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Depending on your perspective…
…sun glint is either something to correct for, or utilize

MODIS swath MISR swath Ancillary wind speed predicted glint coefficient for a nadir view



From Kaufman, Y. J., Martins, J. V., Remer, L. A., Schoeberl, 
M. R., & Yamasoe, M. A. (2002). Satellite retrieval of 
aerosol absorption over the oceans using 
sunglint. Geophysical Research Letters, 29(19).

The aerosol reflectance is defined as the difference
between the reflectance of the ocean/atmosphere system
with and without aerosols. Outside the glint, aerosol
increases the ocean brightness observed at the top of the
atmosphere. In the glint region, aerosol reduces the glint
brightness both through absorption and scattering of
reflected sunlight.
[10] The aerosol reflectance is sensitive to aerosol absorp-

tion in the glint while at off glint angles it is sensitive to
aerosol size distribution and real part of refractive index. A
change in the effective radius, !reff = 0.05 mm or a change
in the refractive index, !nr = 0.05, affects the aerosol
reflectance outside the glint, as much as a change in the
aerosol absorption optical thickness, !tabs = 0.03 (see
Figure 1). However, the aerosol reflectance inside the glint
is not sensitive to aerosol size or refractive index in this
case. This insensitivity is due to the compensation between
a change in the attenuation of the glint brightness and a
change in aerosol backscattering of sunlight to space. This
compensation may not take place for much different wind
speeds or aerosol size distributions.

3. The Remote Sensing Method

[11] Aerosol reflectance in the glint is affected both by
aerosol scattering and absorption. Aerosol scattering is
determined first from off glint measurements in the same
location. The technique is illustrated in Figure 2. The figure

shows two cross track scanning multi-wavelength polar-
imeters [Mishchenko and Travis, 1997]), called here POL1

and POL2. Polarization measurements from space are
shown to provide accurate aerosol scattering optical prop-
erties when a wide range of view directions is available
[Chowdhary et al., 2002]. In the Figure 2 configuration,
POL1 points always to the center of the glint and scans
through it, POL2 scans at 40! from the glint to see the
same spot a minute apart at an off-glint direction. Aerosol
properties are derived in the following method:
1. Aerosol scattering properties: In the off-glint direc-

tion, POL2 observes aerosols against the dark ocean using
polarization measurements in a wide spectral range (0.34–
2.1 mm). This information is used to derive the aerosol
scattering optical thickness, size distribution (distinguish-
ing dust from fine aerosol) and refractive index.
2. Glint reflectance: Glint spectral measurements at 1.6

and 2.1 mm are used to derive the glint reflectance in a
spectral region where fine mode aerosols are transparent
(see Figure 3). A model, validated using satellite measure-
ments in regions with very little aerosol, can be used to
relate the glint brightness in 1.6 or 2.1 mm to the 0.44–0.66
mm range. Thus we can remove the effect of sea surface
state on the variation in glint brightness. For dust, a similar
procedure is applied using 0.86 mm since dust, does not
absorb in this wavelength.
3. Aerosol absorption: The excess attenuation of the

glint by fine aerosol in the 0.44–0.66 mm range relative to
1.65 or 2.13 mm and the aerosol scattering properties
derived from off-glint, are used to derive the aerosol

Figure 1. Solar glint in Lago Maggiore, Italy on a pristine
day (June 14, 2001) overlaid by a plot of the calculated
aerosol reflectance - top of atmosphere reflectance differ-
ence with and without aerosols at 0.55 mm. Solar zenith
angle is 30!. Blue, red and orange lines are for increasing
aerosol absorption optical thickness, tabs for the same tscat.
Black lines are for varying optical thickness, effective
radius, Reff and refractive index nr. The aerosol reflectance
in the glint is robust against such changes in most aerosol
properties but sensitive to its absorption.

Figure 2. Solar glint over Lago Maggiore, Italy, June 27,
2001. The haze is urban pollution (optical thickness !1)
plus dust from the Sahara [Gobbi et al., 2000]. A
hypothetical spaceborne mission to measure aerosol absorp-
tion over the ocean consists of two pushbroom instruments
that scan across-track as the spacecraft moves along track:
one through the glint and one 40! off-glint.

34 - 2 KAUFMAN ET AL.: AEROSOL ABSORPTION USING GLINT

Information content of aerosol retrievals in the sunglint region
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[1] We exploit quantitative metrics to investigate the
information content in retrievals of atmospheric aerosol
parameters (with a focus on single-scattering albedo),
contained in multi-angle and multi-spectral measurements
with sufficient dynamical range in the sunglint region. The
simulations are performed for two classes of maritime
aerosols with optical and microphysical properties compiled
from measurements of the Aerosol Robotic Network. The
information content is assessed using the inverse formalism
and is compared to that deriving from observations not
affected by sunglint. We find that there indeed is additional
information in measurements containing sunglint, not just
for single-scattering albedo, but also for aerosol optical
thickness and the complex refractive index of the fine
aerosol size mode, although the amount of additional
information varies with aerosol type. Citation: Ottaviani, M.,
K. Knobelspiesse, B. Cairns, and M. Mishchenko (2013),
Information content of aerosol retrievals in the sunglint region,
Geophys. Res. Lett., 40, 631–634, doi:10.1002/grl.50148.

1. Introduction

[2] While the radiative forcings exerted by some atmo-
spheric constituents (such as greenhouse gases) are known
with satisfactory accuracy, the role of aerosols bears uncer-
tainties so large that they prevent climate models from
running at the desirable accuracy [Hansen et al., 2011;
Penner et al., 2011; Loeb and Su, 2010]. The impact of aero-
sol particulates is indeed complex and includes both direct
and indirect effects, leading to positive and negative forcings
via a myriad of feedback mechanisms. Direct effects are
mostly determined by the microphysical properties, which
govern the ratio between absorption (leading to positive
feedback or warming) and scattering (leading to cooling
when radiation is reflected back to space) of electromagnetic
radiation. Highly reflecting sulfate aerosols can originate
from volcanic eruptions [Bates et al., 1992] and fossil fuel
combustion [Smith et al., 2001] or within the silicates which
predominantly contribute to the composition of dust raised
by sandstorms [Wagner et al., 2012]. Carbonaceous particu-
lates, originating from biomass, biofuel, and fossil fuel burn-
ing, are characterized instead by non-negligible absorption
[Moosmüller et al., 2009], and much emphasis has recently
been placed on the uncertainty associated with the efficiency
of this specific process [Andreae, 2001].

[3] The parameters of importance in aerosol retrieval are
the column optical thickness, the effective radius and vari-
ance, and the complex refractive index. The typical bimodal
nature of aerosol populations requires these parameters to be
determined for both modes. The overall situation is further
complicated by the extensive variability of aerosol distribu-
tion, deriving from regional emission sources and from the
vertical assortment linked to the dynamics of transport pro-
cesses [Seinfeld et al., 1998].
[4] A decade ago, Kaufman et al. [2002] hypothesized that

sunglint, the strong signal caused by reflection of sunlight
from water surfaces, could be exploited to improve the retrie-
vals of aerosol absorption. The strategy envisioned the exploi-
tation of off-glint regions to constrain the scattering properties
of the aerosol, especially feasible if polarimetric measurements
are available [Mishchenko and Travis, 1997], together with
direct transmittance measurements at the center of the glint,
where the higher signal-to-noise ratio would arguably benefit
the estimate of extinction. Despite the efforts to improve the
description of the sunglint phenomenon [Kay et al., 2009],
and include it in radiative transfer codes as a boundary condi-
tion [Ottaviani et al., 2008], a rigorous assessment of the fea-
sibility of improved retrievals in glint regions is still missing.
Because of this, and the lack of sufficient dynamical range, a
wealth of satellite observations is systematically discarded. A
clear example concerns the ocean color community, since each
composite image of global chlorophyll concentration exhibits
periodic, wide latitudinal swaths of missing data.
[5] Inverse methods are most general and can be applied to

the widest class of retrievals. Well-established inversion
schemes [Rodgers, 2000], to predict the uncertainty of param-
eters retrieved from an observation of given characteristics
(spectral range, radiometric uncertainty, etc.), have been used
to test the retrieval capability of multi-angle, multi- and hyper-
spectral, and polarimetric instruments [Rodgers and Connor,
2003; Lebsock et al., 2007; Hasekamp and Landgraf, 2007;
Waquet et al., 2009; Hasekamp, 2010; Knobelspiesse et al.,
2011;Coddington et al., 2012]. Adhering to the implementation
ofKnobelspiesse et al. [2012], who compared contemporary in-
strument designs for the retrieval of fine mode aerosol proper-
ties, we investigate the potential value of measurements taken
within the sunglint region.

2. Methodology

[6] The act of measurement always introduces some
noise e in the relation linking the n-dimensional state
vector of a system x to an m-dimensional measurement
vector y=F(x) + e, where F is the forward model which
describes the knowledge of the measurement process
and the physics of the problem (which may be imper-
fect). The forward model can often be locally linearized
about a reference state x0:
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“We find that there indeed is additional information in 
measurements containing sunglint, not just for single-

scattering albedo, but also for aerosol optical thickness and 
the complex refractive index of the fine aerosol size mode…”

Motivation:

Also see recent review: Neukermans, G., Harmel, T., Galí, M., Rudorff, N., Chowdhary, J., Dubovik, O., Hostetler, C., Hu, 
Y., Jamet, C., Knobelspiesse, K., and others: Harnessing remote sensing to address critical science questions on ocean-
atmosphere interactions, Elem Sci Anth, 6(1) , 2018. DOI: https://doi.org/10.1525/elementa.331 



Further motivation

from 50 to 243 for the SWIR bands (Fig. 5) across 
an assigned dynamic range of radiances to be ob-
served (i.e., the lowest expected ocean radiance to a 
maximum cloud radiance, defined as a Lambertian 
white cloud). OCI has 16-bit digitization to achieve 
the required radiance resolutions. Radiances used 
to study phytoplankton fluorescence re-
quire high SNRs (Behrenfeld et al. 2009), 
and, as such, the high end of the dy-
namic range for bands from 660 to 715 nm 
is reduced to ~40% of the maximum cloud 
radiance, which results in a boost in SNR 
for these wavelengths. The 1,038-nm band 
is treated similarly to increase its SNR for 
use in ocean color atmospheric correction.

Ocean color data record development 
ultimately drives the design of OCI such 
that achieving calibration accuracies that 
mimic or improve upon SeaWiFS remains 
of principle concern during its develop-
ment and operation (Zibordi et al. 2014). 
Sources of typical instrument uncertain-
ties (e.g., sensitivity to polarization, stray 
light, and temperature) are addressed 
both by design choices and by a rigorous 
prelaunch test campaign, based largely on 
lessons learned from SeaWiFS, MODIS, 
and VIIRS heritage. Variations in the 
radiometric sensitivity of each channel 
over time are monitored by solar diffuser 
measurements for short-term instrument 
gain adjustments and independent lunar 
measurements for trend adjustments of 
long time periods (2 years or more).

The solar diffuser calibration assembly consists of 
three solar diffusers: two bright solar diffusers and 
one dim solar diffuser. The two bright solar diffusers 
are quasi-volume diffusers (QVD), selected because 
of their minimal degradation in the UV when ex-
posed to solar irradiation as demonstrated by the 

TABLE 2. Instruments specifications for OCI, HARP-2, and SPEXone.

OCI HARP-2 SPEXone

UV–NIR range  
(bandwidth)

Continuous from 340 to 890 nm*  
in 5-nm steps (5)

440, 550, 670 (10), and  
870 (40) nm

Continuous from 385 to 
770 nm in 2–4-nm steps

SWIR range 
(bandwidth)

940 (45), 1,038 (75), 1,250 (30), 
1,378 (15), 1,615 (75), 2,130 (50), 
and 2,260 (75) nm

None None

Polarized bands None All Continuous from 385 to 
770 nm in 15–45-nm steps

Number of viewing  
angles

Fore–aft instrument tilt of ±20°  
to avoid sun glint

10 for 440, 550, and 870 nm and 
60 for 670 nm (spaced over 114°)

5 (−57°, –20°, 0°, 20°, 57°)

Swath width ±56.5° (2,663 km at 20° tilt) ±47° (1,556 km at nadir) ±4° (100 km at nadir)

Global coverage 1–2+ days 2 days ~30 days

Ground pixel 1 km at nadir 3 km 2.5 km

Institution GSFC UMBC SRON

* The mission carries a goal of extending the shortest wavelength to 320 nm.
+ There is 2-day coverage when limited to solar and sensor viewing angles of 75° and 60°, respectively.

FIG. 4. Three example consecutive daytime orbits of the PACE 
observatory science data collection, showing the OCI (blue), 
SPEXone (green), and HARP-2 (white) swaths. The polarimeter 
swaths consider all along-track viewing angles (such that the 
HARP-2 swath width viewed at ±57° exceeds that of OCI, which 
is ±20°). The subsolar point and region of OCI aft-to-fore tilt 
are also shown.
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Ocean Color Imager (OCI): tilting imaging UV-SWIR spectrometer
Spectro-Polarimeter for Planetary Exploration (SPEXone): narrow 
swath, high accuracy, multi-angle VIS polarimeter/spectrometer
Hyper Angular Rainbow Polarimeter (HARP-2): wide swath, four 
channel, hyper-angle VIS polarimeter

Expected launch: 2023

P.J. Werdell, et al., 2019. The Plankton, Aerosol, Cloud, ocean 
Ecosystem (PACE) mission: Status, science, advances, Bulletin of the 
American Meteorological Society, 100 (9). DOI:10.1175/BAMS-D-
18-0056.1 

https://pace.gsfc.nasa.gov

Merged observation plan, 
synthetic test data and other info: 
https://oceancolor.gsfc.nasa.gov/data/pace



As proposed

Coincident MISR data will be used to benefit MODIS-Terra atmospheric correction by:  
1. Improving aerosol model selection in the NIR with multi-angle observations
2. Refining reflected sun glint characterization with direct observations, and
3. Identification of aerosol absorption with multi-angle glint observation. 

Leveraging combined atmospheric (GSFC, JPL), 
instrument (GSFC MODIS, JPL MISR) and ocean 
color (GSFC) experience, and utilize the 
infrastructure of the GSFC OBPG.

Research algorithm for Section 2.2 of TASNPP 
call “Algorithms – New Data products” as part 
of the Ocean Biology and Biogeochemistry 
Measurements Science Team 

Oceanographer lingo for aerosol retrieval

Find	
MISR-LUT	
match	

MISR	
Lt(866nm)	

full	
LUTmatch	

Extracted	
geometry	
LUTmatch	

Screen	
clouds,	
remove	
Rayleigh,	
gases,		etc	

full	
LUTMODIS	

Extracted	
geometry	
LUTMODIS	

MODIS	
Lt	

MODIS	
Rrs	

matched	
LUTMODIS	

Atmospheric	
correcHon	
Rrs=F(Lt)	

Screen	
clouds,	
remove	
Rayleigh,	
gases,	etc	



1. MISR data into Ocean Biology Processing Group (OBPG) “l2_gen”
2. 1st generation MISR LUT generated with Ahmad-Frasier RT (AFRT) code. 

Dimensions: aerosol model, AOT, wind speed + geometry
3. Benchmark comparison (2) to GISS Doubling-Adding RT code
4. l2_gen modification to handle glint and other changes 
5. Ported AFRT to OBPG data processing system for increased speed
6. 2nd generation MISR LUT created with (5), with additional aerosol models 

(varying humidity as a proxy for aerosol properties) 
7. Initial tests of applying OBPG vicarious calibration to MISR data. Limited 

by narrow instrument swath
8. Information content assessment to determine appropriate 

parameterization (GENRA), 1st publication
9. Initial tests of MISR retrieval

1st & 2nd year accomplishments
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GENRA (Generalized Nonlinear Retrieval Analysis)

Goal - determine the best 
parameterization scheme

Input: MISR (865nm) 9 views

Output: 
AOD(865nm)
scalar surface wind speed
2 parameter aerosol model (fine coarse   

mode concentration, relative humidity)

+ tests of model errors

Coddington, O., Pilewskie, P., and Vukicevic, T.: The Shannon 
information content of hyperspectral shortwave cloud 
albedo measurements: Quantification and practical 
applications, J. Geophys. Res, 117(D4), D04205 , 2012. 
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Some Results
(thousands of cases 
for different 
parameters and 
geometries) 

Marginal 
Probability 
Distribution 
function: what a 
retrieval on one 
node in our 
simulation dataset 
would be like 
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Conclusions, briefly…

• High dependence on BOTH geometry and AOD
• Marginal PDF’s are not always Gaussian Simple +/-

uncertainty bounds may not tell the whole story. This gets 
worse as parameter retrieval is less well determined and 
prior state has a larger impact. 

• Higher AOD = good aerosol retrievals, worse wind/glint, 
lower AOD = worse aerosol, better wind/glint

• We could do actual retrievals this way! But it may 
not be computationally feasible.

• Many more results in the backup slides
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Abstract.

Since early 2000, NASA’s Multi-angle Imaging Spectro-
Radiometer (MISR) instrument has been performing remote
sensing retrievals of aerosol optical properties from the po-
lar orbiting Terra spacecraft. A noteworthy aspect of MISR5

observations over the ocean is that, for much of the Earth,
some of the multi-angle views have contributions from solar
reflection by the ocean surface (glint, or glitter), while oth-
ers do not. Aerosol retrieval algorithms often discard these
glint influenced observations because they can overwhelm10

the signal and are difficult to predict without knowledge of
the (wind speed driven) ocean surface roughness. Other al-
gorithms directly use the sun glint to determine the ocean
surface roughness, and by extension wind speed, but may not
simultaneously retrieve aerosol optical properties. However,15

theoretical studies have shown that multi-angle observations
of a location at geometries with and without reflected sun
glint can be a rich source of information, sufficient to sup-
port simultaneous retrieval of both the aerosol state and the
wind speed at the ocean surface.20

We are in the early stages of creating such an algorithm.
In this manuscript, we describe our assessment of the ap-
propriate level of parameterization for simultaneous aerosol
and ocean surface property retrievals using sun glint. For this
purpose, we use Generalized Nonlinear Retrieval Analysis25

(GENRA), an information content assessment (ICA) tech-
nique employing Bayesian inference, and simulations from
the Ahmad-Fraser iterative radiative transfer code. We find
that a suitable parameterization for the retrieval algorithm in-
cludes four parameters: aerosol optical depth (⌧ , which is the30

atmospheric column aerosol optical extinction), particle size

distribution (expressed as the relative contribution of small
particles in a bimodal size distribution, or fine mode fraction,
f ), surface wind speed (w, scalar/non directional) and relative
humidity (r, as a means to define the aerosol water content 35

and complex refractive index). None of these parameters de-
fine ocean optical properties, as we found that the aerosol
state could be retrieved with the nine MISR near-infrared
views alone, where the ocean body is black in the open ocean.
We also found that retrieval capability varies with observa- 40

tion geometry, and that as ⌧ increases so does the ability to
determine aerosol intensive optical properties (r and f, while
it decreases for w). Increases in w decrease the ability to de-
termine the true value of that parameter, but have minimal
impact on retrieval of aerosol properties. We explored the 45

benefit of excluding the two most extreme MISR view an-
gles (view zenith angles of 70.5� fore and aft of nadir), which
may be subject to inaccurate radiative transfer calculations
for models that make plane parallel approximations. So long
as the retrieval algorithm accounts for increased uncertainty 50

due to this for those view angles, it is best to use all nine
views. Finally, the impact of treating wind speed as a scalar
parameter, rather than as a two parameter directional wind,
was tested. While the simpler scalar model does contribute
to overall aerosol uncertainty, it is not sufficiently large to 55

justify the addition of another dimension to parameter space.
The long term goal of this project is to use the aerosol

retrieval from MISR to perform an atmospheric correction
for coincident ocean color (OC) observations by the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) in- 60

strument, also on the NASA Terra spacecraft. Unlike MISR,
MODIS is a single view angle instrument, but it has a more

Almost ready to submit to Atmospheric 
Measurement Techniques



An view
(nadir)

We tested a maximum 
likelihood (non-Bayesian) 
retrieval using the same 
aerosol simulations.

Scene: 2018-07-01, south 
of Baja California

Initial MISR retrieval using 865nm band



𝛒t An (865)

𝛒t Aa (865)

Glint
AOT(865) - MISR Windspeed- MISR AOT(869) - MODIST

Glint 
artifacts

Initial MISR retrieval using 865nm band

Very preliminary: we can retrieve reasonable (?) aerosol 
properties in regions too contaminated by glint to be useful in 
MODIS (ocean color) retrievals

Geometry 
interpolation issue, 

now resolved
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GENRA objectives

We want to retrieve four parameters from 
the 9 MISR 865nm views. Is this feasible?

What retrieval uncertainty can we expect? 
How does this depend on geometry? How 
does it depend on conditions?

4 Knobelspiesse et al.: Analysis of MISR property retrieval

Size Relative Refractive Mode Sigma

mode humidity index radius radius

fine 30% 1.5177 - i0.0099314 0.085 0.437
fine 50% 1.5106 - i0.0095561 0.086 0.437
fine 70% 1.4890 - i0.0084179 0.089 0.437
fine 75% 1.4665 - i0.0072357 0.094 0.437
fine 80% 1.4262 - i0.0051153 0.105 0.437
fine 85% 1.4035 - i0.0039237 0.115 0.437
fine 90% 1.3875 - i0.0030814 0.125 0.437
fine 95% 1.3719 - i0.0022591 0.138 0.437

coarse 30% 1.4757 - i0.0000077 0.567 0.672
coarse 50% 1.4694 - i0.0000074 0.575 0.672
coarse 70% 1.4143 - i0.0000045 0.679 0.672
coarse 75% 1.3796 - i0.0000027 0.808 0.672
coarse 80% 1.3632 - i0.0000018 0.921 0.672
coarse 85% 1.3569 - i0.0000015 0.985 0.672
coarse 90% 1.3503 - i0.0000011 1.076 0.672
coarse 95% 1.3414 - i0.0000007 1.288 0.672

Table 1. Optical properties for the aerosol models used in radia-
tive transfer calculations. Note that refractive indices are specified
for 865nm. In the radiative transfer calculations, the fine and coarse
mode microphysical properties are combined at one of ten different
volume concentrations, where the fine mode contributes 0%, 1%,
2%, 5%, 10%, 20%, 30%, 50%, 80% or 95%. Mode radius is spec-
ified in microns.

zenith angle, ✓s (the solar illumination vector’s angle from
nadir), and relative azimuth angle, � (the solar minus obser-
vation azimuth angles), are simulated. This means that there
are 7,744 (22⇥22⇥16) observations simulated for each geo-
physical state. For analysis, these geometries are interpolated5

to provide a simulated observation for a specified MISR ge-
ometry (see Section 2.3 for a description). Also, note that in
our implementation of AFRT azimuthal symmetry was pre-
served, so simulations from �= 0� to �= 180� mirror those
from �= 360� to �= 180�.10

AFRT simulations were varied across four dimensions
of parameter space. These dimensions, and the values over
which the simulations were performed, are described in Ta-
ble 2. A total of 3,600 (8⇥10⇥9⇥5) geophysical states were
simulated for each of the geometries.15

Relative humidity (r), as described above, modifies the
size distribution and complex refractive index of the aerosols
to parameterize water update as described in Table 1.
Aerosols are treated as bimodal, lognormal, distributions of
fine and coarse size aerosols, represented in volume space as20

dV (r)

d lnr
=

Vfp
2⇡�f

exp

2

4�
 
lnr� lnrfp

2�f

!2
3

5

+
Vcp
2⇡�c

exp

"
�
✓
lnr� lnrcp

2�c

◆2
# (1)

where V is volume, r particle radius, Vf and Vc are the
volumes of the fine and coarse size mode particles, rf and
rc their geometric mean radius (in microns) and �f and �c

their geometric standard deviation. Thus, the fine size mode 25

fraction parameter is f = Vf

Vf+Vc
. Aerosol optical depth (⌧ )

is defined at 865nm, while the wind speed parameterizes the
distribution of specular reflection from the sun by the ocean’s
surface, as described above.

Parameter # Values

r 8 30, 50, 70, 75, 80, 85, 90, 95
f 10 0%, 1%, 2%, 5%, 10%, 20%, 30%, 50%,

80%, 95%
⌧ 9 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30,

0.40, 0.50
w 5 0.0, 1.87, 4.21, 7.49, 11.70

Table 2. Geophysical parameters for which AFRT simulations were
performed, for a total of (8⇥10⇥9⇥5) combinations. r is the rela-
tive humidity in percent, f is the aerosol fine size mode volume
fraction, ⌧ is the aerosol optical depth at 865nm, and w is the wind
speed in m/s.

Other geophysical parameters were held constant for all 30

simulations, implying expectations of minimal impact on pa-
rameterization capability. These included trace gas absorp-
tion (for which we are minimally sensitive in the MISR NIR
channel, and can be accounted for in operational process-
ing), total atmospheric pressure (which can also be accounted 35

for in operational processing), and the ocean body contribu-
tion as mentioned previously. Surface reflectance contribu-
tion due to sea foam was not included in our simulations, but
a subsequent analysis found that its inclusion in select cases
had a negligible impact on our results. 40

2.2 MISR characteristics

There is a rich literature describing MISR’s technical char-
acteristics (e.g. Bruegge et al. (1998, 2002, 2004); Diner et
al. (1998)) and retrieval algorithms (e.g. Diner et al. (2005);
Kahn et al. (2005); Witek et al. (2019); Garay et al. (2020)), 45

so our description is limited to brief details relevant to this
study.

Mike, I need your help to make this correct and appropri-
ately detailed

The NASA Terra spacecraft, for which MISR is one of 50

the instruments, is in an orbit with an altitude of 705km and
inclination angle of 98.2�, and ground track repeat every six-
teen days. It has nine push-broom cameras that are oriented
along the satellite track direction, with nominal angles with
respect to the Earth surface of 0�, ±26.1�, ±45.6�, ±60.0� 55

and ±70.5�. In the terminology of MISR data users, cameras
are denoted [Df, Cf, Bf, Af, An, Aa, Ba, Ca, Da] in order
from the most forward camera to the most aft; roughly seven
minutes pass from the first image of a ground location to
the last. Each camera has four spectral channels, with center 60

Tests of model error:

How sensitive are we to plane parallel radiative transfer uncertainty for large zenith 
angles?

Better to use scalar or vector winds to parameterize sun glint?



Test scenes 

To find a set of reasonable MISR measurement 
conditions, performed a SeaBASS search on 
AERONET-OC / MODIS-Terra matchups, where MODIS 
zenith angle maximum is 15˚ 

Found 906. Picked 7 @ low, medium and high solar 
zenith angles.
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wavelengths at 446.6nm (blue), 557.5nm (green), 671.7nm
(red) and 866.4nm (NIR). Although there is some variation
in camera and channel swath width and inherent spatial res-
olution, the common resolution to which MISR data are typ-
ically analyzed is 1.1km. In this paper, we assume all cam-5

era observations have the same spatial resolution, and that
systematic uncertainties such as out-of-band instrument re-
sponse (Bruegge et al. (2004)) have been corrected.

As mentioned previously, we are assessing the retrieval ca-
pability utilizing only the NIR channel. By doing so, we re-10

duce the dimensionality of our parameter retrieval space by
making the assumption that the water body does not con-
tribute to the observations. This assumption has a long his-
tory in the ocean color remote sensing community (e.g. Gor-
don and Wang (1994)) and is appropriate for most of the15

open ocean. It is also assumed to be the case for both the
red and NIR channels in the most recent operational MISR
aerosol retrieval algorithm, V23 (Garay et al. (2020)). Treat-
ment of turbid or coastal water bodies would require a more
extensive parameter space that we will not address in this20

work.
By using all NIR multi-angle observations, including those

made at geometries with reflected sun glint, we can retrieve
a somewhat unique set of parameters: those describing the
nature of that sun glint and the atmospheric aerosols above25

it. The ultimate goal is to aid the atmospheric correction for
ocean color observations for the other instrument on Terra,
MODIS. Standard atmospheric correction for that instrument
has access to single view observations at two of NIR chan-
nels and also utilizes the dark ocean assumption. While fu-30

ture missions may make use of a greater number of chan-
nels (Ibrahim et al. (2019)), this means that only two pieces
of information are used to select an aerosol type (model)
and magnitude (⌧ ). With the MISR NIR multi-angle obser-
vations, however, we have nine pieces of information from35

which to identify the aerosol magnitude (⌧ ), two parameters
defining aerosol type (r and f ) and a measure for the distribu-
tion of reflected sun glint (w). How well we expect to retrieve
these parameters, given measurement and model uncertainty,
is the goal of this work.40

2.3 Test cases

Retrievals of aerosol properties with multi-angle instruments
such as MISR are sensitive to the specific observation ge-
ometry (e.g. Knobelspiesse et al. (2012); Knobelspiesse and
Nag (2018)), which varies with location, orbit, and sea-45

son. In order to span the range of potential geometries, we
selected seven scenes from the MISR archive. Specifically,
we used the SeaWiFS Bio-optical Archive and Storage Sys-
tem (SeaBASS) (https://seabass.gsfc.nasa.gov/, Werdell et al.
(2003)) to identify cloud free coincident observations by50

MISR and ground instruments from AERONET-OC (Zibordi
et al. (2010)). AERONET-OC is a network of ground based
instruments that are often mounted on platforms at sea and
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Figure 1. Polar plot of the observation geometries used in the ICA,
corresponding to AERONET-OC and MISR coincident observa-
tions. The angular coordinate indicates �, while the radial coordi-
nate indicates ✓v (each dashed concentric circle represents 20�). ✓s
is indicated by color.

measure both aerosol properties and ocean reflectance. In a
future work, we will compare MISR retrievals from the al- 55

gorithm we develop to the optical properties observed by
AERONET-OC, and consider the differences between them
in the context of this ICA.

Table 3 contains the details about the seven geometries we
use for this study, while Figure 1 is a polar plot of the cor- 60

responding MISR observation geometries. The seven cases
were chosen to span the range of measurement geometries,
and include two at ’high’ ✓s ( 70�), two at ’medium’ ✓s ( 45�)
and two at ’low’ ✓s ( 30�). We also included a less com-
mon extremely low ✓s ( 20�) for which the glint was cen- 65

tered about the An (nadir) viewing direction. Among these
geometries, the ’high’ ✓s scenes are minimally impacted by
glint, while its influence progressively increases for lower ✓s.

2.4 GENRA

There are multiple techniques for assessing information con- 70

tent in a remote sensing retrieval. Inherent to all techniques
is the need to connect measurement space to geophysical pa-
rameter (often denoted state) space, in a manner the incor-
porates measurement and model characteristics plus a pri-
ori knowledge. While such efforts can not incorporate ’un- 75

known unknowns,’ they provide a useful ceiling for potential
retrieval success and a means to compare different measure-
ment and retrieval systems.

The aerosol remote sensing community has often utilized
a technique popularized by Rodgers (2000), which projects 80

model and measurement uncertainty from the measurement

6 Knobelspiesse et al.: Analysis of MISR property retrieval

Site ✓s Latitude Longitude Date Time ⌧(869nm)
A COVE-SEAPRISM 30.5� 36.90�N 75.71�W 2008-04-17 15:13Z 0.052
B MVCO 27.9� 41.33�N 70.57�W 2008-05-05 15:00Z 0.149
C Helsinki-Lighthouse 44.3� 59.95�N 24.92�E 2009-08-06 09:03Z 0.056
D Venise 69.7� 45.31�N 12.51�E 2011-01-03 09:34Z 0.024
E Venise 69.8� 45.31�N 12.51�E 2011-12-28 09:40Z 0.045
F USC-SEAPRISM 19.6� 33.56�N 118.12�W 2012-05-27 18:00Z 0.078
G MVCO 43.9� 41.33�N 70.57�W 2013-09-24 15:01Z 0.010

Table 3. Location and time of selected AERONET-OC sites with coincident MISR observations. The solar and observation geometries of
these sites were used in our ICA. More details on the individual sites can be found at https://aeronet.gsfc.nasa.gov/.

to parameter spaces. This technique is fast and convenient,
as it uses Jacobian matricies (K) calculated as the partial
derivative of the measurements with respect to retrieval pa-
rameters. This is performed using a radiative transfer forward
model (F ), which represents geophysical reality by calculat-5

ing a simulated observation (y) for a given set of parame-
ters (m), i.e. y = F (m) and Ki,j =

@Fi(m)
@mj

(where i and j are
indices for the measurement and parameter vectors, respec-
tively). Like all information content assessments, it relies on
the suitability of the forward model and uncertainty estimate10

fidelity. Because of its speed and flexibility, it has become a
common tool in the multi-angle aerosol remote sensing to
identify optimal instrument characteristics (e.g. Hasekamp
and Landgraf (2005), Lebsock et al. (2007), Waquet et al.
(2009), Knobelspiesse et al. (2012), Ottaviani et al. (2013),15

Xu and Wang (2015), Knobelspiesse and Nag (2018), and
Hasekamp et al. (2019)). Furthermore, since Jacobians are
often used in optimal estimation or similar iterative retrieval
algorithms, this technique can also reuse the Jacobians of the
final iterative step to provide an estimate of parameter re-20

trieval uncertainty (e.g. Knobelspiesse et al. (2011a, b)). It
has also been shown to produce similar results to other as-
sessment techniques, such as in Gao et al. (2020).

However, the Rodgers (2000) technique does make sev-
eral assumptions that may influence the analysis. The use25

of Jacobians implies that the forward model connecting pa-
rameter to measurement space is locally linear. Furthermore,
PDF’s are assumed to be Gaussian, as uncertainty is char-
acterized by a simple distribution width metric (although an
advantage of that technique is the simplicity with which it30

accounts for uncertainty correlation for multiple measure-
ments). For information rich, well posed, problems this is
most likely not an issue, as measurement uncertainties are
well characterized by Gaussians and because a posteriori
PDFs are usually sufficiently compact that the local linear-35

ity assumed in the use of Jacobians is preserved. Addition-
ally, computational efficiency is important in the case of large
measurement and parameter space dimensionality. For ex-
ample, in the assessment of the Aerosol Polarimetry Sensor
(APS) in Knobelspiesse et al. (2012), the measurement vec-40

tor had 3,570 elements for the retrieval of 12 parameters. This

contrasts with the current study, which has a measurement
vector with 9 elements for the retrieval of 4 parameters.

The smaller dimensionality of this retrieval allows us to
explore other techniques that do not make the same approxi- 45

mations as Rodgers (2000). The GENRA technique (Vukice-
vic et al. (2010)) is attractive because it does not make the
same assumptions of forward model linearity and the Gaus-
sian nature of uncertainty. Developed for the assessment of
cloud remote sensing (Coddington et al. (2012, 2013, 2017), 50

GENRA is similar to Bayesian inference in its treatment of
all components of the retrieval system as stochastic with as-
sociated PDFs. The result is a posterior which represents the
best understanding of the expected parameter PDF for a syn-
thetic measurement. The technique is computationally inex- 55

pensive and can utilize precomputed LUT’s to represent the
forward model (the primary expense is the typical need to
interpolate these LUT’s to a finer grid). Metrics for the re-
duction in entropy from the prior to posterior PDF, such as
the Shannon information content (Rodgers (2000)) can be 60

used to characterize the overall quality of a retrieval, while
marginal PDFs (the posterior PDF integrated to one param-
eter dimension) indicate the capability for an individual pa-
rameter.

GENRA can be represented by a single, perhaps decep- 65

tively simple, equation:

po(m) =
pr(m)

�

X

y

pd(y)pl(F (m)|m) (2)

where po(m) is the a pOsteriori PDF for the m parame-
ter vector (bold indicates vector), pr(m) is the a pRiori PDF,
pd(y) is the stochastic measurement distribution (d for data), 70

and pl(y) is the same for the Likelihood function. Instead of
an integration over measurement space (y), we use a summa-
tion, as we represent all PDF’s as discrete functions. � is a
normalization factor such that

� =
X

m

po(m) (3) 75

which ensures the summation of the posterior PDF is one.
The result is a multidimensional a posteriori PDF that in-
corporates all known information. In the context of GENRA
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Results

Shannon Information Content is 
a more compact representation

Aerosol properties increase
with solar zenith angle (less 
glint)

Wind speed decreases

Total SIC relatively insensitive 
(trade off)

Special case for SZA=20˚
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Results

How sensitive are we to 
parameter value?

Aerosol intensive properties 
don’t change SIC much

More aerosols (higher AOD) 
means better aerosol 
retrievals, worse wind 
retrievals

Minor decrease in SIC as 
wind speed grows
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Results

Is it better to discard most extreme (view zenith = 70.5˚) MISR views because of plane 
parallel radiative transfer error? No

Plot is of SIC for the 9 view case (incorporating expectations of error) vs 7 view case. 
Positive values mean 9 view has higher SIC.

SICH median difference between 9 and 7 views
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Results

We model sun glint as depending on a single (scalar) wind speed
A more complex model uses speed and direction. What is the model error due to this?
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Results

Plot is SIC without – SIC with this model uncertainty
Impacts are greatest for low solar zenith angles. But what is the impact on 
parameter uncertainty?

Scalar vs. Vector wind uncertainty, SICH median difference
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Results

Plot is SIC without – SIC with this 
model uncertainty

Impacts are greatest for low solar 
zenith angles. But what is the 
impact on parameter uncertainty?

Here is one example of marginals 
for one node in LUT. We can see 
that impact is only for aerosol 
intensive parameters at lowest SZA, 
and not worth the additional 
parametrization complexity and RT 
expense
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