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Abstract. We explore systematically the cumulative effect of

many assumptions made in the Multi-angle Imaging Spec-

troRadiometer (MISR) research aerosol retrieval algorithm

with the aim of quantifying the main sources of uncertainty

over ocean, and correcting them to the extent possible. A to-

tal of 1129 coincident, surface-based sun photometer spec-

tral aerosol optical depth (AOD) measurements are used for

validation. Based on comparisons between these data and

our baseline case (similar to the MISR standard algorithm,

but without the “modified linear mixing” approximation), for

558 nm AOD < 0.10, a high bias of 0.024 is reduced by about

one-third when (1) ocean surface under-light is included and

the assumed whitecap reflectance at 672 nm is increased,

(2) physically based adjustments in particle microphysical

properties and mixtures are made, (3) an adaptive pixel selec-

tion method is used, (4) spectral reflectance uncertainty is es-

timated from vicarious calibration, and (5) minor radiometric

calibration changes are made for the 672 and 866 nm chan-

nels. Applying (6) more stringent cloud screening (setting the

maximum fraction not-clear to 0.50) brings all median spec-

tral biases to about 0.01. When all adjustments except more

stringent cloud screening are applied, and a modified accep-

tance criterion is used, the Root-Mean-Square-Error (RMSE)

decreases for all wavelengths by 8–27 % for the research al-

gorithm relative to the baseline, and is 12–36 % lower than

the RMSE for the Version 22 MISR standard algorithm (SA,

with no adjustments applied). At 558 nm, 87 % of AOD data

falls within the greater of 0.05 or 20 % of validation values;

62 % of the 446 nm AOD data, and > 68 % of 558, 672, and

866 nm AOD values fall within the greater of 0.03 or 10 %.

For the Ångström exponent (ANG), 67 % of 1119 validation

cases for AOD > 0.01 fall within 0.275 of the sun photometer

values, compared to 49 % for the SA. ANG RMSE decreases

by 17 % compared to the SA, and the median absolute error

drops by 36 %.

1 Introduction

The research aerosol retrieval algorithm has been a

workhorse for analyzing and interpreting multi-angle, multi-

spectral data from the NASA Earth Observing System’s

Multi-angle Imaging SpectroRadiometer (MISR) instrument

for over 15 years, and for investigating possible upgrades

to the MISR operational aerosol algorithm (Kahn et al.,

1998, 2001a). MISR was launched aboard the Terra satel-

lite on 18 December 1999. The instrument measures up-

welling shortwave radiance from Earth in four spectral bands

centered at 446 (blue), 558 (green), 672 (red), and 866 nm

(near-infrared, or NIR), at each of nine view angles spread

out in the forward and aft directions along the flight path,

at 70.5, 60.0, 45.6, 26.1◦, and nadir (Diner et al., 1998).

MISR has a swath width of roughly 380 km, and typically

uploads data at a 1.1 km resolution (blue, green and NIR)

for all channels (wavelengths and cameras), except for the

12 channels comprising the nadir camera and the red spec-

tral band in the other eight cameras, which report data at

a 275 m resolution. The instrument samples a very large

range of scattering angles, with minimum scattering angle

values of about 60◦ and maximum scattering angle values

about 160◦ at mid latitudes, providing information about

aerosol microphysical properties. These views also capture

air-mass factors ranging from 1 to 3, offering sensitivity to

optically thin aerosol layers, and allowing aerosol retrieval
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algorithms to distinguish surface from atmospheric contri-

butions to the top-of-atmosphere (TOA) radiance. For future

reference, MISR aerosol “retrieval regions” are defined as

the geographical areas over which aerosol retrievals are per-

formed, which can be 16× 16, 4× 4, etc., 1.1 km image pix-

els. For the MISR Version 22 standard algorithm, retrievals

are performed over 16× 16-pixel retrieval regions. In addi-

tion, we use “reflectance” to mean “equivalent reflectance”

throughout the paper.

The research algorithm (RA) is designed to provide flex-

ibility in selecting (1) retrieval region spatial resolution,

(2) aerosol optical models (mixtures) to be included in the

algorithm comparison-space aerosol climatology, and (3) ac-

ceptance criteria for retrieved aerosol amount and type, at the

expense of the speed and autonomy required of the MISR

Standard Operational algorithm (SA). As such, we can per-

form case studies and analyses over selected areas, but it is

not feasible to generate global products with this algorithm.

Early versions of the RA could analyze only single retrieval

regions at a time (assessed over any number of chosen pix-

els), and could simulate only dark water surfaces of vary-

ing wind speed. Making use of recent advances in computer

hardware and software technology, the MISR RA has been

modified so it is practical to obtain results simultaneously for

a number of retrieval regions within a geographic domain,

while retaining flexibility in aerosol type and acceptance cri-

teria options (e.g., Kahn and Limbacher, 2012).

This paper reports on upgrades to the MISR research

aerosol retrieval algorithm as they affect dark water re-

trievals. The changes are motivated in part to explore is-

sues identified in recent validation analysis performed on the

MISR Standard aerosol product (Kahn et al., 2010). The val-

idation study showed, for example, that at low AOD the V22

Standard product AOD tends to be overestimated, whereas

at high AOD, the very limited number of over-ocean valida-

tion cases suggest the V22 product might be underestimated,

relative to near-simultaneous surface-based sun photometer

measurements. In the current paper, we examine in detail

the quantitative effect of specific upgrades to the research al-

gorithm on retrieved AOD and Ångström Exponent (ANG).

We implement and assess even minor adjustments that are

justified on physical grounds, such as recent refinements to

ocean surface whitecap spectral reflectivity and atmospheric

gas spectral absorption parameters, with the understanding

that the cumulative effects of even small corrections can be

significant. Section 2 describes the latest implementation of

the MISR dark water approach in the RA. Section 3 de-

scribes various modifications that are made to the algorithm

based on theoretical or physical considerations. Section 4 de-

scribes empirical adjustments that are made to the algorithm,

as well as AOD validation, ANG validation, and the effects

of more stringent cloud screening. Conclusions are presented

in Sect. 5.

2 MISR research retrieval dark water algorithm, and

validation data

The essential aspects of the MISR Standard dark water

retrieval algorithm are given in Martonchik et al. (1998,

2002) and Diner et al. (2008), and are similar to the his-

torical implementation in the research algorithm (Kahn et

al., 1998, 2001a). A flowchart outlining the steps involved

in the aerosol retrieval over dark water for the research al-

gorithm is presented in Fig. 1. For the current implementa-

tion of the algorithm, the dark water portion of the code is

run if the SA performs a dark water retrieval and the sub-

region used has the MISR SA product variable SurfaceFea-

tureID≥ 5 (indicating, dark water). The most recent appli-

cations of the RA are closest to the SA version presented

by Diner et al. (2008), with differences and new modifica-

tions as indicated below (differences between the baseline

RA and the SA are minor). Pre-processing of the MISR ra-

diances in the RA includes converting radiance to equivalent

reflectance, performing out-of-band spectral corrections, and

making ozone, water vapor, and atmospheric gas polariza-

tion corrections as described in Kahn et al. (2001b, 2007),

with minor net atmospheric gas optical depth increases com-

pared to previous implementations of 0.0002 (blue), 0.0008

(green and red), and 0.0025 (NIR) based on refinements to

the O3 and H2Ov spectra (http://spectralcalc.com).

2.1 Retrieval algorithm setup

For the baseline version of the RA we represent the ocean

surface as is done in the SA, with standard, wind-driven,

isotropic surface roughness (i.e., Cox–Munk, independent of

wind direction) and whitecap models, a glint exclusion an-

gular region of about 40◦ around the specular direction, and

an otherwise black surface in the MISR red and NIR bands

at all viewing angles (e.g., Martonchik et al., 1998).

Initial comparisons of MISR coincidences with the

AErosol RObotic NETwork (AERONET) (Holben et al.,

1998) and Marine Aerosol Network (MAN; Smirnov et

al., 2009) surface-based sun photometer data indicates a

high bias in MISR AOD when the total-column, mid-visible

(green) AOD falls below about 0.4 (Kahn et al., 2005b, 2010;

Witek et al., 2013). This bias is present in both the SA and

RA, although the greater variety of mixtures in the RA ap-

pears to mitigate the bias in some cases. Four main fac-

tors can contribute to this issue: (1) instrument radiometric

calibration, (2) the angularly dependent ocean surface re-

flectance (the bi-directional reflectance distribution function

or BRDF), (3) the aerosol type and vertical distribution that

define the aerosol optical model adopted in the retrieval, and

(4) cloud contamination. The magnitudes of the contribu-

tions from these factors are expected to vary systematically

with wavelength, view angle, and environmental conditions,

in ways that can help identify causes. For example, ocean

color will have a larger impact at shorter wavelengths and

Atmos. Meas. Tech., 7, 3989–4007, 2014 www.atmos-meas-tech.net/7/3989/2014/

http://spectralcalc.com


J. A. Limbacher and R. A. Kahn: MISR research-aerosol-algorithm refinements for dark water retrievals 3991

 
  1075 
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adjustments%(if%necessary).%
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reflectances%and%other%relevant%
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Calculate%AOD%upper%bound%from%green%band%
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Use%χ2%Abs%with%different%masks%to%report%
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Figure 1. Flow chart summarizing the steps involved in research algorithm aerosol retrievals over dark water.

near-nadir view angles, whereas the aerosol optical model is

more likely to dominate at steeper view angles and higher

AOD, and will depend on the dominant aerosol type in a

given region.

The wind speeds used in the RA previously came from

the SfcWindsp data set found in the MISR SA aerosol files,

which are obtained from monthly satellite scatterometer data

(Quickscat until November 2009), then SSM/I imager data

(Diner et al., 2008; Kahn et al., 2009a; C. Moroney, personal

communication, 2014). Because wind speed can vary con-

siderably during a month, we use here the Cross-Calibrated

Multi-Platform (CCMP) wind data specific to within 6 h of

the MISR observation (Atlas et al., 2011). The CCMP data

sets include scatterometer data and microwave imaging data,

which are then merged with ocean buoy data and reanal-

ysis data via a Variational Analysis Method. This merged

data set produces Root-Mean-Square-Error (RMSE) errors

of 1.6 m s−1 relative to ship observations, on a grid of 0.25◦

resolution. Because this data is only available through the

end of 2011 (and from 78◦ S to 78◦ N), we use the MISR SA

winds when and where CCMP data are unavailable.

When applying the RA, the radiative transfer code is run

for an eight-dimensional space, covering ranges of viewing

and solar geometry, AOD and aerosol mixture type, spec-

tral band, surface atmospheric pressure, and for over-ocean

retrievals, wind speed (Table 1). As with the SA, the ra-

diative transfer result is referred to as the Simulated MISR

Atmospheric Radiative Transfer (SMART) array (Diner et

al., 2008). For a given retrieval, for each camera, values for

the solar geometry, surface atmospheric pressure, and wind

speed are linearly interpolated within the SMART array to

the values appropriate to that case, reducing the dimension-

ality of the remaining space to four (mixture, AOD, spectral

band, and camera). With the implementation of the RA used

here, the AOD grid in the SMART array, which is at a coarse

resolution (Table 1), is then interpolated using a cubic spline

for each mixture, camera, and band, to produce simulated

TOA reflectances on an adaptive mid-visible AOD grid of

finer resolution.

The minimum AOD value for the adaptive grid is set to

0.0. To determine the maximum AOD value, first the largest

possible AOD is estimated from the observed green-band

TOA reflectances, separately for each aerosol mixture and

each camera used, assuming the surface is dark water. To ob-

tain the maximum green-band AOD for the retrieval overall,

the smallest maximum AOD among the cameras is selected

for each mixture, and then the maximum of these among all

mixtures is the final choice. This process allows us to reduce

processing time and perform retrievals with more precision,

while still retaining a liberal maximum allowed value for the

AOD. AOD maxima in the other spectral bands are deter-

mined from the ratios of the spectral extinction cross-sections

for each mixture.

With the minimum and maximum AOD established from

the coarse SMART array, cubic splines are used to generate

the finer grid in the AOD dimension for each aerosol mixture,

www.atmos-meas-tech.net/7/3989/2014/ Atmos. Meas. Tech., 7, 3989–4007, 2014



3992 J. A. Limbacher and R. A. Kahn: MISR research-aerosol-algorithm refinements for dark water retrievals

Table 1. Dimensions of the MISR RA look-up table (LUT), representing the SMART output.

Variable Description Values

µ0 Cos (sun zenith angle) 0.2–0.9 (in 0.05 increments); 0.925, 0.95, 0.975, 0.99, 1.0

µ Cos (view zenith angle) 0.31, 0.33, 0.35; 0.47, 0.49, 0.51; 0.66, 0.685, 0.71;

0.84, 0.87, 0.9; 0.95, 0.975, 0.99, 1.0

τ Spectral AOD 0, 0.05, 0.1, 0.2, 0.35, 0.55, 0.75, 1.0, 1.5, 2, 3, 5, 7, 9.5

P Surf. Pressure (mb) 607.95, 1050.0

u Surf. Wind Speed (m s−1) 0.5, 5.0, 7.5, 10.0, 12.5

λ Spectral Band (nm) 446 (blue), 558 (green), 672 (red), 866 (NIR)

2∗ Scattering Angle 0.0 (minimum) – 180.0 (maximum). Scattering angle range varies based on µ0, µ.

m Aerosol Mixture 74 Kahn et al. (2010) or 774 [Tables 3 and 4]

∗ Scattering Angle grids (a grid for each µ−µ0 combination) were selected so maximum errors in the interpolated LUT values do not exceed 1 % of the value

compared to a 1◦ resolution scattering angle grid. For view zenith angle, triplets allow for changes in viewing zenith in the across-track direction. View zenith

angle changes by about 17◦ across-track for the nadir camera.

camera, and band. If the maximum green-band AOD for the

retrieval is below 0.15, we interpolate to a fine-grid spacing

of ∼ 0.001 to achieve maximum AOD sensitivity; for AOD

between 0.15 and 1.0, we interpolate to 0.002, and at higher

maximum AOD, we use a grid of 0.005. Then the minima of

a set of χ2 test variables are assessed on this fine AOD grid

for the AOD retrieval, separately for each mixture.

The χ2 test variables are described in detail in previous

papers (e.g., Kahn et al., 1998; Kahn and Limbacher, 2012).

Briefly, the absolute χ2 variable (χ2
abs) is defined as follows:

χ2
abs [mix,AOD]=

∑
λ,c

w
(ρ−ρmod)

2

ρ2
err∑

λ,c

w
. (1)

The band and camera weights are represented by w(λ,c),

and are currently set to µ−1, where µ is the cosine of the

view angle, λ is the wavelength index, c is the camera index,

ρ is the TOA observed reflectance, ρmod is the TOA modeled

reflectance, mix is the aerosol mixture, AOD is the AOD at

which ρmod is assessed, and ρerr is the total estimated uncer-

tainty of the model/measurements (taken nominally as 5 % of

the observed spectral reflectance value or 0.002, whichever is

larger, but see Sect. 3.4 below). For each particular AOD and

mixture, the χ2 value is computed by performing the summa-

tion over all wavelengths and cameras used for the retrieval.

In addition to χ2
abs, we also obtain the maximum deviation

test variable, χ2
maxdev, defined as follows:

χ2
maxdev [mix,AOD]=max

(
(ρ− ρmod)

2

ρ2
err

)
. (2)

Note that the maximum deviation is assessed over all

wavelengths and cameras used in the aerosol retrieval, such

that there is one χ2
maxdev value for each mixture and AOD.

Note also that over ocean, acceptance criteria for aerosol

mixtures and AOD values are applied for the MISR red

and NIR bands only, to minimize uncertainties based on the

ocean surface modeling and other factors, such as sensitivity

to polarization and aerosol vertical distribution. The green

and blue values are calculated for all cases anyway, so we

can assess the information content of the observations and

the validity of optical properties reported for those bands.

Only cameras for which the MISR SA Retrieval Applicabil-

ity Mask (RetrAppMask) quality flag is 0, the glitter angle

exceeds 40◦, and the subregion is identified as being either

inland water or deep ocean, are used for calculating the χ2

metrics; mask values greater than 0 imply that glint, cloud,

or cloud shadow could be issues (e.g., Kahn et al., 2009b).

Any mixture/AOD combination having χ2
maxdev > 10 is

eliminated from further consideration. We then take the AOD

corresponding to the minimum χ2
abs for each mixture, such

that if the algorithm climatology contains 74 mixtures, we

save 74 χ2
abs values and their corresponding AODs. We then

use χ2
abs to constrain AOD over ocean, and unless spec-

ified otherwise, a χ2
abs criterion is applied for the figures

and results in this paper. For example, we accept all (mix-

ture, AOD) pairs for which the residuals between the calcu-

lated and observed TOA equivalent reflectances fall within

1.5× chiMin of χ2
abs, where chiMin is the lowest value

among all mixtures and AOD values in the algorithm clima-

tology. Other acceptance criteria are discussed subsequently,

as needed.

For the purpose of identifying possible camera or spectral-

band-specific biases, we also save the AOD that corresponds

to a residual ([model – observed reflectance]) value of 0.0

for each camera, band, and aerosol mixture. In general, the

minimum absolute residual should be 0.0, unless the actual

surface is much brighter than expected, or if the aerosol op-

tical model is grossly incorrect. These AOD values corre-

spond to the roots (zeros) of spline fits to the residuals on the

coarse optical depth grid (defined in Table 1), specific to each

camera, band, and mixture. We can then use constraints on

aerosol type from the χ2 tests, and by comparison with ANG

values from coincident AERONET or MAN observations, to

assess the individual camera and spectral band biases.

Atmos. Meas. Tech., 7, 3989–4007, 2014 www.atmos-meas-tech.net/7/3989/2014/
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Figure 2. Map showing the geographical distribution of 951 MISR-AERONET and 178 MISR-MAN validation cases. Squares are used for

AERONET sites and circles for MAN. Symbol color indicates the number of coincidences for each MAN/AERONET site.

Our analysis approach uses coincident spectral AOD mea-

surements from the AERONET (Holben et al., 1998) and

MAN (Smirnov et al., 2009) sun photometer data sets for val-

idation, interpolated to the MISR wavelengths, as in earlier

work (e.g., Kahn et al., 2010). The RA code is run with vary-

ing assumptions and constraints, and the residuals are cal-

culated for the validation cases, independently for each band

and camera. As a partial test of MISR-retrieved aerosol prop-

erties, we can also filter the data, keeping for example only

those MISR-retrieved mixtures having Ångström exponents

within 0.10 of the corresponding MAN/AERONET ANG de-

rived from the interpolated MAN/AERONET AODs. Such

constraints are available only at sun photometer sites; the

cases rejected by this test highlight situations where pro-

viding external particle property information or assumptions

would have the biggest impact on MISR retrieval quality.

2.2 MAN/AERONET-MISR data selection

For the present study, we use AERONET level 2.0 data

(cloud-screened (Smirnov et al., 2000) and quality assured)

that is spatially coincident with at least one region in a 3× 3

MISR Standard retrieval region (each of which is 17.6 km

in horizontal extent) and within ±1 h of the MISR overpass

(Holben et al., 2006). For MAN data, we use±30 min for the

temporal constraint, due to generally greater temporal vari-

ability (ships move whereas AERONET sites do not, and the

platform is generally less stable). The sun photometer data

are then averaged over this window and interpolated to the

four MISR wavelengths using a 2nd-order polynomial fit in

log space. Additionally, for AERONET data we add the con-

straint that there be at least one AOD measurement on each

side of the 1-hour time window. For the entirety of this pa-

per, we consider only dark-water MISR retrievals. The spe-

cific AERONET sites chosen were selected for consistency

with previous work (Kahn et al., 2010), and to ensure that

artifacts due to runoff, aerosol heterogeneity, and under-light

are minimized.

Figure 2 shows the geographic distribution of the

MAN/AERONET-MISR coincidences used for the cur-

rent study. Our validation data set includes only island

AERONET sites (951 cases) plus 178 ship-based MAN

cases, because the surfaces at these sites tend to be less pol-

luted with run-off or biological activity than the more abun-

dant AERONET coastal sites. Additionally, assuming that

island sites are less likely to be major aerosol sources, the

retrieved aerosol amount and type should be more homoge-

neous over a 3× 3 retrieval-region area than at coastal sites.

Table 2 lists the number of MISR-AERONET collocations

based on site location. Using the MISR SA RetrAppMask

quality flag (containing [16× 16 pixels× 4 MISR bands ×

# of cameras used] elements per retrieval), we designate a

region as “clear” (a value of 0) if the mask identifies less

than x % of the region as having a flag value greater than

0, where x can be specified; for example, we could require

at least 50 % of pixels to pass all the radiance acceptance

tests (e.g., Kahn et al., 2009b), not counting those cam-

eras entirely eliminated from consideration due to glint. Be-

cause we can remove glint-contaminated cameras prior to

running the RA, these flagged values should correspond pri-

marily to clouds or cloud shadows (via the MISR SA bright-

ness, direct cloud, angular smoothness or angular correla-

tion masks, Martonchik et al., 2002). The RA ingests rele-

vant ocean color data from the GlobColour group (Barrot et

al., 2010), which merges spatially coincident data from the

Moderate Resolution Imaging Spectroradiometer (MODIS)-

www.atmos-meas-tech.net/7/3989/2014/ Atmos. Meas. Tech., 7, 3989–4007, 2014
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Table 2. Number of MISR-AERONET coincidences

Site Name Coincidences

Amsterdam Island 8

Ascension Island 75

Azores 25

Bermuda 34

Capo Verde 167

Crozet Island 9

Dongsha Island 15

Guam 15

Lanai 66

MCO-Hanimaadhoo 57

Midway Island 109

Nauru 88

Ragged Point 90

Rottnest Island 54

Sable Island 25

Tahiti 56

Tudor Hill 58

Total 951

Aqua, the Sea-Viewing Wide Field-of-View Sensor (Sea-

WiFS), and the Medium Resolution Imaging Spectrome-

ter (MERIS), using the Garver–Siegel–Maritorena (GSM)

model (Maritorena and Siegel, 2005). The data shown in Ta-

ble 2 and Fig. 2 include all MISR-MAN/AERONET coinci-

dences used in this study for which the MISR SA and MISR

RA provide at least one (coincident) dark-water retrieval.

2.3 The baseline case

We consider the data used to generate Figs. 3 and 4 to be the

baseline cases, against which all other retrieval experiments

are compared. The data shown in these two figures were gen-

erated with the 74 aerosol-mixture climatology used in Ver-

sion 22 of the SA (Kahn et al., 2010). The main difference

between the SA and the RA as applied for Figs. 3 and 4 is

that the modified linear mixing approximation (Abdou et al.,

1997) is not used in the RA; instead, the full radiative transfer

code is run for each mixture (see Sect. 3.3.2 below).

Figure 3 shows the MISR RA AOD bias relative to the

sun photometer values, for each spectral band and camera,

for all AERONET/MAN data. Note that the red-channel re-

trieved AOD has a small high bias in AOD for most cameras

(> 0.01), whereas the NIR band has a smaller high bias in

AOD (∼ 0.01). The blue is biased high by > 0.20 for all cam-

eras, and the green is biased high by > 0.05 for most cameras.

Figure 4 and Table 3 show the MISR research retrieval

AOD results compared to AERONET/MAN for the baseline

case at all four wavelengths. Note that > 70 % of the RA re-

sults, using the 74-aerosol-mixture climatology of the SA

but without the modified linear mixing approximation, fall

within the greater of 0.05 or 20 % for all wavelengths, and

 
 1080 

  

Figure'3'

Figure 3. RA baseline case bias plots. The plot shows the aggre-

gated AOD bias in each MISR channel (calculated according to the

rightmost branch of Fig. 1), when all the validation data used in the

study are included. The points represent the median values for each

particular wavelength and camera; the vertical bars represent the

25th–75th percentiles. The count is shown for each camera near the

top of the plot, and the RMSE (for each camera and spectral band) is

shown near the bottom, color-coded by spectral band. The numbers

on the bottom right give the camera-averaged values for the RMSE.

Median values in the blue band are off-scale for nearly all cameras.

The grey horizontal lines are centered on ±0.01, for reference. The

overall statistics for each spectral band (following the left branch of

Fig. 1) are given as the “RA Baseline” entries in Table 3.

> 80 % for all but the blue band. This is comparable to (∼ 5 %

better than) the result for a broader set of Maritime cases as-

sessed with the SA by Kahn et al. (2010). The results (both

ANG and spectral AOD) for the SA are also shown in Table 3

and in the summary figures of Sect. 4.

3 Algorithm modifications based on physical

considerations

This section describes the impact on retrieved AOD of in-

dividual modifications to the way (1) observed reflectances

over a retrieval region are selected, (2) the ocean surface is

modeled, (3) the aerosol components and mixtures are de-

fined, and (4) the measurement uncertainty is assessed in the

calculation of the retrieval acceptance test variables. These

changes are motivated by physical considerations described

in each subsection.

3.1 Selection of TOA reflectances

When comparing with SA results over ocean, we select for

the nominal RA case the same MISR reflectances as used by

the SA, i.e., for each 1.1 km pixel within the retrieval region

that passes the SA cloud contamination, shallow water, and

other tests (Kahn et al., 2009b), the reflectances in the red
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Table 3. Statistics of AOD and ANG retrievals stratified by adjustment∗.

Adjustment 0.05 or 20 % 0.03 or 10 % SD RMSE MAE Med Bias #

SA 62 38 0.059 0.073 0.042 0.038 1123

SA + 0.5 FNC 68 43 0.054 0.065 0.036 0.032 982

RA Baseline 70 44 0.058 0.064 0.036 0.027 1129

RA +Median or Min 73 47 0.055 0.060 0.034 0.024 1129

RA + Ocean Surface 78 53 0.056 0.058 0.029 0.016 1129

RA +Mixtures 79 53 0.051 0.054 0.030 0.019 1129

RA + All Adj. 84 62 0.047 0.047 0.024 0.010 1123

RA + All Adj. + 0.5 FNC 88 67 0.044 0.044 0.021 0.005 982

Adjustment 0.05 or 20 % 0.03 or 10 % SD RMSE MAE Med Bias #

SA 76 52 0.048 0.056 0.030 0.026 1123

SA + 0.5 FNC 81 60 0.043 0.048 0.025 0.020 982

RA Baseline 81 56 0.046 0.050 0.027 0.020 1129

RA +Median or Min 84 58 0.043 0.046 0.026 0.017 1129

RA + Ocean Surface 85 61 0.045 0.047 0.024 0.015 1129

RA +Mixtures 84 61 0.043 0.046 0.025 0.017 1129

RA + All Adj. 87 68 0.039 0.040 0.021 0.010 1123

RA + All Adj. + 0.5 FNC 91 74 0.036 0.037 0.018 0.006 982

Adjustment 0.05 or 20 % 0.03 or 10 % SD RMSE MAE Med Bias #

SA 83 63 0.041 0.047 0.023 0.019 1123

SA + 0.5 FNC 88 69 0.036 0.039 0.020 0.012 982

RA Baseline 86 64 0.039 0.043 0.023 0.016 1129

RA +Median or Min 88 66 0.037 0.039 0.021 0.013 1129

RA + Ocean Surface 86 66 0.039 0.042 0.021 0.014 1129

RA +Mixtures 86 65 0.039 0.042 0.022 0.016 1129

RA + All Adj. 89 72 0.036 0.037 0.019 0.010 1123

RA + All Adj. + 0.5 FNC 92 78 0.032 0.032 0.016 0.006 982

Adjustment (NIR) 0.05 or 20 % 0.03 or 10 % SD RMSE MAE Med Bias #

SA 88 70 0.037 0.040 0.019 0.013 1123

SA + 0.5 FNC 92 77 0.032 0.033 0.016 0.007 982

RA Baseline 88 69 0.035 0.038 0.019 0.012 1129

RA +Median or Min 89 71 0.033 0.035 0.018 0.010 1129

RA + Ocean Surface 87 67 0.035 0.039 0.020 0.014 1129

RA +Mixtures 87 67 0.036 0.040 0.020 0.016 1129

RA + All Adj. 91 74 0.033 0.035 0.018 0.010 1123

RA + All Adj. + 0.5 FNC 94 79 0.029 0.029 0.015 0.005 982

Adjustment (ANG) 0.5 0.275 SD RMSE MAE Med Bias #

SA 78 49 0.399 0.450 0.279 0.215 1119

SA + 0.5 FNC 76 47 0.386 0.454 0.296 0.237 976

RA Baseline 79 55 0.455 0.463 0.246 0.060 1125

RA +Median or Min 78 53 0.463 0.473 0.258 0.070 1125

RA + Ocean Surface 82 59 0.421 0.431 0.214 −0.071 1125

RA +Mixtures 87 65 0.383 0.386 0.185 −0.035 1125

RA + All Adj. 88 67 0.364 0.374 0.179 −0.051 1119

RA + All Adj. + 0.5 FNC 88 67 0.352 0.359 0.183 −0.042 979

∗ Columns 2 and 3 give the percent of validation cases within the confidence envelopes indicated, SD is the standard deviation, RMSE is the

root-mean-square error, MAE is the mean absolute error, Med Bias is the median bias, and # is the number of validation cases included. The

first four data blocks give the spectral AOD statistics, and the fifth data block presents the ANG statistics. Bolding highlights the key results.
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Figure 4. RA baseline case scatter-density plots. The color scale to the right of each plot represents the fractional density of data. These

panels present the joint PDF of MISR-AERONET/MAN data for the four MISR spectral bands: (a) Blue, (b) Green, (c) Red, (d) NIR.

and NIR bands for all available cameras are averaged with

equal weight, and the darkest pixel is taken as representing

the 16× 16 pixel retrieval region. As such, red band con-

tributions generally dominate over dark water, because dark

water tends to be brighter at shorter wavelengths. However, at

other times we adopt alternative strategies for the RA, such as

(1) taking the darkest pixel channel-by-channel, or (2) mak-

ing a selection based on the histogram of reflectances over

the useable pixels in the entire retrieval region, as is done for

MODIS (e.g., Remer et al., 2005). We also examined an ap-

proach that takes account of scene attributes that vary with

AOD and cloud fraction.

When scene variability is dominated by something other

than aerosol, i.e., at low AOD or high fraction not-clear

(FNC), the retrieval is more likely to contain surface or cloud

artifacts, respectively, that can increase the observed TOA re-

flectance. So for this experiment, if green band AOD < 0.35

(based on the darkest pixel) or FNC≥ 0.10 for the region,

we select the minimum reflectance pixel over the retrieval re-

gion, independently for each spectral band and camera, under

the assumption that the aerosol is uniform over the region.

At higher AOD, aerosol variability is likely to become

important, so the darkest pixel might not best represent

retrieval-region reflectance as a whole, especially if, at

the same time, FNC is very low. So if the green band

AOD≥ 0.35 (determined by using the minimum reflectance

pixel with the traditional χ2
abs metric) and FNC≤ 0.10 for

the region, we select the median reflectance pixel over the

retrieval region, independently for each spectral band and

camera. If 0.0 < FNC < 0.10, we take a linear weighting of the

median reflectance pixel and the minimum reflectance pixel.

So, for example, at FNC of 0.025, the total reflectance would

be the sum of 25 % of the minimum reflectance pixel plus

75 % of the median reflectance pixel.

The scatter-density plot for the RA when this “median-

or-minimum” approach is applied looks very similar to the

baseline case of Fig. 4 and is not shown, but the quantita-

tive differences are given in Table 3. The alternative pixel se-

lection incrementally reduces the retrieved AOD root mean

square error (RMSE) by 5–10 %, the median bias decreases

by 10–20 % in all bands, and there are fewer outliers for these

cases.

3.2 Ocean surface model

In a previous study, the RA considered an isotropic (Lam-

bertian) component of the reflection from within the wa-

ter (“under-light”), using spectrally dependent albedo values

from ocean surface observations available at the time (Kahn

et al., 2005a). Here we expand on previous work by account-

ing for the two dynamic components of under-light (along

with surface whitecaps), as discussed in Sayer et al. (2010).

We consider this ocean surface model as a limiting case,

to explore the degree to which the factors involved might
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Figure 5. Channel-by-channel MISR AOD biases including all val-

idation data, similar to Fig. 3, but when the under-light and modified

whitecap representations are applied to the RA baseline algorithm.

The overall statistics for each spectral band are given as the “RA +

Ocean Surface” entries in Table 3.

affect AOD retrieval quality. Contributions to the changing

under-light can come from (1) colored dissolved organic mat-

ter and detrital organic materials absorption (CDOM) and

(2) Chlorophyll a (C). We use the GlobColour GSM monthly

ocean color products (Barrot et al., 2010), taking the high-

resolution (4.4 km) C and CDOM values nearest to the cen-

ter of the MISR retrieval region. Information on the uncer-

tainty of the C and CDOM data sets can be found in Mari-

torena et al. (2010). If the region has no valid monthly values

for either C or CDOM, we use default values of ∼ 0.01 m−1

(558 nm) for the CDOM absorption coefficient and 0.20 for

the Chlorophyll a concentration. The contribution of water

molecular scattering is included in the under-light model (de-

tails can be found in Sayer et al., 2010). Recent measure-

ments also report on the angular dependence of the ocean

surface reflectance (e.g., Voss and Chapin, 2005; Antoine et

al., 2013). However, it is not clear how general these results

might be, so including this refinement is beyond the scope of

the current study; having additional constraints on ocean sur-

face BRDF would be an asset to multi-angle remote sensing

of Earth’s surface.

The whitecap model used by the current standard and

baseline research algorithms assumes a spectrally invari-

ant effective whitecap albedo of 0.22 from Koepke (1984),

with wind-speed-dependent whitecap coverage from Mon-

ahan and O’Muircheartaigh (1980). We adopt alternative

albedo values of 0.40 for the blue and green, 0.36 for red,

and 0.24 for NIR, based on Frouin et al. (1996) and consis-

tent with Sayer et al. (2010).

In Fig. 5 we show the updated channel-by-channel biases

when we account for under-light and the updated effective

whitecap albedo, when the retrieved aerosol mixture is the

same for all channels, but the AODs are retrieved for each

band and camera separately (Fig. 1, rightmost branch). The

AOD bias in the blue and green drops substantially when

under-light and updated whitecaps are included, compared

to the baseline case shown in Fig. 3; blue bias decreases by

∼ 0.1, though it is still∼ 0.15, and green decreases by > 0.03.

The AOD bias in the red drops by a much smaller absolute

amount (< 0.004), and the NIR increases slightly (< 0.004).

The slight NIR increase is due to changes between Figs. 3

and 5 in the mixtures selected (the retrieved particle size in-

creases, retrieved ANG decreases). If the mixtures chosen for

the ocean-surface-model retrievals were identical to the base-

line case, the red AOD bias would decrease by ∼ 0.007 and

the NIR would decrease by ∼ 0.0007. Also, because we do

not use either the blue or green bands for our retrievals, the

large bias that still exists at those two wavelengths remains

an assumption based on the selected aerosol optical model

rather than an AOD retrieval result. For the actual AOD re-

trievals, the RMSE of the aggregate data is shown in Table 3;

compared to Fig. 4, the AOD discrepancies change by −9,

−6, −2, and +3 % for the blue, green, red, and NIR bands

due to the surface model refinements. The statistics of the

AOD and also the ANG retrievals for the surface model ad-

justment are shown in Table 3. Note that we also ran the algo-

rithm with the blue and green bands included, but the results

were very poor because of sensitivity to poorly constrained

scene characteristics, as mentioned in Sect. 2.1 above. We

tried running the algorithm with just the green, red, and NIR

as well, but the AOD results were still not as good as just

using the red and NIR.

3.3 Aerosol components and mixtures

The Version 22 MISR SA aerosol type retrievals have been

assessed in light of aerosol particle properties measured dur-

ing field campaigns (e.g., Kahn et al., 2009c; Patadia et

al., 2013) and aggregated from surface network observations

(Kahn et al., 2010; Kahn and Gaitley, 2014). Components

and mixtures considered in the RA climatology are informed

by these results, as well as by additional sensitivity analysis

summarized here.

3.3.1 Real part of refractive index

Particle property retrievals are multi-dimensional, and early

sensitivity studies showed no ability to constrain the real

part of the refractive index (nr) from MISR data alone, due

to uncertainties in the retrieved values of better-constrained

variables (Kahn et al., 1998; Chen et al., 2008). As such,

the MISR SA Version 22 (and previous versions) arbitrar-

ily assumed a fixed value of nr for all spherical particles of

1.45. However, despite low retrieval sensitivity, the selected

value of nr affects the retrieved AOD. Specifically, an over-

estimated nr in the retrieved particle type compared to the

actual atmosphere, with other factors fixed, produces a sys-

tematically reduced value of retrieved AOD. Essentially, as
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Figure 6. Real part of refractive index sensitivity study. The top four panels show the fractional change in retrieved AOD for an atmo-

sphere containing 1.28 micron non-absorbing particles with nr = 1.37, when the comparison space contains the same size particles but with

nr = 1.45, for 558 nm AOD values of 0.05, 0.20, 0.50, and 2.0. The bottom four panels present the χ2
abs

values for the lowest residual re-

trieved AOD for the same four AOD values. As values vary with retrieval geometry, results are plotted for an illustrative orbit, orbit 70499,

20 March 2013. Over-water conditions are assumed everywhere, with the surface pressure prescribed as 1013.25 mb, and the surface wind

speed set to 2.5 m s−1. A more extensive analysis of nr sensitivity, covering a range of particle sizes, is given in the Supplement.

Table 4. MISR components for the 774-mixture set∗.

Component name r1 (µm) r2(µm) re (µm) σ E(B/G) E(R/G) E(NIR/G) nr(G) SSA(B) SSA(G) SSA(R) SSA(NIR) g(G)

sph_nonabs_0.06 0.002 0.329 0.056 1.650 1.947 0.548 0.226 1.520 1.000 1.000 1.000 1.000 0.357

sph_nonabs_0.12 0.003 0.747 0.121 1.700 1.512 0.669 0.357 1.500 1.000 1.000 1.000 1.000 0.597

sph_nonabs_0.26 0.005 1.690 0.262 1.750 1.185 0.820 0.576 1.450 1.000 1.000 1.000 1.000 0.717

sph_nonabs_0.57 0.008 3.805 0.568 1.800 0.993 0.972 0.877 1.410 1.000 1.000 1.000 1.000 0.750

sph_nonabs_1.28 0.013 8.884 1.285 1.850 0.956 1.039 1.082 1.370 1.000 1.000 1.000 1.000 0.769

sph_abs_0.12_0.80_flat 0.003 0.747 0.121 1.700 1.461 0.687 0.378 1.500 0.818 0.822 0.825 0.828 0.604

sph_abs_0.12_0.80_steep 0.003 0.747 0.121 1.700 1.453 0.698 0.403 1.500 0.838 0.822 0.801 0.756 0.604

sph_abs_0.12_0.90_flat 0.003 0.747 0.121 1.700 1.488 0.677 0.367 1.500 0.910 0.912 0.913 0.915 0.601

sph_abs_0.12_0.90_steep 0.003 0.747 0.121 1.700 1.484 0.683 0.379 1.500 0.920 0.912 0.900 0.875 0.601

dust_grains_mode1_h1 0.100 1.000 0.754 1.500 0.895 1.065 1.079 1.510 0.920 0.977 0.994 0.997 0.711

spheroidal_mode2_h1 0.100 6.000 2.400 2.000 0.989 1.019 1.050 1.510 0.810 0.902 0.971 0.983 0.772

baum_cirrus_De=10um 2.000 9500.000 5.000 n/a 1.000 1.000 1.000 1.317 1.000 1.000 1.000 1.000 0.787

baum_cirrus_De=40um 2.000 9500.000 20.000 n/a 1.000 1.000 1.000 1.317 1.000 1.000 1.000 1.000 0.810

baum_cirrus_De=100um 2.000 9500.000 50.000 n/a 1.000 1.000 1.000 1.317 1.000 1.000 1.000 1.000 0.869

∗ r1, r2 are the upper and lower limits of the component particle size distribution; re is effective radius (µm), σ is the log-normal size distribution width, E is the spectral ratio of extinction cross-section, g is the asymmetry

parameter; dust grain and spheroid optical properties from Kalashnikova et al. (2005); cirrus from Baum et al. (2005).

nr increases, other things being equal, the curvature of the

particle single-scattering phase function P (θ ) (where θ is

the scattering angle) increases, directing a larger fraction of

scattered light into the backward directions where MISR ob-

serves. So as nr increases, less AOD is required to match the

observed reflectance, producing lower retrieved AOD. For

larger sea-salt particles in particular, nr is typically around

1.37, closer to the value for pure water (1.33) than to 1.45

(e.g., Dubovik et al., 2002; Smirnov et al., 2003). Here we

adopt nr of 1.37 for the 1.28 and 2.80 micron effective ra-

dius (re) spherical sea-salt and other hydrated aerosol optical

analogs in a 774-mixture RA particle climatology. We use
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Table 5. Mixing groups comprising the 774-mixture set.

Component 1 Component 2 Component 3

spherical_nonabsorbing_0.06 spherical_nonabsorbing_1.28 spherical_nonabsorbing_0.57

spherical_nonabsorbing_0.12 spherical_nonabsorbing_1.28 spherical_nonabsorbing_0.57

spherical_nonabsorbing_0.26 spherical_nonabsorbing_1.28 spherical_nonabsorbing_0.57

spherical_nonabsorbing_0.06 dust_grains_mode1_h1 spheroidal_mode2_h1

spherical_nonabsorbing_0.12 dust_grains_mode1_h1 spheroidal_mode2_h1

spherical_nonabsorbing_0.26 dust_grains_mode1_h1 spheroidal_mode2_h1

spherical_nonabsorbing_0.06 spherical_nonabsorbing_1.28 dust_grains_mode1_h1

spherical_nonabsorbing_0.12 spherical_nonabsorbing_1.28 dust_grains_mode1_h1

spherical_nonabsorbing_0.26 spherical_nonabsorbing_1.28 dust_grains_mode1_h1

spherical_absorbing_0.12_0.80_steep spherical_nonabsorbing_1.28 dust_grains_mode1_h1

spherical_absorbing_0.12_0.80_flat spherical_nonabsorbing_1.28 dust_grains_mode1_h1

spherical_absorbing_0.12_0.90_steep spherical_nonabsorbing_1.28 dust_grains_mode1_h1

spherical_absorbing_0.12_0.90_flat spherical_nonabsorbing_1.28 dust_grains_mode1_h1

baum_cirrus_De=10um – –

baum_cirrus_De=40um – –

baum_cirrus_De=100um – –

this larger climatology as an alternative to the 74-mixture set

from the V22 MISR SA that was applied in the baseline case;

Table 4 lists the alternative components and their key opti-

cal properties, and Table 5 summarizes the mixtures included

in the validation section experiments. Figure 6 demonstrates

how overestimating the real part of the refractive index can

lead to retrieved-AOD underestimation for a spherical par-

ticle size distribution having effective radius 1.28 microns.

The top four plots in Fig. 6 show the retrieved AOD fractional

error when the simulated atmosphere contains 1.28 micron

non-absorbing particles with nr = 1.37, and the comparison

space contains 1.28 micron non-absorbing particles but with

nr = 1.45, for a range of observational geometries and AOD

values (a fractional error of −0.2 indicates underestimation

by 20%). Note that overestimating nr can lead to large nega-

tive biases regardless of the absolute AOD. In the case of our

1.28 micron coarse-mode particle, the change from nr = 1.45

to 1.37 results in a ∼ 25 % increase in retrieved AOD. The

second row in Fig. 6 illustrates how little sensitivity the re-

trieval has to nr; although the fractional deviations are high,

the absolute χ2 values are low (generally < 1.0), highlighting

the need for the assumed nr values to be as close to the natural

values as possible. Overall, the sensitivity of retrieved AOD

to the value of nr assumed in the climatology tends to peak

for particles having re between about 0.25 and 1.3 microns

for most MISR observing geometries, based on additional

sensitivity analysis. The Supplement contains an analysis of

retrieved AOD error similar to the top row of Fig. 6, for a

range of particle sizes, and with nr values as well as AOD

varying systematically for the particle assumed in the algo-

rithm comparison space.

3.3.2 Component particle optical analogs, mixtures,

and mixing rules

Following Kahn et al. (2010), we add to the RA climatology

spherical aerosol components having re of 0.57 and 1.28 mi-

crons, representing medium and coarse-mode spherical par-

ticles. We also add cirrus optical analogs (Pierce et al., 2010),

smoke and pollution analogs having spectrally steep and flat

particle absorption, respectively (Chen et al., 2008), and mix-

tures containing both dust and smoke analogs. These repre-

sent aerosol types present in the atmosphere but lacking from

the V22 SA climatology. The components used for the cur-

rent analysis are summarized in Table 4.

Taking all combinations of components 1, 2, and 3 in Ta-

ble 5, in increments of 10 % green-band AOD contribution,

with repeated mixtures removed, creates most of the aerosol

mixtures used for this study. In addition, we allow the low-

est non-zero contribution of each component particle to be

5 %, and adjust the other components accordingly. When cir-

rus particles are considered, they are not mixed with other

species in the column, as this would require including aerosol

layers at different elevations in the radiative transfer code,

which is beyond our current capabilities. Because there are

fewer operational demands on the RA than on the SA, we can

afford to characterize aerosol mixtures optically by creating

layer-effective phase functions from the components in the

mixture before running the radiative transfer code, according

to the following:

Pmix (2,λ)=
∑
n

Pn (2,λ) · fn (λ) ·SSAn (λ) . (3)

SSAn is the spectral single-scattering albedo of compo-

nent n of the mixture, representing the scattered fraction of
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Figure 7. Modified linear mixing (MLM) sensitivity study, showing the fractional change in retrieved AOD for a two-aerosol-component

atmosphere containing spherical particles having re = 1.28 and 0.06 micron, 50 % mid-visible AOD each. The top four panels show the

fractional retrieved-AOD change when both components are non-absorbing and a linear mixing approximation is used to combine the

particles rather than creating layer-effective phase functions according to Eq. (3). The bottom four panels show the fractional change in

retrieved AOD when the MLM approximation is used to combine a 1.28 micron non-absorbing particle with a 0.06 micron absorbing particle,

having SSA= 0.80 at a wavelength of 558 nm, rather than using layer-effective phase functions. For both sets of panels, the total-column

AOD values at 558 nm are 0.05, 0.20, 0.50, and 2.0, progressing from left to right. The orbit-mean AOD error (err) is indicated in each panel.

As values vary with retrieval geometry, these forward model results are plotted for an illustrative orbit, orbit 70499, 20 March 2013. Over-

water conditions are assumed everywhere, with the surface pressure prescribed as 1013.25 mb, and the surface wind speed set to 2.5 m s−1.

A more extensive analysis of the impact of linear mixing and MLM on retrieved AOD is given in the Supplement.

light extinction by that component, P is the particle spec-

tral single-scattering phase function, fn is the spectral frac-

tional AOD contribution of the particle at wavelength (λ),

and 2 is the scattering angle. Pmix(2,λ) is normalized by

fitting a 5th order spline in cos(2) space to Pmix(2, λ), in-

tegrating the spline from −1 to 1 and scaling Pmix(2, λ) to

2. The spectral extinction and SSA for the components in

the layer are combined similarly (e.g., Diner et al., 2008).

This avoids the assumptions involved in the modified linear

mixing (MLM) approach employed in the standard algorithm

(Abdou et al., 1997), which can cause substantial high AOD

biases, especially when components having significantly dif-

ferent sizes or SSA values are mixed at high AOD. Fig-

ure 7 illustrates the situation for a two-particle mixture; orbit-

average retrieved-AOD differences can be as large as 10 %

for the cases shown, and the differences depend on observ-

ing geometry, as well as both the size and SSA differences

between the two components. The major cost of eliminat-

ing MLM is the size required for the look-up tables (LUTs).

For 774 mixtures, the LUT is ∼ 8 GB in size. The statistics

of the AOD and ANG retrievals for the 774-mixture set are

shown in Table 3. It is clear from Table 3 that the addition of

the 774 mixtures results in improved AOD retrievals in both

the blue and green, as well as significantly improved ANG

retrievals. The Supplement provides a more complete anal-

ysis of the impact linear mixing and modified linear mixing

have on retrieved AOD, compared to retrievals using layer-

effective phase functions (Eq. 3), covering a broad range of

the particle relative sizes, mixing proportions, and SSA val-

ues.

3.4 Spectral measurement uncertainty estimation

Following the SA, we previously set the reflectance mea-

surement uncertainty estimates for the χ2 test variables (e.g.,

ρerr in Eq. 1) equal to 5 % of the reflectance value or 0.002,

whichever is larger. Here we estimate the actual spectral re-

flectance measurement uncertainty separately for each cam-

era and spectral band, making use of the validation data

sets and the aggregate of adjustments and corrections de-

Atmos. Meas. Tech., 7, 3989–4007, 2014 www.atmos-meas-tech.net/7/3989/2014/



J. A. Limbacher and R. A. Kahn: MISR research-aerosol-algorithm refinements for dark water retrievals 4001

scribed above, as well as a calibration adjustment discussed

in Sect. 4.1, with the following uncertainty metric:

ε(λ,c)=

∑
mix

|ρ−ρmod|

ρ

nmix

. (4)

Here ρ(λ,c) is the TOA reflectance observed by MISR for

camera (c) and band (λ), and ρmod is the corresponding value

calculated with the forward radiative transfer code for each

mixture that passes the χ2
abs acceptance criterion, using the

AERONET/MAN spectral AOD values as constraints, and

the sum is performed over all passing mixtures (Fig. 1, mid-

dle branch).

Figure 8 shows the median (dots) and whiskers give the

25th–75th percentile values. We provide 68th percentile val-

ues (bottom of the figure, amounting to 1 standard deviation

for a Gaussian distribution) of the camera and band-specific

aggregated reflectance uncertainty metric (Eq. 4) when all

validation cases are considered. These uncertainty values in-

clude any error due to uncertainty in the optical modeling

(i.e., representations of particle scattering, absorption, and

vertical distribution, scene polarization, the ocean surface,

etc.), any error due to uncertainty in the MISR radiometric

calibration, as well as discrepancies caused by error inherent

in the MAN/AERONET data. It is important to note that even

though the relative error is quite large for the red and NIR

bands, reflectance in these bands is small, and the median

absolute error, |ρ− ρmod|, is only ∼ 0.003 for these bands

(< 0.002 for NIR in the nadir camera), compared to 0.004

for the green, and ∼ 0.01 for the blue, averaged over all nine

cameras (plot not shown). Because ρerr should only include

MISR model/measurement uncertainty, these plots provide

a crude upper bound on the desired quantity. Based on this

analysis, we alternatively set ρerr for the χ2 tests equal to

max [0.01, ρ] multiplied by 0.05, 0.04, 0.055, 0.08, for blue,

green, red and NIR bands. Note that the forward modeling

errors for the blue and green bands over dark water could be

significant, so the reflectance uncertainties for these bands

would need to be reassessed for over-land retrievals. We find

that applying this minimum uncertainty formulation gives

more appropriate relative weight to the NIR band in the total

χ2 calculation over water, i.e., generally a smaller denom-

inator and therefore greater weight at low AOD, and lower

weight at high AOD. These changes also result in the loss of

< 1 % of 3× 3 retrieval regions used in the analysis because

small deviations in the NIR at low AOD result in high χ2

values. The factors calculated here apply to dark water sur-

faces; multipliers would have to be derived from appropriate

validation cases for other surface types.

4 Algorithm empirical adjustments and validation

In this section we assess the cumulative effect of the al-

gorithm modifications based on physical considerations de-

scribed in Sect. 3. But in addition to these modifications, our
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Figure'8'

Figure 8. Total percent retrieval error in TOA reflectance assessed

relative to the corresponding AODs from the AERONET/MAN val-

idation data set (Eq. 4). Unlike Figs. 3 and 5, the 68th percentile

values for each camera and band are given along the bottom of the

plot, and the band-average values are shown in the rightmost col-

umn.

validation data allow us to make some empirical adjustments

to factors in the algorithm for which existing physical con-

straints are loose. This includes the stringency with which we

apply cloud screening, and band-to-band calibration within

the ∼ 1.5 % accuracy to which it is determined by formal in-

strument calibrations procedures (Bruegge et al., 2007).

4.1 Calibration adjustments based on Ångström

exponent comparisons

Figure 9a and b show a large (∼ 0.15–0.20) negative bias

in the retrieved ANG compared to the validation data for

AOD > 0.20, even though all the spectral adjustments to the

retrieval assumptions have been made (excluding the re-

flectance uncertainty adjustments of Sect. 3.4). This leaves

adjustments to the relative radiometric calibration (< 1 %) in

the red and NIR bands as possible corrections, given the

great sensitivity of ANG to small changes in these quanti-

ties. We find that increasing the MISR red band radiances

by 0.75 % and lowering the NIR band radiances by 0.75 %

results in a substantially lower-magnitude bias in the re-

trieved ANG for both MISR-MAN coincidences and MISR-

AERONET coincidences. This adjustment causes the ANG

RMSE to decrease by more than 20 % for both data sets at

high AOD (> 0.20), results in an ANG bias that is less than

0.10 in magnitude, and leaves the AOD validation statis-

tics essentially unchanged. Panels c and d show improved

ANG slopes when the χ2 criterion used incorporates the re-

flectance uncertainty adjustment described in Sect. 3.4. Any

further adjustment to the radiometric calibration would cre-

ate greater positive bias in ANG for some of the low AOD

bins (Fig. 10b). Although we find that modifying the calibra-

tion of the red and NIR bands can bring the ANG retrievals
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Figure 9. Scatter-plots showing MISR vs. AERONET/MAN ANG data for AOD > 0.20, with all modifications (c, d), and with all modifica-

tions except the calibration corrections and the error adjustment (a, b). The MISR-MAN coincidences are given in panels (a) and (c), and the

MISR-AERONET coincidences correspond to panels (b) and (d). Blue dots represent coincidences with a MAN/AERONET 558 nm AOD of

between 0.2 and 0.5. Black dots represent coincidences with AERONET/MAN AOD values > 0.5. Statistics for the ANG plots are presented

in Table 3.

into better alignment with AERONET/MAN without affect-

ing the AOD statistics, we are not drawing any conclusions

about the radiometric calibration of MISR itself. Other fac-

tors, such as particle-model errors, surface-representation er-

rors, uncorrected scene polarization, and more subtle aspects

of the radiometric calibration could contribute to biases in

RA-retrieved ANG.

4.2 Ångström Exponent validation and adaptive χ2

selection criterion

ANG validation against AERONET/MAN is shown in

Fig. 10a. The second line in each triplet series of whiskers

(SA, RA-baseline, RA-modified) was generated with the

traditional min(χ2
abs) · 1.5 mixture acceptance metric used

previously, whereas the third whisker was created using a

different criterion involving χ2
abs. This alternative criterion

is min(χ2
abs)+ 0.35 for AOD= 0.0 and min(χ2

abs) · 1.5 for

AOD≥ 0.20, with a linearly weighted value for AODs be-

tween 0.0 and 0.20. This results in 68th percentile errors (for

the seven lowest AOD bins) that are ∼ 10 % lower than the

standard min(χ2
abs) ·1.5. We use this adaptive χ2 criterion for

the remainder of the paper because the AODs are not neg-

atively affected, and the use of an absolute criterion makes

sense at low AOD due to the limits of measurement sensi-

tivity to particle properties in this regime (e.g., Kahn et al.,

2011).

Figure 10a and Table 3 show that the MISR RA sensi-

tivity to ANG improves dramatically as AOD increases, as

expected (Kahn et al., 2010; Kahn and Gaitley, 2014), with

68th percentile values of ANG statistical discrepancy drop-

ping from 0.51 at an AOD of < 0.04 down to∼ 0.25 for AODs

between 0.08–0.095. ANG sensitivity continues to improve

as AOD increases, with 68th percentile errors dropping fur-

ther, to ∼ 0.17, for AOD > 0.35. Correlation and slope also

improve with increasing AOD (see Fig. 9c and d). Figure 10b

shows a scatter plot of MISR RA ANG (computed using the

mean spectral extinction cross-section ratios over all pass-

ing mixtures) vs. AERONET/MAN ANG for all AOD > 0.01.

Overall, 67 % of the MISR RA ANG values fall within 0.275

of the MAN/AERONET ANG value.

Figures 10a (left whisker in triplet) and c (also Table 3)

show ANG, calculated from the SA AOD retrievals, com-

pared to AERONET/MAN. We computed these ANGs from

the SA-retrieved best-estimate spectral AODs, which repre-

sent the mean spectral AOD of all passing mixtures. This

makes our definition of ANG (for the SA) identical to the

one for the SA “best-estimate ANG” (Bull et al., 2011). We

use the extinction cross-section ratios averaged over all pass-

ing mixtures to compute ANG for the RA rather than the

Atmos. Meas. Tech., 7, 3989–4007, 2014 www.atmos-meas-tech.net/7/3989/2014/
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Figure 10. Panel (a) shows the statistics of the |MISR-MAN/AERONET| Ångström Exponent coincidences, conditioned on 558 nm

AERONET/MAN AOD. The first line of the triplets shows the SA-AERONET/MAN comparison, the second line shows the comparison

between the RA and MISR-MAN/AERONET with the standard χ2
abs

criterion applied, and the 3rd line shows the comparison between the

RA and MISR-MAN/AERONET with the modified χ2
abs

criterion. The vertical lines represent the 25th–75th percentiles, the lower dot rep-

resents the median absolute error and the upper dot represents the 68th percentile value. The number of coincidences per AOD bin is listed

at the top of the plot. The upper limit of each green-band AOD bin (binning is done based on green band AOD) is shown at the bottom

(except for the last AOD bin, which includes all higher AOD cases). Panels (b) and (c) show the MISR-AERONET/MAN ANG cases for

all AOD > 0.01, for the research algorithm (all modifications with updated χ2
abs

criterion) and standard algorithm, respectively. Yellow dots

correspond to points with AERONET AOD less than 0.10, green dots represent AOD between 0.10 and 0.20, blue dots indicate AOD between

0.20 and 0.50, and black dots designate AOD values greater than 0.50. Statistics for the ANG plots are presented in Table 3.

spectral AODs, because we allow the RA to select 0.0 for the

minimum AOD, which would otherwise complicate the ANG

calculation. Compared to the SA, there is 36 % improve-

ment in the median-absolute-error overall, the RMSE drops

by 17 %, the correlation coefficient increases by 0.06, and

the median bias is much lower in magnitude for all AODs.

The slope of the regression line improves by ∼ 0.10 for

AOD > 0.22 (not shown), but the RA slope is ∼ 0.03 lower

than the SA for AOD < 0.10. Before modifying the χ2 accep-

tance criterion, the SA-retrieved ANG more closely matched

AERONET/MAN ANG values at low AOD, possibly owing

to the fact that only 74 aerosol mixtures are employed, vs. the

774 used for the RA. Because the RA is likely not sensitive

to differences among all these mixtures at low AOD, increas-

ing the number of mixtures selected (which is what occurs at

low AOD with the larger mixture climatology and χ2 crite-

rion modification) tends to reduce outliers, increase the cor-

relation, and decrease the slope. As AOD approaches 0.20,

the impact of this modification diminishes, and the greater

variety of aerosol models allows for a more robust ANG re-

trieval. It is likely that external constraints are needed to win-

now down the passing-mixture list at low AOD, such as using

a aerosol transport model to select among the list of passing

mixtures (e.g., Kahn, 2012; Li et al., 2014), as the informa-

tion content of the MISR radiances tends to be swamped by

surface effects and Rayleigh scattering signals under these

circumstances.

4.3 AOD validation

Figures 11 and Table 3 show the aggregated effects of the

median-or-min reflectance selection approach, under-light +

updated whitecaps, updated nr, new mixtures, layer-effective

single-scattering phase function, and the calibration adjust-

ment, as well as the effect of using the modified χ2
abs met-

ric described in Sect. 4.2. Taken together, the aggregated

changes compare favorably relative to the RA baseline case,

as shown in Table 3, with RMSE decreases of 27, 20, 14, and

8 % for blue, green, red, and NIR, respectively. For the RA

over dark water, 62, 68, 72, and 74 % of retrievals fall within
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Figure 11. |MISR – AERONET| spectral AOD statistics conditioned on AERONET green AOD. For the vertical lines and points: cyan

represents the SA, red represents the SA with enhanced cloud screening (FNC < 0.50), green represents the RA with all modifications

through Sect. 4.2, and blue represents the RA with all modifications and enhanced cloud screening (FNC < 0.50). The vertical lines indicate

the 25th–75th percentiles, and the lower dot gives the median absolute error. The upper dot represents the 68th percentile value. Each row of

plots presents results for one of the four MISR spectral bands (blue, green, red, and NIR). The number of coincidences per AOD bin is listed

at the top of the plot (without, and then with enhanced cloud masking). Vertical dashed lines separate AOD bins, which are defined based on

the green band AOD. The upper limit of each (green band) AOD bin is shown at the bottom (except for the last AOD bin, which includes all

higher AOD cases).

the greater of 0.03 or 10 % of the validation AOD values in

the blue, green, red, and NIR bands.

Table 3 also gives the results of the MISR SA AOD for

the same sites and same retrieval regions used for the RA.

Compared to the SA, the upgraded RA RMSE drops by 36,

29, 21 and 12 % in the blue, green, red, and NIR bands. The

fraction of AOD retrievals falling within the greater of 0.03

or 10 % of the validation AOD values changes by +0.24,

+0.16, +0.09 and +0.04. The correlation (r) between the

SA and AERONET/MAN is ≥ 0.94 at all wavelengths, and

is ≥ 0.96 for the RA.

Figure 11 shows the error statistics of |MISR –

AERONET/MAN| spectral AOD for different AOD regimes.

This figure demonstrates that the upgraded RA performs bet-

ter than the SA over most AOD bins (and wavelengths). The

largest improvements are seen at both very low AOD (< 0.10)

and at higher AOD (>∼ 0.35), as well as at shorter wave-

lengths.

4.4 Enhanced cloud screening

Figure 11 and Table 3 also show the effect of applying a max-

imum FNC of 0.50 to the RA with all adjustments described

above applied, and to the SA. This is similar to the approach

taken by Witek et al. (2013), except that we do not consider

glint-contaminated cameras in the FNC count. Note that our

application removes an additional 13 % of 3× 3 retrieval re-

gions (as compared to a much higher fraction for Witek et al.,

2013). However, the 0.01 AOD bias that was present at all

wavelengths is now reduced to ∼ 0.005 for all wavelengths.

Every statistic except slope improves when the FNC limit

is applied (Table 3). The standard algorithm AOD retrieval

sees a greater improvement than the research algorithm with

this adjustment, which is likely due to the SA having poorer

statistics overall to begin with. Interestingly, setting the FNC

to 0.50 had virtually no effect on the retrieved ANG statistics

(RMSE, MAE), except for the slope, which increased from

0.471 to 0.511, likely due to preferential removal of larger

cloud droplet and/or larger, hydrated particle contributions.
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This also occurs for the SA, with the slope increasing from

0.493 to 0.521.

Shi et al. (2014) used MODIS cloud-detection products

that make use of spectral channels at longer wavelengths

than those available on MISR to screen for clouds in co-

incident MISR aerosol retrievals. They identify a probable

thin cirrus contribution averaging about 0.01 to the AOD re-

trievals over ocean, and larger effects in the vicinity of cloud

edges. It is beyond the scope of the current paper to include

MODIS cloud masking, but overall, the implementation of

a maximum fraction not-clear even within the MISR prod-

ucts alone results in a large improvement to the standard al-

gorithm (as also shown by Witek et al., 2013), and a more

modest improvement to the research algorithm results. The

MISR cloud-contamination issue warrants further study, as

does the possible use of MODIS infrared channels to refine

the cloud screening.

5 Conclusions

In this paper, we assess the impacts of changes to the MISR

research aerosol retrieval algorithm over water, modifications

based on physical considerations, as well as empirical adjust-

ments that improve comparisons with validation data and fall

within the range of allowed values based on all other avail-

able constraints. In the process, we assess the impact on re-

trieved AOD of several assumptions commonly employed in

aerosol remote sensing, and some assumptions that are spe-

cific to the MISR standard algorithm. We accomplish this by

systematically altering the algorithm such that each modifi-

cation is performed independently, and the results are com-

pared against more than 1100 MAN-AERONET coincident,

dark-water observations (Table 3).

We show that the cumulative effect of several physically

motivated changes eliminates about half the statistical bias

in the retrieved AOD. Specifically, (1) the small increase in

TOA model reflectance in the red band produced by includ-

ing spectral under-light contributions causes the retrieved red

band AOD to drop relative to the NIR, resulting in the al-

gorithm systematically selecting larger particles. The con-

sequent reduction in ANG reduces the retrieved mid-visible

AOD bias and improves the ANG correlation. (2) Correcting

the nr value assumed for hydrated particle optical models can

increase retrieved AOD at all AOD values, by up to 25 % if

the retrieved particle is large. (3) Removing the linear mix-

ing approximation reduces AOD overestimation at all AODs,

but especially at higher AOD. (4) An adaptive pixel selec-

tion technique is introduced that minimizes the effects of un-

masked cloud at low AOD, and of aerosol variability at high

AOD. For the RA, this change causes spectral AOD RMSE to

decrease by 5–10 %. And (5), in Sect. 3.3.2, we show the im-

pact of including a greatly expanded mixture list; this causes

the AOD RMSE to change by−16 to+5 %, with the only in-

crease occurring in the NIR, where the statistics were already

much better than the other bands before this adjustment was

applied.

All modifications are then aggregated and an error analy-

sis is performed to produce an empirical estimate of the re-

flectance uncertainty, used for the χ2 calculations. A spec-

trally invariant uncertainty of 5 % was previously assumed

for both the MISR standard and research algorithms. How-

ever, the relative uncertainty is much higher in the NIR than

the red band, which is especially important for over-water

retrievals. In addition, the minimum value used for the χ2

uncertainty was too large for the NIR, which caused less

weighting to be assigned to the NIR band than was appro-

priate at low AOD. After making all corrections, small em-

pirical calibration adjustments of +0.75 and −0.75 % were

applied to red and NIR bands, respectively, to bring ANG

into substantially better agreement with AERONET without

significantly affecting AOD performance.

Applying all these physically based and empirical ad-

justments decreased AOD RMSE by 8–27 % compared to

the algorithm before any corrections were implemented, and

an RMSE decrease of 12–36 % compared to the SA. ANG

RMSE dropped by 17 % compared to the SA, and MAE de-

creased 36 %. Enhanced cloud-screening, implemented by

setting a fraction not-clear maximum of 50 %, brought the

spectral AOD bias to ∼ 0.005, and greatly reduced the num-

ber of outliers, while only removing 13 % of 3× 3 retrieval

regions.

These results make clear that adding a relatively simple

under-light model, modifying particle properties to be more

realistic, introducing a comprehensive mixture list, (in the

case of the research algorithm ) making a small calibration

correction, and implementing an enhanced cloud mask can

dramatically improve the aerosol retrievals.

Other factors that remain to be considered include: (1) the

angular dependence of ocean surface reflectance (BRDF),

(2) the coupled impact of polarization and uncertain aerosol

vertical distribution on the retrieved quantities, which could

be significant for over-ocean transported aerosol residing

in the free troposphere, (3) the use of an aerosol transport

model or other external source to constrain aerosol type when

many mixtures pass the algorithm acceptance criteria, e.g.,

frequently at low AOD, (4) the use of coincident MODIS

infrared spectral bands to help with cloud-screening, and

(5) further examination of the MISR radiometric calibration.

However, at least based on the 1129 over-ocean validation

cases included here, the adjustments applied are sufficient to

remove nearly all the apparent bias in both AOD and ANG.

The updated MISR RA (with all of the corrections made)

will continue to serve as our platform for testing retrieval

ideas, and for extracting the maximum particle-type infor-

mation on a case-by-case basis for local and regional-scale

studies. However, for the community to take advantage of

these improvements for global-scale applications, the adjust-

ments demonstrated here must be implemented in an opera-
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tional code that can run efficiently on large volumes of MISR

data, a non-trivial task in itself.

The Supplement related to this article is available online

at doi:10.5194/amt-7-3989-2014-supplement.
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