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1 Introduction

The Microphysical Aerosol Properties from Polarimetry (MAPP) remote sensing retrieval al-
gorithm is used to retrieve aerosol and ocean retrieval products from airborne and spaceborne
multi-angle, multi-channel polarimetric sensors. MAPP has been applied to the following
polarimeter instruments: The NASA Research Scanning Polarimeter (RSP), SPEXone and
Hyper-Angular Rainbow Polarimeter #2 (HARP2) onboard the NASA Plankton, Aerosol,
Cloud, ocean Ecosystem (PACE) mission, and PolCube.

For example, for PolCube, the inputs of the MAPP algorithm are the Level-1 (L1) PolCube
polarimeter measurements (and their corresponding uncertainties) of the total radiance and
the degree of linear polarization at three visible bands at 410, 555, 670 nm and one near-
infrared band at 864 nm, which are contained with the PolCube PACE Level-1C (L1C)
data.

The outputs of the MAPP algorithm are the retrieved atmospheric and ocean state pa-
rameters, i.e. Level-2 (L2) aerosol and ocean retrieval products, the aerosol optical and
microphysical properties over the ocean including the fine-mode, sea-salt, and dust aerosol
optical depth (AOD); the fine-mode, sea-salt, and dust effective radius and variance; and
the fine-mode single-scattering albedo (SSA).

A unique feature of MAPP is the focus on coupled retrievals of aerosol microphysical proper-
ties and ocean color parameters using optimal estimation with vector radiative transfer and
Lorenz-Mie calculations. MAPP can use neural network models for vector radiative transfer
(VRT) computations or use on-the-fly VRT computations which can be advantageous for
aircraft platforms where the sensor altitude and the aerosol location (top height, layering,
etc.) vary. MAPP also uses accurate, pre-computed Lorenz-Mie inherent optical property
(IOP) look-up-tables (LUTs). Over 90% of the signal measured by a spectroradiometer or
polarimeter is due to the molecular and aerosol scattering in the atmosphere and the Fresnel
reflection of the ocean surface, so that less than 10% of the signal is due to subsurface ocean
inherent optical properties (particulate and dissolved matter) (Gordon, 1997). Polarimeter
measurements of the polarized reflectance at multiple angles can lead to improved retrievals
of underwater properties by enabling accurate characterization of the aerosol signal through
retrieval of AOD, microphysical aerosol properties, including aerosol effective radius, SSA,
and the real refractive index. Another advantage of polarimeters like RSP is that they do
not saturate in sunglint, which is a significant issue for instruments like MODIS.

The methodology of the MAPP algorithm is described in Section 2, and is summarized by
using optimal estimation theory to invert the polarimetric measurements in order to obtain
the retrieval parameters, which determine the state of the atmosphere (aerosol) and ocean
models. In Section 2.1, we present this retrieval framework based on principles of optimal
estimation, while Section 2.2 includes descriptions of the polarimetric sensors to which MAPP
has been applied. Section 3 discusses pixel masking including the highly important topic of
cloud masks. Section 4 summarizes the MAPP L2 output format specification and products
with a table providing a list of all products. Section 5 provides a user manual describing
how to run the MAPP algorithm. Section 6 describes the polarimetric uncertainty models
used in MAPP. Section 7 provides details on the product uncertainty calculations.

The RSP MAPP products are also summarized on the NASA LaRC polarimeter website
(https://science.larc.nasa.gov /polarimetry) (Stammnes et al.) and are available for download



at the NASA GISS RSP website (https://data.giss.nasa.gov/pub/rsp) (Cairns et al.).



2 The MAPP algorithm

In this section, we describe our overall methodology, which involves formulating the inverse
problem for observations from a polarimetric sensor. We use optimal estimation theory
to formulate this inverse problem such that we have a forward model that goes from the
input atmospheric/aerosol/oceanic/land state to the output observations measured by the
polarimetric sensor. An iteration is performed such that the input is changed until the
modeled output measurements from this “forward model” fit the observations to within the
measurement uncertainties of the polarimetric sensor.

In Section 2.1, we present this retrieval framework based on principles of optimal estimation,
while Section 2.2 includes descriptions of the polarimetric sensors to which MAPP has been
applied. The forward models are described in Section 2.3. The neural network forward mod-
els are described in Section 2.4. The aerosol and cloud models are described in Section 2.5.
The atmosphere models are described in Section 2.6. The ocean and land surface reflectance
models are described in Section 2.7.

The MAPP algorithm can be used to develop new polarimeter instruments through the
generation of user-customized simulated polarimeter data for an arbitrary number of wave-
lengths, viewing zenith angles, Stokes parameters, and instrument-solar geometries. MAPP
can be used to perform retrievals on such synthetic datasets to quantify and optimize the
polarimeter’s performance for a given geophysical variable. MAPP can also be used to test
the performance of different forward models (atmospheric and ocean/land) state parameters
for a given polarimeter instrument. MAPP can also be used to quantify the performance of
existing polarimeter instruments. For example, we can generate simulated data for the seven
RSP window channels at A = 410, 469, 555, 670, 864, 1594, and 2264 nm, and add noise as
discussed in Section 6. (The complete list of RSP channels is described in Section 2.2. For
RSP, the 960 nm channel to determine the water vapor absorption using Eq. (26).)

A detailed description of the MAPP algorithm is given in Stammnes et al. (2018), where it
is applied to the RSP (Cairns et al., 1999). A description of MAPP applied to PolCube is
given in (Stammnes et al., 2021). A detailed description of MAPP applied to the SPEXone and
HARP?2 polarimeters onboard the future PACE mission is given in (Stamnes et al., 2023).
We start with a description of the MAPP optimal estimation algorithm for polarimeter
instruments. A flow chart of of the MAPP algorithm for PACE is provided in Fig.1.
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Figure 1: MAPP flow chart of retrieval methodology including the pre-processing, optimal
estimation inversion, and post-processing procedures. This example is specifically for the
PACE polarimeters but the procedure is similar for RSP and PolCube.
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2.1 Optimal estimation

The optimal estimation method used in MAPP has its heritage from a method used for invert-
ing atmospheric temperature and water vapor vertical profiles, cloud, and surface properties
from hyperspectral infrared sounders (Wu et al., 2017). For retrievals performed on both real
and simulated polarimeter data, this method is found to be reliable and efficient in terms of
the number of forward model evaluations required to achieve convergence.

2.1.1 State vector

The state vector of MAPP retrieval parameters for observations of aerosols over the ocean
can be defined as follows:

X = (Tss6f Tnf Mrf Tif Tos6c Tne Ogf Oge 2prr U |Chla]l Ny Tha Tssea)

where the labels f, ¢, and d denote fine-mode aerosol, coarse-mode sea salt aerosol, and
coarse-mode dust aerosol, respectively. The aerosol size distributions are assumed to be
lognormal. 7556 is the optical depth at the wavelength 556 nm. n, and n; are respectively
the real and imaginary refractive indices. r, is the median radius. o, is the size distribution
width. The ocean surface roughness is described by the windspeed v [m/s| and the subsurface
absorption and scattering is parameterized in terms of the chlorophyll concentration Chla
[mg/m?®] with details provided in Section 2.7.1. 7555 is the fine (accumulation) mode AOD
at 556 nm, 7,y is the number-density mean radius with geometric width oy, n, 5 + in,s is
the fine-mode refractive index (assumed to be spectrally invariant), 7ss6. is the AOD of the
coarse mode, 7, is the coarse mode number-density mean radius with geometric width og..
The coarse mode refractive index, n,..+ in;., is assumed a priori to be equal to that of water
to represent hydrated sea salt (marine) aerosols and to be assumed from climatology for non-
spherical dust particles (see Section 2.5.1). The ranges allowed for each of the parameters in
this 14-parameter retrieval are provided in Table 1, where the numbered parameters comprise
the state vector. Parameters 1-11 are included in the bimodal aerosol ocean retrieval that
incorporates fine-mode aerosol mixed with coarse-mode sea salt aerosol. Parameters 1-14 are
used in the trimodal aerosol retrieval that adds non-spherical dust aerosols mixed into the
free tropospheric layer (FTL). A detailed description of the aerosol model and how aerosol
location handled are discussed in Section 2.5.1.

2.1.2 Cost function
The cost function is defined as Rodgers (2000)

) = B )
= (I)<X)data + (I)(X)prior
= S =TS~y + 5x %) T8 - xa)

The vector radiative transfer model, described in Section 2.3, is our forward model, providing
Ry, , Ry, and DoLP, represented by f, which are a function of the state vector x, Eq. (1),
and which provide a suitable model for the measured R;,, R, and DoLP, represented by
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Table 1: MAPP aerosol and ocean retrieval parameters and ranges.

No. Parameter [Unit] Min Max
1. T556 f le-5 0.7
2. T556¢ le-5 0.3
3. Ny 1.39 1.65
4. nif le-5 0.045
5. rpg [pm] 0.075 0.15
6.  rpe [pm] 0.5 1.5
7. Ogf In(1.4) In(2.01)
8. 0y In(1.35) 1n(2.01)
9.  FTL base height [km] 1.01 7.0
10. v [m/s] 1.0 13.0
11.  Chla [mg/m?] 0.01 9.0
Teff.f [,LLHI] 0.10 0.51
Veff,f 0.12 0.62
Teffe [Hm] 0.63 5.07
Veffie 0.09 0.62
12, nye 1.333 1.366
13, 7 [pm] 0.6 1.5
14. T556d 0 0.2
Ogd = Oge
Teff.d [um} 0.75 5.07
Veff,d 0.09 0.62

y (either real measurements from RSP or synthetic measurements generated by the forward
model with noise added). The first term may be called the data term since it depends
on residuals of the forward model and the measurement, taking into account measurement
error through its covariance matrix S.. The second term may be considered the a priori term
since it is the departure of the state vector x from the a priori state vector x,, with a priori
uncertainty provided by the covariance matrix S,. The a prior:i state vector and covariance
matrices for our problem are defined below. It is convenient to define the normalized cost
function of the data term by dividing by the number of measurements, m:

X/ - % (I)(X)data
= LSy @)

2.1.3 Retrieval convergence criteria

Generally speaking for a successful retrieval, % ®(x) < 1, and if there happen to be

redundant measurements then --/®(x) < 1. For inversions of real RSP data, we consider
retrievals successful if ' < 0.1.



2.1.4 Transformations

A transformation into b-space is used to smooth out changes between the different state
parameters that have different units and ranges, which is similar to a transformation into
log-space (Stamnes et al., 2018). First, the state vector x is transformed into fifth-root-space
X1 to smooth changes in the state parameters, analogous to a transformation into log-space:

xq = x/°. (3)
In order to ensure that the state vector does not go out-of-bounds, described by x'°V and
xheh ysing the ranges of the state vector following Eq. (1), we found that the following
transformation to b-space works well:

X1 —X

If x is out-of-bounds the argument of the log will be negative, and will evaluate to an imagi-
nary number. In order to transform from b-space to x;1-space we can use the transformation:
Xllligh Xllow

— . 5
1—|—e‘b+1+eb (5)

X1

Then x is given by x = x;°. The retrieval is performed in b-space. Therefore by definition,
x; € R, and thus x will also be positive and real-valued.
2.1.5 Jacobian

The m x n Jacobian matrix K = a% f is expressed in b-space by:

K, - O _dxdf _dx.  dx dx,
7 db dbdx db = dxy db
2.1.6 Scaled cost function

The scaled cost function is a scalar value x? defined by:

= 3(F =¥ (F —y)+ (b~ b)TS1 (b~ by) 7

where b, is the a priori state vector in b-space and Sy, is the a priori covariance in b-space
proportional to the Jacobian.

2.1.7 Iteration

In nonlinear optimal estimation, we minimize the cost function, Eq. (1) or Eq. (7), through an
iterative process whereby the state vector x is changed until the resulting forward-modeled
measurements f(x) match the measurements y within their uncertainties, as outlined in
Fig. 1. A transformation into b-space is used to smooth out changes between the different
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state parameters that have different units and ranges. The next step in the iteration is given
according to the following equation:

biy1 = b, +Si[(f —y) + Kp(b; — by)] (8)

where b;, b,, and K} represent in b-space the state vector at the ith step, the a priori
state vector, and the Jacobian matrix, respectively. S; is the iteration-dependent constraint
matrix Wu et al. (2017). The iteration-dependent constraint matrix S; is given by:

S; = (KEAS 'Ky +S:, 07" (9)

where S;, is the a priori constraint matrix in b-space. The symbol + denotes the pseudoin-
verse. The iteration-dependent damping factor

A= —t (10)

ag—1
a’O - 1+en0—i

has constants ay = 1000 and ny = 8 that are determined empirically such that the state
vector converges to a solution in an efficient and robust manner (\Wu et al.; 2017).

In practice, we train a neural network to provide the output for our forward model. We
take finite differences of this neural network forward model to compute the Jacobian, which
we can efficiently compute by consolidating all inputs into a single call to TensorFlow per
iteration as described in Section 2.4.3.

2.1.8 A priori covariance matrix and constraints

We use a conservative and simple way to specify the a prior: state vector, x,, using the mean
of the allowable range of each retrieval parameter, and which is also used as the first guess
X;:

Xq = (Xiow + Xnigh)/2 = X;. (11)

The a priori covariance matrix, defined as a diagonal matrix, is given by
S. = d1ag(a_[1 o 07:1)7 (12)

where o, is a vector representing the standard deviations of the a priori values, which
represent 1o uncertainties, and is set equal to the a priori state vector, so that g, = x, and
g, o 0, denotes the Schur product.! The measurement error covariance matrix S, is given in
Section 6.

2.1.9 Posterior covariance matrix

Once the retrieval has converged to x, we calculate the posterior covariance matrix at X, or
the state error covariance matrix, given by

A~

ST'(x) = K&x)"ASTTK(%) + St (13)

'Also known as the Hadamard product, it is simply the element-by-element product. See
https://en.wikipedia.org/wiki/Hadamard_product_(matrices).
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The square root of the diagonals of S give the 1o uncertainty estimates of the retrieval
accuracy, and the non-diagonal elements indicate how correlated the retrieval parameters
are to each other. A diagonal or nearly-diagonal S(f{) indicates that the retrieval parameters
are orthogonal to each other, without overlapping impacts on the modeled measurements.
The MAPP L2 data files with the retrievals provide the uncertainty estimates corresponding
to the state vector from Eq. (13). Also provided are the propagated uncertainties for the
fine- and coarse-mode effective radii, effective variances, and the fine-mode SSA. For details
on the propagation of errors, see Section 7.
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