F= —Z' Lo (A8) %, g%, and %. The derivatives of the total optical pa-
i 1

rameters with réspect to the aerosol species specific parame-
The indexi is over the different aerosol species that areters (i.e.,gj‘“i, g’—; and%) are determined analytically from
present in the atmospheric layer. As discussed in Tegen angs. (A6)—(A8).
Lacis (1996), the extinction optical depth for each aerosol
species can be calculated from the real and imaginary com?®. _ 5 (A16)
ponents of the refractive indicesandk, the effective radius ~ 9wi 7
and variance of the aerosol size distributiag, (M) andves,
and the aerosol column mass concentratidkg m—2). The i =1 (A17)
extinction efficiency is given by ey (unitless) and the parti- 97
cle density byp (kg m3). F o
. _3_CiQedi(RH) ( reft,i (RH) )2 agy

" 4 piretr,i (RH=0%) \ reft; (RH = 0%)

(A18)
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