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ABSTRACT

Atmospheric aerosols (liquid or solid particlespreded in the air) affect the radiative
energy budget, the hydrological cycle, atmospheiriculation, land surface processes,
and climate. They also play a role in air qualibdaave an impact on human health.
Large-scale continuous characterization of atmaspheerosols relies upon satellite
remote sensing.

This document describes the algorithm for remotesieg of aerosol properties from the
multispectral reflectances observed by the AdvarBaskline Imager (ABI) onboard the
geostationary satellite GOES-R. The ABI aerosoballgm retrieves the aerosol optical
depth, suspended matter and aerosol size paraatétéam spatial and 5- and 15- minute
temporal resolutions over the CONUS and full-disknains, respectively, under daytime
clear-sky conditions. Separate algorithms have loeseloped for the retrieval over land
and over ocean due to the distinct surface pragsednd aerosol types. To aid rapid
retrieval of aerosol properties, look-up tablesspkctral atmospheric (aerosols plus
molecules) optical functions (reflectance, trantamites and spherical albedo) are pre-
calculated for a wide range of geometries and stahderosol models at standard surface
pressure. Over land, surface reflectance in tkéle spectrum is obtained from the
shortwave infrared reflectance based on pre-detemnispectral relationships. Over
ocean, the surface reflectance is modeled as tmeofwnderwater, whitecap, and sun
glint direct reflection. Top of the atmosphere (TO#reflectance is calculated from
coupling the surface and atmospheric reflectionsiciv is then compared with
observations to determine the optimal solutionaferosol optical depth and aerosol type.
The suspended matter is determined from the reti@erosol optical depth applying the
mass extinction coefficient indicated by the aef@sodel retrieved simultaneously with
the optical depth. Aerosol size parameter (AngstrErponent) is calculated from
retrieved spectral aerosol optical depths. Valataf the ABI algorithm is performed
with proxy data from MODIS. The retrieved aerosgitical depth and Angstrém
exponent are compared with ground measurements ABRONET. The comparisons
indicate compliance with requirements for aerosalaal depth. Accuracy of Angstrom
exponent also meets the requirement, but the joedkes not.
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1 INTRODUCTION

Aerosols are suspended liquid or solid particlespsuded in the atmosphere. Aerosols
modify the energy budget of the earth-atmosphesé&egy in several ways. They directly
scatter and absorb solar and thermal infrared tiadige.g., Bohren and Huffman, 1983;
Coakley et al.,, 1983; Charlson et al., 1992]; mpdifoud amount, life time, and
microphysical and radiative properties and theesfadirectly change the Earth-leaving
radiation [e.g., Twomey, 1977; Albretch, 1989; Rde&l and Lensky, 1998].
Absorption of radiant energy by aerosols leadse@atihg of the troposphere and cooling
of the surface, which can change the relative hitynahd atmospheric stability thereby
influencing cloud formation and precipitation [Hanset al., 1997; Koren et al., 2004;
Ackerman et al., 2000]. Consequently, aerosolsmifurence land surface process [Yu, et
al., 2002], the global surface temperature [Coaldewl., 1983; Charlson et al., 1992;
Ramanathan et al., 2001], climate and the hydrodgiycle [Ramanathan et al., 2001],
and ecosystems [Chameides et al., 1999]. As complgtures of particles and particle
aggregates of varying chemical composition, aesoalslo affect regional air quality and
human health [Pope et al., 2002]. Epidemiologstaidies have linked exposure to
PM2.5 (particulate mass in units p§/m® for particles smaller than 28m in median
diameter) to a range of adverse health effects ascstrokes, heart disease, respiratory
ailments, and premature death [e.g. http://wwwggpdregion4/sesd/pm25/p2.html].

Aerosols have high spatial and temporal variabdie to the heterogeneous distribution
of sources, short lifetime, and episodic featuremission events. Therefore continuous
global and regional characterization can only ladized through satellite remote-sensing.
Real time monitoring of aerosol optical depth frdihve Geostationary Operational
Environmental Satellite (GOES) data are routinelgducted at the National Oceanic and
Atmospheric Administration (NOAA). The current GOB®jorithm uses only a single
channel to retrieve aerosol optical depth (AOD)e Tieed for using a fixed aerosol
model does in this algorithm not allow estimatidrsiae parameter. Moreover, relatively
large uncertainty in the estimated surface reflemtdeads to inaccurate AOD for certain
times and regions. The Advanced Baseline Imagen)(AdBbe flown on the GOES-R
series of NOAA geostationary meteorological satslimeasures radiances in multiple
wavelengths from the UV through the IR at high spaksolution [Schmit et al., 2005].
In contrast to the one channel used by the cuB$ES, GOES-R ABI provides five
channels between 0.47 and 2,25 suitable for retrieving aerosol properties owaerd
and ocean. Similar multi-channel instruments hdweady been (Moderate Resolution
Imaging Spectroradiometer, MODIS), or will be (\a/Infrared Imager/Radiometer
Suite, VIIRS) flown on various spacecrafts, andoatgms for retrieving aerosol from
the measurements of these instruments (e.g., Kaughal., 1997; Remer et al., 2006;
Levy et al., 2007; Vermote et al., 2006) are alyeaehilable and tested. The ABI aerosol
algorithm described in this ATBD borrows heavilgrn these heritage algorithms.

1.1 Purpose of This Document
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The Algorithm Theoretical Basis Document (ATBD) deises the theory and necessary
assumptions for deriving aerosol properties froml ABoard GOES-R. Details of the

algorithm, the products, and their expected unoeits (as estimated from proxy data)
are also discussed.

1.2 Who Should Use This Documents

The intended users of this document are thoseestin in understanding the physical
basis of the algorithm and use the aerosol retriewdaputs of this algorithm in
applications requiring aerosol data. This docunasb provides information useful to
anyone maintaining or modifying the original algm.

1.3 Inside Each Section

Specifically, this document is broken down into fbkowing main sections:

» Observing System Overview Provides the objectives of the algorithm, relévan
characteristics of the instruments, and providésief description of the aerosol
products generated by this algorithm.

» Algorithm Description: Provides detailed description of the physical and
mathematical basis of the algorithm, the look-upes, and inputs and outputs.

» Test Data Sets and Output Describe the test data sets and processes to
characterize the performance of the algorithm. Titetudes the method used for
simulating proxy ABI data, algorithm output frometijproxy ABI data, precision
and accuracy estimates based on ground AERONET uresasnts, and error
budget analysis.

» Practical Considerations Provides an overview of the issues involving
numerical computation, programming and procedugeslity assessment and
diagnostics, and exception handling.

* Assumptions and Limitations Provides an overview of the current limitatiors o
the approach and gives the plan for overcomingetHigsitations with further
algorithm development.

1.4 Related Documents

GOES-R Mission Requirements Document (MRD)

GOES-R Functional and Performance Specificationubuwmnt (F&PS)

GOES-R ABI Performance and Operation Requirementuibent (PORD)

GOSE-R ABISuspended Matter/Optical Depth and Aerosol Sze Parameter Algorithm
and Test Implementation Plan (ATIP) Document
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GOSE-R ABI Suspended Matter/Optical Depth and Aerosol Sze Parameter Product
Validation Plan Document

1.5 Revision History

This is Version 2.0 of the “GOES-R Advanced Baselimager (ABI) Algorithm
Theoretical Basis Document for Suspended Matteo®ar Optical Depth and Aerosol
Size Parameter” documernit. evaluates the ABI aerosol algorithm to meet 199%
requirements and follows the comments on Versidh flom the ADEB and IV&V
reviewers. It was written by members of the Aerdsedm (I. Laszlo (lead), M. Zhou, H.
Liu, and P. Ciren) of the GOES-R Algorithm Workirgroup (AWG) Aerosol, Air
Quality and Air Chemistry (AAA) Application Team BIOAA/NESDIS/STAR.

Version 1.0 of this document was written for thé/@8enaturity delivery. That revision
evaluated the algorithm to meet the 80% requiresnantl addressed the comments on
the draft version (Version 0.0) from the projectiad. Version 0.0 was delivered on
September 30, 2008 to accompany the delivery ofimerl of the algorithm to the
GOES-R AWG Algorithm Integration Team (AIT).

2 OBSERVING SYSTEM OVERVIEW

2.1 Products Generated

The algorithm is designed to retrieve the aerogptical depth (AOD)/suspended matter
(SM) and aerosol size parameter (ASP) from ABI ey spectral reflectances. The
output is at 2-km spatial resolution and 5- andniibute temporal resolution during
daytime. Due to the relatively weak aerosol sigral large uncertainties associated with
surface reflectance, the current ABI algorithm doesattempt to do retrieval over bright
surfaces, which include sun glint areas over watesert, and bare soil surface over land.
The primary retrieval product is AOD at 550 nm.{), however AOD in five ABI

channels (0.47, 0.64, 0.86, 1.61, and 2.25 pumpakse calculated based on the selected
aerosol model. Aerosol size parameter is repredehte two Angstrom Exponents
corresponding to two pairs of wavelengths (0.46G8&d 0.86/2.25 pum). In addition, a
single aerosol type over land, and a fine modeaaodarse mode aerosol type along with
the corresponding fine-mode weight over ocean eigeved. The aerosol products are
intended for air quality and weather applications.

Tables 2-1, 2-2, 2-3, and 2-4 show the current F&Rfsiirements and product qualifiers
for aerosol optical depth and size parameter. Aaguland precision requirements for
suspended matter in terms of mass concentratiorurader study at the time of this
writing; they will be included when approved by B®ES-R Program Office.
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Table 2-4. Product qualifiers for Aerosol Particdze. LZA=local zenith
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2.2 Instrument Characteristics

The Advanced Baseline Imager (ABI) on GOES-R wél/é a total of 16 spectral bands
in the visible, near-infrared and infrared spectegjions. The ABI spatial resolution will
be 2.0 km for the 1.38m, 2.25um and ten infrared (IR) spectral bands, and 0.5&m
the 0.64um visible band. Spatial resolution of the otherdsawill be 1.0 km. Table 2-5
lists these and the spectral characteristics ofrteeeument. ABI will have an on-board
calibration of the reflected solar channels with expected to provide an absolute
radiometric calibration accuracy of 5.0%, relatif@ne-sigma) calibration deviations
(short-term repeatability) of 0.2%, calibrated eadies that correct for instrument
degradation drift in radiance to 0.5% of the radar{Additional observations of lunar or
stellar sources may be employed by NOAA operatlgral attempt to improve long-
term radiometric stability of the on-board caliltwvat methodology over the ABI
lifetime.) Details on the instrument design, caliiovn, and additional information on its
characteristics are provided elsewhere, and ndtided in this ATBD. Table 2-5 also
indicates which channels are currently used byatberithm for aerosol retrieval. (Note
that channels used in internal tests, for exangplietect turbid water, are not indicated in
this table, as these tests are not yet implemgnted.

Table 2-5. Wavelengths, resolution, noise charatics and use for aerosol
retrieval of ABI bands.

0,
Channel | Wavelength | Hor. Urpper ﬁnSSIO\i/\r/]etrSz%/o Noise@ | Max. Used
ID Microns Res. ESponse po Ref. Level
microns)
v
1 0.47 1km | 0.45+0.01 - 0.49+0.01 300/1 100|%
(land)
0.64 | 0.5km Y
2 0.59+0.01 - 0.69+0.01 300/1 100 %(land and
water)
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3 0865 | 1km| GOS0 300/1 | 100 % (W;er)

4 1378 | 2km | SSOSTRONSS | 3001 | 100 %
v

5 1.61 hm | 158:001-164001 3007 100%
v

6 2.25 2km Zé?22755ifd9011' 300/1 | 100%)| (jand and

water)

7 3.90 okm | 3.80+0.05-4.00:0.05 0.1K 400K

8 6.185 | 2km | 5.77+0.03-6.6:0.08 0.1K 300K

9 6.95 okm | 6.75:0.03-7.15:0.03 0.1K 300K

10 7.34 okm | 7.240.02-7.44+0.02 01K  320[K

11 8.5 okm | 83+0.03-87+0.03 01K 330K

12 9.61 okm | 9.4240.02-9.8+008 01K 300K

13 1035 | 2km| 10.1+0.1-10.6+0.1 01K 330K

14 11.2 okm | 10.8+0.1-11.6+0.1 01K 330K

15 12.3 okm | 11.8:0.1-12.8+01 01K 330K

16 13.3 okm | 13.0:0.06-13.6:0.06 03K 305K

Table 2-5 also lists the expected noise charatiteyisf the ABI in the various channels
as given in the MRD. A detail analysis of the effet instrument noise on the aerosol

retrieval using various noise models is providedppendix Al.

3 Algorithm Description

This is the complete description of the algorithnth@ current level of maturity.

3.1 Algorithm Overview
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The capabilities offered by ABI onboard GOES-R aimmilar to the multispectral
observations currently provided by the ModerateoRe®n Imaging Spectroradiometer
(MODIS) flown on the NASA Earth Observing SystenO§) satellites Terra and Aqua,
and to those that will be available from the Jétotar Satellite System (JPSS) (formerly
NPOESS) Visible/Infrared Imager/Radiometer SuitdR&). The ABI aerosol algorithm
therefore heavily builds on the heritage of and lgssons learned from the MODIS
[Remer et al., 2005, 2006; Levy et al., 2007] arltR® [Vermote et al., 2006] aerosol
algorithms. Separate algorithms are developeddtieval over land and ocean due to
the distinct surface properties and aerosol types.

Due to varying contribution of the surface to tla¢eflite-observed reflectance and large
variation in aerosol optical properties, aerostiiegal is a complex problem. However,
it is expected that observations of TOA reflectaatenore than one wavelength can
provide more information, and thus can reduce theber of unknowns and provide
better constraints[King et al., 1978Tanre et al., 1997]In the ABI algorithm, this is
achieved by the selection of appropriate aerosalatsoand by calculating and estimating
the surface reflectance over ocean and land, regelgc Over land, surface reflectance
is estimated by the dark-dense vegetation appraacihich surface reflectance in the
visible spectrum is obtained from the shortwaveairdd (SWIR) reflectance from pre-
determined spectral relationships between thes@acgurreflectances. To aid rapid
retrieval of aerosol, look-up tables of spectrah@épheric (aerosols plus molecules)
optical functions (reflectance, transmittances gpiderical albedo) are pre-calculated for
a wide range of geometries and typical aerosol isode standard surface pressure.
Surface and atmospheric reflections are couplddviaig the VIIRS approach [Vermote
et al., 2006]. The resulting calculated TOA reflexte is compared with observations to
determine the optimal solution. Detailed explamatiof the ABI aerosol retrieval
algorithm is presented in the following chapters.

The geostationary platform offers observationseatr rconstant local zenith angles, along
with multiple looks of the same location in timeeothe course of a day. This feature has
been exploited in remote sensing of aerosol anthsairalbedo in several algorithms
[e.g., Knapp et al., 2005; Pinty et al., 2000; Thsnret al., 2007; Govaerts et al., 2010].
Many of these algorithms assume either that thesaémamount is constant during the
course of the day [Pinty et al., 2000], or requareriori information about the surface
reflection properties [Thomas et al., 2007]. Ancaihm that does not use many of these
assumptions, and may replace the current ABI algorifor retrieval over land, is being
developed at the University of Maryland Baltimoreu@ty. This algorithm, which
retrieves aerosol optical depth and surface bitioeal reflectance simultaneously even
over bright surfaces, is briefly described in Sat.3.1.

In principle, the multiple look with varying solangles of a scene at a fixed local zenith
angle from the geostationary platform may allow partially “map out” the phase

function. However, this would require the assumptd an unchanging aerosol type and
amount. In addition, it would require very accuratavigation, and very accurate
knowledge of the surface bidirectional reflectaricés doubtful that these requirements
can be satisfied at this time, so the current @lgor does not build on this theoretical
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possibility. Instead, the extensively tested andven multi-channel algorithms
developed for MODIS and VIIRS are used as heritage.

start

‘ ‘ Read in‘putdata ‘ ‘

‘ ‘ Allocate men‘mryforoutput ‘ ‘

A

—»( Process each pixel PDONE—» Output results

¥ A
‘ ‘ Initialize pixel output ‘ ‘

End

‘ ‘ Getpi;el input ‘ ‘

Land pixel? NO

YES

Suitable for
over-land retrieval ?

Suitable for
qver-water retrieval 2

YES YES NO
v

NO ¢

Retrieval over land Retrieval over water

A

Update output for current pixel

Figure 3-1.High level flowchart of the AOD retrieval illustiag the main
processing sections.
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3.2 Processing Outline

The processing outline of the AOD retrieval aldamtis summarized in Figure 3-1,
which shows the major components of the algoritiihese components are: 1) Prepare
input data for each 2 km *“pixel”; 2) Determine rewal eligibility and relevant
algorithm; 3) Perform aerosol retrieval; 4) Evatustte retrieval quality and output the
result.

3.3 Algorithm Input
This section describes the input needed to prdbesaerosol retrieval.
3.3.1 Primary sensor data

Table 3-1 lists the primary sensor data used bya#resol retrieval, including calibrated
and geolocated level 1b reflectance (channels &,f@; land, and channels 2, 3, 5, 6 for
ocean) from ABI observations, geolocation inforroagiand ABI sensor quality flags.

Table 3-1 ABI primary sensor input data.

Name Type Description Dimension

Ch1 reflectance Input | Calibrated ABI channel laethnce | grid (xsize, ysize)

Ch2 reflectance | Input| Calibrated ABI channel 2eethince | grid (xsize, ysize)

Ch3 reflectance | Input| Calibrated ABI channel 3eetihnce | grid (xsize, ysize)

Ch5 reflectance | Input| Calibrated ABI channel Seetihnce | grid (xsize, ysize)

Cheé reflectance | Input| Calibrated ABI channel 6eetihince | grid (xsize, ysize)

Latitude Input | Pixel latitude grid (xsize, ysize

Longitude Input | Pixel longitude grid (xsize, ysize)

Solar geometry Input | ABI solar zenith and azimutgles grid (xsize, ysize)

View geometry | Input | ABI local zenith and azimuthgbes grid (xsize, ysize)

QC flags Input | ABI quality control flags with input | grid (xsize, ysize)
data

The algorithm assumes the reflectance is calculftmah the calibrated radiance by
dividing 1t times the radiance by the product of the cosinesaér angle and the
extraterrestrial solar irradiance at the actuatsamh distance.

The inputs to the algorithm are the averages otlbar Level 1b reflectances for the 2-

km grid. Note, however, that implementation anditgsof internal tests to eliminate
cloud, snow/ice contamination, identification ofttid water, etc. may require using the
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1-km Level 1b reflectances. In this case, the algor need to be updated such that
averaging of qualified reflectances for the 2-kndgs done inside the aerosol retrieval
algorithm.

The dimensions “xsize” and “ysize” correspond te #ize of the grid in the longitude
and latitude directions, respectively. Their vallme determined in the framework
outside of the aerosol algorithm.

3.3.2 Ancillary data

The algorithm requires three types of ancillaryadd) ABI level 2 products (Table 3-2);
2) Global Forecast System (GFS) model data (Tat8¢ and 3) Non-ABI static data
(Table 3-4).

ABI cloud and snow/ice masks are needed to idewtdgr-sky snow/ice-free pixels for
aerosol retrievals. When the ABI snow/ice maskn@ available, the Interactive

Multisensor Snow and Ice Mapping System (IMS) isdus Land/sea mask is used to
select the appropriate (land or ocean) algorithm tetrieval. In case ABI total

precipitable water (TPW) and ozone data are missingiot valid, Global Forecast

System (GFS) data are used instead. GFS modeksusfimd speed and direction over
ocean is required for ocean surface reflectanceuleion. Lower resolution model

surface pressure is corrected to pixel-level presas:

-H digita/
e 824

~Humodel
824

(3.3.1)

I:)pi xel = I:)mode|

where Ppya and P, .4 are actual pixel-level and model surface pressundggia and
H,... are high-resolution digital and low-resolution mbdsurface elevations,

respectively. A constant scale height of 8.24 kiofded from the VIIRS ATBD) is
assumed in this pressure correction.

Table 3-2 ABI dynamic ancillary input data

Name Type Description Dimension
Cloud mask input ABI level 2 cloud mask data gwdite, ysize)
Snow/Ice mask input ABI level 2 Snow/Ice mask data | grid (xsize, ysize)
TPW input ABI level 2 total precipitable watel  glixkize, ysize)
Ozone input ABI level 2 ozone data grid(xsize, g¥iz
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Table 3-3Non-ABI dynamic ancillary input data

Name Type Description Dimension
Model ocean surface win Jlin ut Global Forecast System rid (xsize, ysize)
speed & direction P (GFS) data g Y
. Global Forecast System . . .
Model surface pressure input rid (xsize, ysize
P PUT (GFs) data grid (xsize, ysize)
Model surface height input Global Forecast System grid (xsize, ysize)
(GFS) data Y
Model total precipitable inout Global Forecast System rid (xsize, ysize)
water P (GFS) data g 2t
. Global Forecast System . . .
Model total ozone input (GFS) data grid (xsize, ysize)
Model snow/ice mask input L(l:aet;VIapplng System (IMS) grid (xsize, ysize)

The spatial and temporal interpolation of GFS matisa is a common procedure to
many ABI algorithms, and is implemented at the feamrk level outside of the ABI
aerosol algorithm.

Table 3-4. Non-ABI Static ancillary input data

Name Type Description Dimension
Land/Sea Mask input | Global land/water mask 1 km
Surface elevation | input| Global digital elevatiotieda 1 km

3.3.3 Derived data

The derived data (Table 3-5) include pre-calculdted’s and aerosol normalized and
mass extinction coefficients.

There are two LUTs. The atmospheric LUT includesnaapheric reflectance,
transmittance and spherical albedo in the ABI cleénuased for retrievals (three channels
for land: 0.47, 0.64 and 2.25um; four channelsofgan: 0.64, 0.86, 1.61 and 2.25 um).
The sunglint LUT contains water direct-hemispheeflectance and spherical albedo.
Details of the LUTs are presented in Section 3.4.5.

Aerosol normalized extinction coefficients (ratid the aerosol optical depth in ABI
channels to that at 0.55 um) are used for caleigadODs at five ABI channels (0.47,
0.64, 0.86, 1.61, and 2.25 um) once AOD at 0.55 (pgBs) and aerosol model are
determined. Compared to the ocean aerosol mddal$,aerosol models are assumed to
be dynamic, i.e., microphysical and optical projsrivary with aerosol loading. As a
result, extinction coefficients of land aerosol ratsdare functions of ss
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Aerosol mass extinction coefficients are needectdlwulate suspended matter mass
loading based on the retrieveglss These coefficients are adopted from the MODIS
collection 5 algorithm since the same candidat®smrmodels are used in the ABI
retrieval. Similar to the normalized extinction ffagents, mass extinction of land
aerosol model depends on the aerosol loading arek i function oftgss. More
information about aerosol column mass calculatsoprovided in section 3.4.4.

Table 3-5. ABI derived input data

Name Type Description Dimension
(4, 20, 3, 7506)*
atmospheric reflectance as function of | (9, 20, 4, 7506)**
aerosol model, aerosol optical depth, ABl(Nmodel,
channel and scattering angle Ntau,Nchn,Nscaang)
Atmospheric Input | atmospheric transmittance as function of (4, 20, 3, 21):*
LUT aerosol model, aerosol optical depth, ABIO; Zg’l4’ 21)
channel and zenith angle E\Il\:;nu(?Nir’m'Nzen)
atmospheric spherical albedo as function(4, 20, 3)*
of aerosol model, aerosol optical depth, | (9, 20, 4)**
and ABI channel (Nmodel, Ntau,Nchn)
water sunglint direct-hemispheric
reflectance as function of (9,20, 4,21, 21,
aerosol model, aerosol optical depth, ABIA0, 9)
Sunglint channel, solar zenith angle, local zenith| (Nmodel,
LUT Input angle, relative azimuth angle, and surfa¢ intaw, Nehn, Nsolzen,
] ' ' '?\Isatzen,andspd)
wind speed
water spherical albedo as function of | (4, 9)
ABI channel and wind speed (Nchn,Nwndspd)
ﬁl\?):cr)nse?llize d normaliz_ed aerosol extinction coefficient Eﬁ;nozd%] ?:au Nchn)
o Input | as function of aerosol model, aerosol A
Extinction optical depth (land only) and ABI channel(9 X 5)
Coefficients “(Nmodel, Nchn)
Aerosol (4,20) *
Mass Input Mass extinction coefficients for each (Nmodel, Ntau)
Extinction aerosol model (9,2) *
Coefficients (Nmodel, Npar)
*. over land

** over ocean.

3.4 Theoretical Description
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This section describes the physics key to the aknagrieval over ocean and land.
Description of the mathematics used by the retljewecluding all simplifications,
approximations, and numerical methods, as well hes dlgorithm outputs are also
presented.

The feasibility of aerosol retrieval from satelldbserved radiances is based on the fact
that these radiances are affected by the physichthemical properties of aerosols [e.g.,
King et al., 1978; Kaufman et al., 1990]. For sl the wavelength bands of satellite
sensors are picked to minimize gas and other conéants to the aerosol signal. Because
the ABI channels closely match those of MODIS artR8, and because the MODIS
algorithm, and to a certain degree the VIIRS athoni has already been proven to work
well, the ABI algorithm is designed to closely foMl the approaches used with these
sensors [Remer et al., 2005, 2006; Levy et al.728@rmote et al., 2006]. Just like the
MODIS and VIIRS algorithms, the ABI algorithm redvies the aerosol optical depth and
the most likely aerosol model simultaneously fradiances observed in the visible and
near infrared channels. The assumption is thatdméribution of the ocean surface can
be accurately computed, and the land surface taflee can be estimated. Therefore
there are two separate algorithms: one for ocedroaa for land.

Aerosol retrievals are also affected by the pres@fiwarious “contaminants” in the pixel
that can degrade the quality of aerosol retrieveth®se include snow for land, and glint
and turbid water for ocean [e.g., Remer et al. 52Q006].

3.4.1 Physical and mathematical description for aerosoltical depth
retrieval over ocean

3.4.1.1Strategy

The algorithm for aerosol retrieval over oceandsdal on the VIIRS algorithm [Vermote
et al., 2006]; however, the aerosol models usethbyalgorithm are from the MODIS
Collection 5 algorithm [Remer et al., 2005, 2008y, et al., 2007]. ABI channels 2, 3, 5
and 6, for which surface reflection can be estichat@hout information on ocean color,
are used [Vermote et al., 2006]. Thus, for exampBl channel 1 (0.47um) is not
included due to the large uncertainty in water ilegvadiance.

It is assumed that the surface reflectance of wessr be modeled with sufficient
accuracy as shown by Cox and Munk [1954]. Therefive essence of the multi-channel
aerosol algorithm over water is the simultaneouseneal of optical depth and aerosol
model by matching calculated and observed TOA ctdleces in selected ABI channels.
The contribution of aerosol to the TOA reflectanise approximated by a linear
combination of two aerosol modes corresponding fianeaand a coarse mode of the size
distribution with a fine mode weight [e.g. Tanreatt 1997]. Since an exact match of
TOA reflectance in all selected channels is nearlgossible, the algorithm uses ABI
channel 3 (0.86 pum) as the principal channel, wheeerosol optical depth at 550 nm (
I..,) and fine-mode weight/{) retrieval is performed to match the observed TOA
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reflectance. The 0.86-um channel is chosen becafisgs negligible underwater

reflectance, while the contributions from the fiaad coarse aerosol modes are still
significant. The sum of squared differences of waled and observed reflectances in
other channels is calculated as the residual ®jutdgment of the degree of match, and
the minimum residual is considered as the ‘besttcmaThe process of checking for
minimum residual is repeated and the solution ginggs minimum residual is chosen for
the retrieval ofr,,,and n . AOD at other wavelengths can be determined bggus

spectral dependence of aerosol optical propertiggue to that aerosol model, which is
included in the pre-calculated LUT.

Surface reflection, including water leaving, whaps and sun glint direct reflection
(Section 3.4.1.5), and atmosphere-surface coup(Bection 3.4.1.3) are explicitly

calculated in the algorithm. Dependence of oceafasel reflectance on surface wind is
incorporated, which can be significant at mid-higtitude where relatively large wind

speed dominates. This is in contrast to the MODé®sol algorithm that assumes a
constant wind speed of 6 m/s [Remer et al., 2005].

Internal tests for screening out glint and turbiatev are discussed in Appendix C. Note
that at present tests for turbid water are notgoeréd.

3.4.1.2Aerosol models

Over ocean, the aerosol model is represented loyrdioation of fine-mode and coarse
mode aerosols. The four fine and five coarse madesdopted from MODIS [Remer et
al., 2005, 2006; Levy et al., 2007] are summarire@lable 3-6. The size distribution for
these aerosols is assumed to be log-normal:

dN(r) _ 2 N, exr{_ (In r—In [y ) :l’ (3.4.1)

dinr = \2mIn Oy 2(In Oy )2

where N(r) is the number density corresponding to particfesdii within (r, r+dr), r
is the median radius, and  is the associated standard deviation. Microphysical

properties of the aerosol models are listed in &6, which are derived from the
prescribed size distribution and refractive indeaf MODIS aerosol models [Remer, et
al, 2006]. The aerosol effective radius (micrors)n area weighted mean radius and

J'rSN(r)dr
defined asr,, =2————, where r is the particle radius, and N(r) the ipktsize
J'rZN(r)dr
0
distribution (number of particles per €mith radius in the range and r+dr). For
calculation of aerosol optical properties, integmatof aerosol size distribution (Eg.

3.4.1) is performed within the radius range of 018515.0 um following the Mie
calculation in the 6S radiative transfer model (RTKotchenova et al., 2006; 2007]
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Table 3-6. Microphysical properties of ocean adsogbine modes: F1-F4;
Coarse modes: C1-C5) used in the ABI algorithmréiaive indices, number

median ,) and standard deviatiowy( ), and effective radiusrg; ))

Refractive index

Arﬁ(r)%se(l)l Wavelength (um) ry g, o
047 | 064 | 086 | 1.38 | 1.61 ] 226

FL | oro0asi| 000351 0.00951| 0.008i | .00 | o.00i |©-07| 149182010

SRE AR AR AR AR AT

P3| o002 | 0002 | 0.0021 | 0.00351| 0.008i| 00031 | 0-08| 1:82212| 020

F4 | 0o02i | 0.002i | 0.002i | 000551 | 000si| o.00si |0-10] 182212[0.25
C_ C_ C_ C_ [ C.

ct | o001 | 0001 | 0.001i | 0001 | 0.001i| o.o01i |40 182212| 0.98
C_ C_ T T 3 =

c2 Ol.ggli (;L.gC;li (i.(%li Ci.()sdli C;L.gdli Cig,dli 0.60] 1.82212]1.48
C_ C_ T T 3 =

C3 Ol.ggli (;L.gdli &gdli &g)dli Ol.gdli &ggli 0.80( 1.82212|1.98

c4 &gg’éi 1.53-0.0 1.53-0.0i{ 1.46-0.0i &g‘:l'i 1.46-0.0{ 0.60| 1.82212|1.48

C5 &gg’éi 1.53-0.0 1.53-0.0i{ 1.46-0.0i &ggii 1.46-0.0{ 0.50| 2.2255 | 2.50

3.4.1.3Calculation of TOA reflectance

Calculation of TOA reflectance follows that in tidlRS ATBD [Vermote et al., 2006],

which itself is based on the formulation in the @&t Simulation of the Satellite Signal,
6S radiative transfer model [Vermote et al., 1993tchenova et al., 2006; 2007]

According to this formulation, the spectral reflate at the satellite levep(,) is the

combination of two componentgp,, and o, originating, respectively, in the

atmosphere and at the surface. The atmospheriailmaiin is due to reflection,

scattering by molecules and aerosols and absorpgomerosols and gases. The surface
contribution comes from the multiple reflectionrafliation between the surface and the
atmosphere that is subsequently attenuated bytth@sphere as it travels upward to the

satellite. The atmosphere contribution is:
ptoa = patm + IOSUI’f .

26

(3.4.2)




To facilitate the calculation of atmospheric refien with varying gaseous amount and
surface pressure, gas absorption, aerosol and iBay$seattering are decoupled in a
layered model atmosphere. In this model, radiagmduced in a layer with molecular
scattering, aerosol extinction, and water vapoogiign is attenuated by absorption in
the top layer by ozone, 02, gON,O, and CH. Ignoring the interaction between
aerosol and Rayleigh scattering, the atmosphertribotion to TOA reflectance is

computed as:

2

0
Pam = TOT™ (pR+A - pR(PO))TZ + pR(P) ) (3-4-3)

where, T is the transmittance from ozone absorptitfis the transmittance from gas

1Hzo
absorption other than ozone and water vapar; is the transmittance from half column
water vapor absorptionp.,, is the path reflectance by aerosols and molecates

standard pressurep;(R,) is the Rayleigh reflectance from molecular scaitgrat
standard surface pressue;(P ) is the Rayleigh reflectance from molecular scaitgat

the actual surface pressure Here, pg,, iS pre-calculated and stored in the atmosphere
LUT (see section 3.4.5), while transmittances frgas absorptiom and Rayleigh
reflectance p, are analytically modeled (see sections 3.4.6 amtl7B. Rayleigh

reflectancep, is calculated at the given local surface pressmeat standard pressure,

respectively (see section 3.4.7). Note that thencbhindex has been dropped from the
notation for convenience in the discussion.

The reflectance of ocean surface is modeled asstime of (bi-directional) sunglint
reflection, (Lambertian) underwater reflection awdhitecap reflection (see section
3.4.1.5). Interaction between the atmosphere amdiface reflection is decomposed as
the sum of six terms in Eqg. (3.4.5) correspondingthe contributions from (1)
Lambertian reflection from underwater and white¢d@$ directional sunglint reflection
without atmospheric scattering; (3) diffuse downdvaadiation reflected by the surface
and transmitted to the sensor without scatteridpyd{rect downward radiation reflected
by surface and scattered back to the sensor; flhisdidownward radiation reflected by
surface and scattered back to the sensor; andd@tion reflected by the surface more
than once. For efficient calculations, look-upléab(see section 3.4.3) were generated
using the 6S radiative transfer model [Vermotel et1®97] for the necessary terms (e.qg.,

,o_sgt, ,0_Sgt anda). The diffuse transmittance is calculated by sadiing the direct

transmittance from the total transmittance. Allnisr are calculated for the central
wavelength of the ABI channels.
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I Puwre irs ¢ dir g = |
TRl+ATRI+A m + tg+2\tg+TApsgt + tgl;tg+TApsgt
Pay = TOTOTHO (P=)z , (3.4.4)
P P+ TeTha 2L

L 1- SR+Apsgt ]
Lo, = € a0t (3.4.5)
toip = € R 006 (3.4.6)
thra = Troa ~taia, (3.4.7)
thn = Thoa ~thin, (3.4.8)

where, T, , is the total (direct and diffuse) downward atmasphtransmissionT,, , iS
the total (direct and diffuse) upward atmosphemansmission;tdr, is the direct
downward atmospheric transmissiaf;, is the direct upward atmospheric transmission;
tei, is the diffuse downward atmospheric transmissitff); is the diffuse upward

atmospheric transmissioriz,  is the total column optical thickness of molecuéesl
aerosols; S, , is the atmospheric spherical albedm;, . is the surface Lambertian
reflectance from underwater and whitecapg; is the sunglint directional reflectance;

,0_3gt is the normalized integral of the downward irrati& reflectance by the sunglint

directional reflectancep_'Sgt is the reciprocal quantity qu for the upward coupling;

p_Sgt is approximated as the sunglint spherical albé&lis the solar zenith angle; argt)
is the local zenith angle.

3.4.1.4Aerosol retrieval algorithm over ocean

The retrieval algorithm assumes that aerosol refleep, for a givenr.,can be
approximated with a linear combination of contribos from one fine p,) and one

coarse ;) aerosol modes with a proper fine-mode wefgfitvang and Gordon, 1994;
Kaufman and Tanre, 1996],

:0; (Tsso) = /7:01f (Tsso) + (1_/7):0/(1:(7-550) . (349)

In the retrieval, the algorithm searches for the pafine and coarse modes, along with
the fine mode weight/f) and corresponding,,, that give the best match of TOA

reflectance in multiple ABI channels between catiohs and observations.

Specifically, there are two levels of iteration as@dection involved. The first iteration is
on the combination of candidate fine and coarseanodhich are predetermined and
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built into the lookup table. In the current algbnt, there are four (fine mode) by five
(coarse model) combination pairs.

The second iteration (searching fpfor any given pair of fine and coarse aerosol mpdes
uses bisection (interval halving), which repeatetiiydes the fine-mode weight range in
half and searches for the subinterval that includesbest’ fit7 with minimum residual.
Ranges of the fine mode weight, starting with th#é fange of 0-1, are repeatedly
bisected, AODs are retrieved and residuals araileaézl. Altogether ten bisection steps
are performed, regardless of measurement uncertdimteach step, the interval that
results the smallest residual in the previous Eegelected for the bisection. The process
starts with dividing the range af between 0 and 1 into four equal subintervals with
ranges of 0.00-0.25, 0.25-0.50, 0.50-0.75, and-0.@6. AODs are retrieved for the five
boundary values aof (0, 0.25, 0.5, 0.75 and 1), and residuals areutzkd. The smallest
residual is identified among the five residuals #m&l subinterval containing the smallest
residual is selected for further processing (bisegt So, for example, if the residuals
corresponding to the five starting valuesolreRy o, Ro2s, Ros, Ro7s andRy o, and ifRy

(or Rozs) is the smallest residual then the two interval0@M®5 and 0.25-0.50 are
bisected leading to another five valuesno{0.0, 0.125, 0.25, 0.375, 0.5). AODs and
residuals are calculated for thegersalues. (Note that retrievals are already perfarifioe
the p values of 0, 0.25 and 0.5 in the previous stepnseality they need to be done
only for thesn values of 0.125 and 0.375.) R is the smallest then the middle two
subintervals (0.25-0.5 and 0.5-0.75) are use®# (or Ryo) is the smallest the upper
two subintervals (0.5-0.75 and 0.75-1.0) are u3ée. process is repeated ten times and
usually reaches 0.1% accuracy, and shéand AODs) corresponding to the smallest
residual is selected as the solution. If two or en@siduals are identical within machine
precision, the first one in the sequence (the csreesponding to the smallegt) is
selected. The determination of, for any specific aerosol model (combination ofefin
and coarse modes with known) is performed by matching the calculated TOA
reflectance at 0.86 um with the measurement. Th& beatch is determined by
comparing the residuals that are calculated asstine of squared differences between
calculated p) and observed ™) TOA reflectances in the ABI channels 2, 5 and 6

(0.64, 1.61, and 2.25 pm):
residual =) (o5 -p3™)?, (3.4.10)

i=1
wheren = 3, the number of channels used for calculatieg ésidual.

Once the final solution of aerosol model and cqoeslingr..,are determined, AODs in
the ABI channels 1-6 are calculated by the unigpecsal dependence of aerosol
extinction coefficient (Section 3.4.5) for the reted combination of fine and coarse
mode aerosol models and fine mode weightThat is, the optical depth at wavelength

is calculated as 7, o comwse =N x T, for the retrieved fine and coarse mode

ext,A, fine/ coarse

aerosol models, respectively, whatg; , is the normalizedextinction coefficient at
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wavelength included in the LUT for each fine and coarse mogt®sol model. The final
AOD is calculated as, =7, ;.. X7+ 7T, uee T L—17) .

3.4.1.5Calculation of ocean surface reflectance

As discussed in Section 3.4.1.3, the reflectanczefn surface is modeled as the sum of
bi-directional sun-glint, Lambertian dark underwagnd whitecap reflections. The
calculation for each of these reflection terms aorg wavelength-specific coefficients.
These coefficients were derived for the visiblasear-infrared ABI channels using the
6S RTM, where the sunglint bi-directional refleaandistribution function (BRDF) is
calculated from the Cox and Munk model [Cox and Kui954].

Water and whitecap reflectangs,, . is calculated as

Pusse = Pu + Pog (3.4.11)

Lic = Poceet (295x107°[Ws] > (3.4.12)
wherep, and p,, are reflectances from underwater and whitecap otispeéy, wsis the
wind speed in m$ p, is the product of an effective reflectanpg, ., and whitecap

coverage [Koepke, 1984]. For simplicity, chloroglgdncentration is fixed (0.4 mg
Dependence of water reflectance on wind speed ékyand the wind-speed dependence
of whitecap reflectance is accounted for by thedaspeed dependent whitecap coverage
in Eq. (3.4.12). Table 3-7 contains the channeledépnt constants fqo, andp,_ -

Table 3-7 Whitecap effective reflectance and water refleatanc

ABI Channel
(wavelength: pm) Poc-et P
2 (0.64) 0.2200 0.0126
3 (0.86) 0.1983 0.0
5 (1.61) 0.1195 0.0
6 (2.25) 0.0475 0.0

Calculation of sunglint directional reflectangg, is adopted from the corresponding 6S
subroutine [Vermote et al., 1997; Cox and Munk,4]98 requires inputs of wind speed
ws (in m sY), index of refraction (nn) and extinction coefficient of the sea water, sola
zenith angled,, local zenith anglé,, and sun, local and wind azimuth angigsg, , 4,
(clockwise from local North). The index of reframti and extinction coefficient (Table

3-8) of the sea water are calculated from the 681R$suming a constant salinity of 34.3
ppt. Details of the sunglint directional reflectargalculation are given in Appendix B.
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Table 3-8.Seawater index of refraction and extinction coeffit for ABI

bands

ABI Channel (wavelength: um) Nr Ni
2 (0.64) 1.3374833 0.0
3 (0.86) 1.3343327 0.0000004
5(1.61) 1.3227115 0.0000872
6 (2.25) 1.2985789 0.0004232

3.4.1.6Sensitivity study

The quality of aerosol retrieval can be stronglfeeted by the uncertainties in the TOA
radiances (for example, due to calibration, cr@dk, fpolarization sensitivity, etc.). In
multi-channel aerosol retrievals, estimation ofstheffects is not straightforward owing
to the complex interdependencies of channel radmrand assumptions. As part of
algorithm testing, numerical tests were designethvestigate the sensitivity of aerosol
retrieval to ABI radiance uncertainties.

For these tests, TOA ABI radiances are simulatedhieyforward 6S RTM for a wide
range of geometries and aerosol conditions. Tal8dists these varying parameters as
inputs to the simulations. A constant water vajf@ocrf) and ozone content (380 Dobson
units), and surface wind condition (6 m/s, weseidyassumed in the simulation (and in
the subsequent inversion). Among the 840,000 casedting from the combinations of
input values listed in Table 3-9, there are 423,64iQue tests which are outside of the
sunglint area (glint anglg,> 40°6, =cos'((cosd, cosd,) - (sind, sing, cosy)), where
6., 6,, and¢ are the solar zenith, the local zenith and thetivelaazimuth angles) and
used for the following evaluation.

Table 3-9 Geometry and aerosol conditions covered by thetsatystests

Parameters Dimension Values
cosine of solar zenith 10 from 0.4 to 1.0 with a constant
angle interval of 1/15
Geometry| cosine of local zenith 10 from 0.4 to 1.0 with a constant
angle interval of 1/15
relative azimuth angle 10 from 0° to 180° with astant
interval of 20°
fine Mode 4 four fine modes same as those
Aerosol in the retrieval algorithm
Models | coarse Mode 5 five coarse modes same as
those in the retrieval algorithm
fine mode weight 6 0,0.2,0.4,0.6,0.8,1.0
Aerosol optical depth at 0.55um 7 0.1,0.2,0.8,08,1.0,1.5
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To simulate the calibration uncertainty, the ABdliemces in all channels were perturbed
at 3% and 5% levels, which included 1) random nuigleout systematic bias; 2) positive
and negative systematic biases; and 3) systemasedplus random noise. Variation in
channel-to-channel calibration was also simulatge@dding a 3% bias to the individual
channels. All together, there were 14 types ofysbdtions with 423,640 retrieval cases
for each type. Outputs from the retrievals withtpdyed radiance were compared with
unperturbed retrieval results to evaluate the sgitgiof the algorithm to the calibration
uncertainties.

The general results for the 14 types of sensititasts are displayed in Figure 3-2, where
the averaged uncertainty and standard deviatisatoévedr ; ,, and aerosol fine mode
weight (FMW), as well as the percentage of misidfieation of aerosol models are
shown. The tests with perturbations in all ABI chels (top panel in Figure 3-2), indicate
that the random noise does not introduce a biathénretrievedr ., and FMW;

however, the large standard deviations indicategyelawariability. Large positive
systematic errors in all channel radiances leathecoverestimation of ., ,,and FMW,

while an underestimation occurs with negative pbetions. The relative uncertainties

perturbed — unperturbed ) are about 5% and 9% for the
unperturbed

radiance biases at 3% and 5% levels, respectialyociated FMW uncertainties are in

the range of 0.01 to 0.04.

of retrievedr .., (defined as

Perturbation of TOA reflectance in a single charaieb exhibits significant influence on
aerosol retrievals (last 4 columns of top panelFigure 3-2). Increasing the TOA
reflectance by 3% in the reference channel (0.8§ results in a similar positive bias
(=3%) in the retrieved,,, ,,, while the averaged uncertainty of FMW is small0(€1).

When the perturbation is applied to the other cbnnsed for residual calculation, it
changes the spectral shape of reflectance, therefifferent aerosol models can be
selected, which in turn, affects the retrievgg, ,, even when the reference channel is

unperturbed. Such effect is seen when the TOAakdee in the red channel (0.64 pm)
is enhanced by 3%. This change in spectral shajpesfdine mode aerosol selection; as a
result, the retrieved average FMW is increased 0% and the correspondinggg,,,
increased by 2%. On the other hand, increasing @w reflectance in the near-infrared
channel (1.61 um) by 3% favors coarse mode aercmudisthe retrieved FMW decreases
by 0.02 whiler .., increases by 3%. As for the SWIR channel (2.26, jinappears that

the effect on the aerosol retrieval is minimum; bwer, the averaged uncertainty of
retrievedr ., is about 1.6%, which cannot be deemed insignifican

As seen from Figure 3-2, aerosol model selectiorery sensitive to the perturbation of
reflectance as the average rate of misidentificagcabove 40% and 50% for the 3% and
5% perturbation in all channels. Misidentificatican be greater than 80% when the
individual channel perturbation changes the speshape of TOA reflectance.
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Figure 3-2 Average uncertainties in the retrieved aerosolcaptiepth at 0.55
um, fine- mode weight and percentage of model migitleation for all
sensitivity tests.

It should be noted that the uncertainties calcdldtem these tests mask the detailed
complex dependencies on the geometry, aerosolalygdoading. An example of angular
dependence is shown in Figure 3-3. In this case TIOA reflectance at 1.61 um was
increased by 3%, applied to the fine mode #2 aratseomode #1 with 0.4 FMW and

Tossm = 02. The averaged uncertainty of retrieveg, . is -0.006, while the maximum
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AT gss,m Can be as large as 0.014 and the minimum can rén0B3. Similarly, the
averaged\ FMW is -0.039, while the maximum is 0.21 and miaimis -0.20.
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Figure 3-3. Angular dependence of the uncertaimtsetrievedr,, (left) and

FMW (right) for one case: increasing TOA reflectarat 1.61 um by 3%,
applied to the second fine mode #2 and coarse rtdeith 0.4 FMW and
T, = 02 . Solar zenith angle is 42.83° In the figure, lozanith angle

increases in the radial direction; PHI represdmsrélative azimuth angle.
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Figure 3-4. Uncertainty of retrieved aerosol optabepth at 0.55um when all
ABI channels used for aerosol retrieval over water perturbed by 3% or 5%
(systematic bias plus random noise).
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Figure 3-4 shows the averaged uncertainty of netde .., from tests in which TOA
reflectances in all channels were perturbed by 3fb 3%. The results indicate that
retrievals are within a retrieval error range ofG8*0.05 whenr ., is less than 1.5.

AOD values larger than 1.5 are very rare over thean, unless dust or smoke are
transported from the continents.

Since other uncertainties (e.g., estimation of amaf reflectance, gas absorption
correction, cloud contamination, etc.) can alsal leaerrors in the TOA reflectance, the
above sensitivity tests could also serve as a gégaide for estimating the “response” of
the retrieval algorithm to these uncertaintiesyes.

3.4.2 Physical and mathematical description for aerosolmtical depth
retrieval over land

3.4.2.1Strategy

The ABI aerosol algorithm over land follows the gan multi-channel strategy as that
over ocean. The major differences include the usdgerescribed aerosol models and
estimation of surface reflection from ABI obsereas. This algorithm adopts the method
from VIIRS with an update on incorporating the aaloeffect at 2.25um channel, and
adopting the land aerosol models from MODIS Coitett5 [Vermote et al., 2007;
Remer et al., 2005, 2006; Levy et al., 2007].

Unlike water, land surface properties exhibit greatiability and complexity, which

prevent reliable modeling of the spectral reflecanAs a consequence, surface
reflectance becomes an inherent unknown along astiosol properties in the aerosol
retrieval over land. Kaufman et al. [1997] obseribkat over vegetated and dark soil
surfaces, the surface reflectance in the blue addwavelengths correlated with the
surface reflectance in the SWIR. The ABI algoritfottows the same strategy to utilize
ABI channels 1, 2 and 6 (0.47, 0.64 and 2.25umgtiteve aerosol over dark surfaces.

Identifying dark target pixels is based on a thoddhest which requires that the TOA
reflectance observed in ABI channel 6 (2.25 umhat greater than 0.25. Spectral
relationship of surface reflectance between vis{bteannel 1 and 2) and SWIR (channel
6) is prescribed (Section 3.4.2.3) using mid-IR NDO¢hannel 3 and channel 6) to
separate vegetation from soil surface type. Sityilao the MODIS Collection 5
algorithm, aerosol optical depth and surface ré&diece are simultaneously retrieved from
measurements in the blue (0.47 um) and SWIR (2r@% ghannels for each candidate
aerosol models, and the optimal solution with thé&nimum difference between
calculated and observed reflectance at red chd@rgl um) is selected.

Internal tests for screening out snow in the pixed discussed in Appendix C. (Note:
these tests are not yet implemented in VersiontGehlgorithm.)
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3.4.2.2Aerosol models

Four typical aerosol models as described by Levalef2007] for MODIS collection
CO005 are adopted in the ABI algorithm. These resregeneric, dust, smoke and urban
aerosols. A bimodal lognormal distribution is usex describe each aerosol size
distribution:

dinr

w1 2710,

207

dv(r) _ 2 G, ex;{_ (Inr—lnrv,i)z:l

(3.4.20)

whereV (r) is the volume corresponding to particles of radthin (r, r+dr).C, ; denotes
the particle volume concentration,; is the median radius, and is the associated

standard deviation. Microphysical properties of damdidate aerosol models are listed
below in Table 3-10. Aerosol radiative properties ealculated with MIE code built in
the 6S RTM for the spherical models (generic, urbad smoke), and the Dubovik
spheroid kernel software [2006] is used for dustehdo account for the non-spherical
shape. Pre-calculated aerosol radiative propeatiesncorporated in the radiative transfer
calculation for atmospheric reflectance, transmié and spherical albedo stored in
lookup table. Note that the generic, urban, andkemmodels are dominated by the fine
mode, whereas the dust model is coarse-mode dadinAs the size distributions of the
three fine-dominated models are similar, their ndifferences are absorption properties
and refractive indices

Table 3-10. Microphysical properties of land aetessed in ABI algorithm

. Volume
Aerosol Volum.e median Standard Concentration Complex Refractive
Model e radius I Deviation 0 3, 2 Index
v C, (um/um?)
. . + . +
Fine | 0 bo0me 0 13650 0.1642¢" """
Generic . : 1.43 - (0.008-0.002i
c 3.1007+ 0.7292+ 0.6846
0arsel 0.3364 0.0981 0.14821
e | OIS |93 e
Urban : ' 1.42 - (0.007-0.0043i
Coarse 3.3252+ 0.7595+ 009347263
0.1411t 0.1638t )
Fine 0.1335+ 0.3834+ 0.1748°8914
0.00961 0.0794z .
Smoke 1.51-0.02i
Coarse 3.4479+ 0.7433+ 010436824
0.9489t 0.04097 )
Fine | 0.1416°%* [ 0.7561°** | 0.087:*% | (1.48°"%)—(0.0025
%13 at 0.47pum*
(1.48:°9% —0.002i at
Dust 0.55m
Coarse 2.20 0.554°%1 | 0.6786:-%%° | (L48°%%) —(0.0018
99 at 0.66um
(1.46:°%%9 — (0.0018c"
%30 at 2.12um
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& Aerosol optical depthrf is the spectral value at 0.55um. The propertigs @nd G) of smoke and
generic aerosol model are definedfgR.0, andt=2.0 is used in calculation wher2.0. Likewise,
parameters of urban and dust aerosol are defireg 00, andi=1.0 is applied for higher.

* Refractive index at other shortwave wavelengthssmated by spectral interpolation/extrapolation.

3.4.2.3Retrieval of land surface reflectance

Over land, contribution of the surfac@(,,) can be comparable or even larger than the

atmospheric path reflectanceof ), and aerosol retrieval for such bright surface is

expected to be low. Therefore the current algorithetrieves aerosol only over
sufficiently dark surfaces. Dark targets requireg the algorithm are selected by
requiring 0., < 025 . Pixels with p,,, ., > 025 are discarded by the algorithm

[Remer et al., 2005, 2006]. For the remaining dariget pixels, a linear relationship is
used to estimate the surface reflectance at VI8ra#a of 0.47 and 0.64 um from that in
the SWIR 2.25-um channel [Kaufman et al., 1997a7b9%nd 2002]. The physical
reason for the spectral relationship is the sinmgltaus carotenoid, chlorophyll and liquid
water absorption at blue, red and SWIR wavelengtiz®ciated with healthy vegetation
[Kaufman and Remer, 1994].

The VIS /SWIR relationship follows the VIIRS methaghich makes use of the mid-IR
NDVI to separate vegetation and soil surface tyjpesnprove the surface relationship
based on analysis of Landsat data. VIIRS calculatke mid-IR NDVI,
(D124 = Poss) (0100 + P,0s5) »  called 1.24-um NDVI, and determines vegetatiagdo

surface as mid-IR NDVk 0.2 and soil-based surface otherwise. Howevemretlal.24
pm is not available on ABI. Therefore, the 0.86-pimnnel was tested and the threshold
was tuned to best reproduce the aerosol retrigatistics. It was found that the ratio
(Poss = Pazs) [(Pose T Paas) » Called 0.86-um NDVI, with a threshold of 0.1 caplace

the 1.24-um NDVI. In order to better understand ttéplacement, the distribution of
0.86-um NDVI was analyzed in terms of the 1.24-uBM\Ncalculated from seven years
of MODIS reflectances. As shown in Figure 3-5, twerlap area between the 1.24-pym
NDVI > 0.2 and the 1.24-pm NDVI < 0.2 is about 10% far €h86-um NDVI, which
suggests the 0.86-um NDVI is a good substitute the 1.24-um NDVI, and the
corresponding threshold is about 0.1 at the cress-point that separates vegetation and
soil. Note that the above reflectances are gasctmd. The correction is applied by
dividing the observed TOA reflectance by the gassmissions for water vapor, ozone
and other gases and follows the methods descnb8ddtion 3.4.6.

Therefore, the VIIRS VIS/SWIR surface relationstsipransformed for ABI use as:

Posa = 055000,,5 and py,; = 032000, (3.4.21)

for vegetation-based surface with mid-IR ND{ s — 0505) /(0o + 0205) 2 Odnd
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Poss = — 0113+ 1030p,,, and p,,, =— 0061+ 0540p,,. (3.4.22)

for soil-based surface WillDys = 0,55) [(Pogs + P205) < 0.1

(These relationships between VIS/SWIR will needb® adjusted after the GOES-R
launch.)

The 2.25pm surface reflectance needed in the above expressis retrieved
simultaneously with the optical depth. This proasssgescribed in Section 3.4.2.5.
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Figure 3-5. Relative frequency of 0.86-um NDVI fb24-um NDVI> 0.2
(vegetation-based, in blue) and 1.24-um NDVI < @dll-based, in red) using
gas-corrected MODIS reflectances.

3.4.2.4Calculation of TOA reflectance

As described in Section 3.4.1.3, the TOA reflectapg, (Eq. 3.4.2) is the sum of
atmospheric p,,.,) and surface g, ) contributions.

The path reflectance of the atmosphgxg, is modeled following Eq. 3.4.3:
—T%T09 %HZO
Pam =TT (pR+A - pR(PO))T + IOR(P) -

During the retrieval, the pre-calculated atmosphesgflectancep,,, of a specific
aerosol model and,, is adjusted to local Rayleigh scattering and desogption. The
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lookup table values are interpolated to the aabbakervation geometry to get the optical
functions at that geometry.

Under the assumption of Lambertian surface, theraction between atmosphere and
surface can be modeled using the adding equatioadidtive transfer in a fairly simple
manner [Chandrasekhar, 1960]. Therefore, the sarfeontribution to the TOA
reflectance is calculated as:

— TOsT0gT Hy Piam
Pog = TETHT" O|:TF:+ATRT+A m] (3.4.23)

where p,_,is the Lambertian land surface reflectance andther terms are the same as
in Section 3.4.1.3.

3.4.2.5Aerosol retrieval algorithm over land

Due to the relatively strong aerosol signal andk garface reflectance, TOA reflectances
in the blue, red and SWIR channels are used farsaéretrieval over land. Since three
nearly independent observations allow us to exttaete pieces of information, the ABI
algorithm is designed to search for the appropréeesol model and retriewgso and
surface reflectance by selecting the best matclwdmt ABI measurements and
calculated reflectances.

The retrieval process can be described as individiidevals for each candidate aerosol
model followed by the determination of the besusoh. For each aerosol model in the
look-up table, the TOA reflectance in the blue &WIR channels is used to invegto

and surface reflectance. The associated residuadnguted as the squared difference

between calculateg$, and observed reflectangg’, in the red channel:

residual = (03, — po=)2. (3.4.24)

The combination of surface albedo, aerosol optitdth and aerosol model with the
minimum residual is chosen as the solution.

Aerosol optical depths in five ABI channels (chasrikg2,3,5, and 6) are calculated from
the spectral dependence of the aerosol normalizéidcgon coefficientn,, of the
retrieved aerosol model. Sinog; for the land aerosol model is a functionm®f,, the

N, IS linearly interpolated to the retrieveg.,, and the optical depth at wavelengtrs
calculated asg, =ng, , X I, .
The procedure of simultaneous retrieval e, and surface reflectance is

illustrated in Figure 3-6. For any given aerosaldel, retrieval is performed
by looping over the aerosol optical depiky in the look-up table in ascending
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order. At any stepin the loop, a Lambertian surface reflectangg, () in the
SWIR channel is retrieved based on Eq. 3.4.25:

R
ami = 3.4.25
pl ’ RI:|SR+A-'--I-RLA-I-I:\;A-I-Hzo ( )
where R:%, and p,.is the atmospheric path reflectance corresponadiritpe

i™ AOD in LUT (7550, )- Surface reflectances at 0.47 and Qué# are then estimated
through the prescribed relationships introduce&eation 3.4.2.3. When a val,; is
retrieved (value is between 0 and 1) the TOA rédliece in the 0.47im channel p,,;)

is calculated fronr,,,, and p,,;. The loop ofrsso; is terminated once,,,; converges
to the observation42,). Here convergence means two adjacent steps ilodpei and
i+1, are found such thabdy, falls within p,,,; andp,,;.... The zsso for the current
aerosol model is determined by linear interpolation

obs obs

Poaziss P Posz ~ Poazi
Tuso = oo P oarin 047, Tssgion [}-047 170471 (3.4.26)
Poazia ~ Poazj 0a7i+1 ~ Poaz;

The final surface reflectange,,is calculated similarly fromp,..; andp,,.;.,-

The retrieval of 2.2%im surface reflectance essentially finds the surfaflectance that
when coupled with the atmosphere with a given atrogtical depth results in the
observed TOA reflectange,_ (225). This retrieval yields a negative surface reflacea
when the atmosphere is already brighter than treergkd reflectance, that is when
P.n(225) > p..(225)in Eq. 3.4.2. Because of the negative offsets in@22 for soil-
based reflectance the 0.47 and Ouéd-surface reflectances can also become negative
even when the 2.2bm reflectance itself is positive. Negative surfaabedos are
unphysical and therefore must be dealt with in iéteieval. The 2.25m reflectance
retrieval can also lead to larger than unity whiee atmosphere is “too dark”, that is
when p,.(225) << p,.(225) even for the largest optical depth in the LUT.c®irthe

surface is assumed Lambertian a larger than uaiface reflectance is also unphysical.

Another special case that must be treated is wiewlbserved TOA 0.44dm reflectance
is outside of the range of the ones calculatecafgiven aerosol model from the aerosol
optical depth values in the LUT and from the rete@d 0.47pum surface reflectance, that

obs

is When pg < 00,7, 0 oy > Posrn » WhereN is the number of optical depth values in
LUT.
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Figure 3-6 Flowchart of aerosol retrieval over land.
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Both of the above special cases are handled bgpmoiation of the AOD and the surface
reflectance using Eq. 3.4.26. Denoting the stepj by which (any of) the surface

reflectance is unphysical @2 is outside of range, firsb$>, is compared to the TOA

reflectance calculated for the first value of th@Rin the LUT (p,,,,) and to the one

obs

calculated in step-1 (p,;;4)- If og.is closerp,,,, then retrievals from the first two
Steps (501, 7s50,) @re used in the extrapolation. Otherwise, thesaroptical depthsso
and surface reflectance (in all channedg) are extrapolated from the calculated TOA
(0047 i Poar; ) @nd retrieved surface reflectandgs,,, ;. fan,; ) cOrresponding to the
optical depth valuesr(y,; 755, ) at stepg-1 andj. The extrapolation is not performed
whenj<2; in this case no retrieval is done and all valare set to missing.

Oncertsso and p,,,, are determined for the current aerosol modelrébelual is calculated

based on Eq. 3.4.24; it is then used to selecbést solution among all the candidate
aerosol models after the loop over all aerosol efsfinished.

Compared with algorithms where transparency of s@ran the SWIR channel is
assumed, the current algorithm is expected to ingeerosol retrievals for the enhanced
aerosol cases. As expected, the evaluation witlhaaied MODIS and AERONET data
during the period of year 2000 to 2009 shows that accuracy of retrievetsso is
improved by ~40% for the large AOD cases£0.8). Accounting for the aerosol effect
in the SWIR channel decreases the estimated sur&ftextance in that channel by
~0.003 (2.5%) and increases the retrievgd by ~0.012 (5.3%). Unlike the previous
version of the algorithm, which assumed transpareicaerosol in the SWIR channel,
the current version exhibits less preference ftectig the coarse mode aerosol model.
(The previous version retrieved unrealisticallygmmumber of pixels with coarse mode
aerosol.) The number of cases where dust modelestsd is reduced by ~10.7%, while
the number of smoke retrievals is increased by%8.3

3.4.2.6Sensitivity study

Tests of the sensitivity of aerosol retrieval odand to the uncertainty of TOA
reflectance were performed. Similar to the testsravater, the TOA reflectances were
estimated from radiative transfer calculationstfeg same set of geometries and aerosol
optical depths. Four aerosol models used in théeval algorithm were adopted. Ten
values of surface reflectances ranging from 0.02 20at 2.25um with a constant interval
of 0.02 were used. Perturbations to the ABI raddana all channels were applied at 3%
and 5% levels, which included 1) random noise; @3ifive and negative systematic
biases; and 3) systematic biases plus random n¥eeation in channel-to-channel
calibration was also simulated by adding a +3% tahe individual channels. Overall,
there were 13 types of perturbations with 280,0€iflaval cases for each type. Outputs
from the retrievals with perturbed radiances wesmpgared with unperturbed retrieval
results to evaluate the sensitivity of the algontto the calibration uncertainties.
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Figure 3-7. Average uncertainties in the retrieaedbsol optical depth at 0.55
um (top) and percentage of model misidentificatibotiom) for the sensitivity
tests of the aerosol retrieval over land.

The general results of the sensitivity tests amwshin Figure 3-7. The conclusions are
similar to those described in Section 3.4.1.6 fog bver-water retrieval. Specifically,
small bias but large dispersion of retrievegl, is associated with the random

perturbation of the TOA reflectances. The generarestimation/underestimation of
T, IS associated with positive/negative biases of T reflectance, with values of

about 13% and 23% for the 3% and 5% systematicitions. This sensitivity is larger
than that over water, and it can be attributedhéolirighter land surface, which leads to a
larger change of the TOA reflectance than that avater for the same percentage of
perturbation applied. Perturbation of the individahannels also affects the retrievals
with error in the 2.26-um channel having the snsaleffect. The latter is due to the fact
that only small fractions of the perturbation ire tSWIR channel (through the spectral
relationship of surface reflection) are transfert@edhe uncertainty of surface reflectance
and enter into the retrieval process. Model mididieation is about 35% and 40% for
the 3% and 5% perturbation of reflectances. Changire spectral shape of TOA
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reflectance by perturbing the radiance in a singieible channel increases the
misidentification rate to more than 50%.

The large standard deviation associated with tloweleported average values
are due to the dependence of aerosol retrievakomgtry, surface brightness,
aerosol type and loading. Examples of these depereteare shown in Figure
3-8. It can be seen that the sensitivity of regtvaerosol optical depth
increases along with the surface reflectance, iager uncertainty is
associated with brighter surface. The relative taggty of the retrieved.,

decreases with optical depth, while the oppositarie for the absolute
uncertainty. Geometry is also an important facsemsitivity is larger at the
back and forward scattering angles. As for theadyic model selection, due
to its distinctive characteristics, identificatiah the dust model is the most
robust; while it appears difficult to distinguiskettveen generic and urban
models at the 5% perturbation level.
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Figure 3-8. Sensitivity test results of aerosofieetl over land with TOA
reflectance increased by 5% in all channels. a@tixe uncertainty of retrieved
I, as functions of surface reflectance amg ; b) absolute uncertainty of
retrievedr,,, as functions of surface reflectance amg,; c) percentage of

misidentification for each aerosol model; d) relatuncertainty of retrieved
T, as function of scattering angle.

Figure 3-9 shows the averaged uncertainty of retde ., as a function of AOD for the
tests when all ABI channels are perturbed by 3%%r It appears that, on average, the
retrievals are within an error range of +0.05+0.Whenr,, is less than 1.5.
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Figure 3-9.Uncertainty of retrieved aerosol optidapth at 0.5um when all
ABI channels used for aerosol retrieval over larel @erturbed by 3% or 5%
(systematic bias plus random noise).

3.4.3 Calculation of aerosol size parameter

The wavelengthX) dependence of aerosol optical depth is usuakgrileed as 0 A7,
wheret is the optical depth and is the Angstrom exponent. Large/small values of
Angstrom exponent indicate small/large particlespectively. The Angstrom exponent
is calculated as the linear slope of aerosol optiepth versus wavelength in log scale:

In Toar — In T oss

a ggron =— 3.4.27
04T0% " 1n0.47-1n0.86 ( )
_ |nrose_|nT225 (3.4.28)

A apoos — —
086225 |n0.86-1n2.25

3.4.4 Calculation of suspended matter mass concentration

The National Weather Service (NWS) has a requireérfenPM2.5 (particulate mass in
ng/nt of particles smaller than 2.5 pm in median diamédtecause its models predict
PM2.5 concentrationNWS therefore needs AOD to be scaled to PM2.5s $haling
would require knowledge of aerosol type and hedfhthe aerosol layetdowever, the
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vertical distribution of aerosols cannot be deteedi from ABI.Therefore, the current
algorithm reports column integrated mass conceatra pg/nf.

The GOES-R ABI aerosol algorithm retrieves AOD gamith one aerosol model over
land and one coarse-mode and one fine-mode aemusdé¢l with a fine-mode weight
fraction over water. The retrieved AOD can be stateo column integrated suspended
matter in units of pg/cmusing a mass extinction coefficient (Zpmg) computed for the
aerosol models identified by the ABI algorithm. Tdqgoroach used in MODIS collection
5 was adopted [Remer et al., 2005; 2006], whichveds the retrieved aerosol optical
depth to column mass concentration (SM) by dividinigy the relevant mass extinction
coefficient Bex).

Over land, the mass extinction coefficielgg are function of aerosol type and AOD

(Table 3-11), and the column integrated suspendstemSM is calculated &M =

ext
. Over ocean, the final SM is obtained from comfgnthe fine and coarse modes as
f ¢ ®
M="L—+L_ where 1 _4gM . Cy andQ, is the extinction efficiencyM @
B@(t ;« Bext 3 M @ Qext

is the second moment of the size distributivh® is the third-moment of the aerosol
number size distribution (Table 3-12), adds the particle density assumed to b& 10
pg/cnt.

In general, SM retrievals will only be validateddirectly via the comparison of ABI
aerosol optical depth and particle size parametdr AERONET measurementslWS
recognizes this validation approach as adequateloag as periodic spot check
verification will also be performed/leveraged withsitu (aircraft) profile measurements
of suspended matter.Accuracy and precision can be translated from AQfitsuto
pg/ent units if needed but the ABI algorithm will be asse$based on AOD.

Table 3-11. Mass Extinction Coefficients of Landrésol Models in criipg.

Optical

epth|  0.00 0.25 0.50 1.00 2.00 3.00 5.00
Model

Generic | 37.5290| 37.5290 34.223 30.0480 26.3650 26.0[130 5826.

Urban 31.6780| 31.6780 29.146 26.8250 25.9380 25.4630 9030.

Smoke 30.1170| 30.117g 28.307 26.4920 24.8860 24.2/710 5638.

Dust 63.7920| 63.7920 67.696 71.5410 75.3810 75.5[7/70 8226.

Table 3-12. Extinction PropertieQd: M @in cnf andM @ in cn?) of Ocean
Aerosol Models

Fine mode

Model F1 F2 F3 F4

QexxM ¥ | 0.9300E-10| 0.2331E-09 0.5449E-09| 0.1124E-08
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M © 0.00070 | 0.00108 | 0.00255 | 0.00498 |
Coarse mode
Model |C1 c2 C3 C4 C5
Q. M® | 0.2782E-07| 0.5757E-07 | 0.9718E-07| 0.5565E-07  0.6537E-07
M @ 0.31890 | 1.07600 2.55100 1.07600 2.10500

3.4.5 Look-up table

There are two types of lookup tables (LUT), one tloe atmosphere and one for the
ocean surface reflectance. These store reflectgiacelsother quantities) corresponding
to discrete states of the atmosphere and the aagéace. The dimensions of the LUT,
determined by these states and observational gegraet given in Table 3-13.

The ocean sunglint LUT is to account for its BRDFeet and to store the quantities
needed for the analytical coupling of the atmospheith the surface. The wind speed
entry in the LUT is specific to this LUT only. Theers no entry for wind direction as it is
considered fixed at westerly. As discussed in sact8.4.1.2, the ocean surface
reflectance is considered to be divided into thoeenponents, i.e., water leaving
radiance, white cap reflectance, and BRDF from BangAn additional sunglint LUT is

needed to handle the atmosphere-sunglint BRDF cayphd wind-dependent sunglint

spherical albedo over ocean. As given in Eg. 3.,4_594 andgandz are stored in

this LUT. ,o_ggtand,o_'Sgt are obtained respectively by switching local zZerahgle with
solar zenith angle.

The atmosphere LUT includes three optical functicetsnospheric path reflectance (
Pr+a), Upward and downward atmospheric transmittanTg, ,(and T,,, ), and the
atmosphere spherical albed8,(,).The atmosphere LUT is produced separately fat lan
and ocean due to the difference in aerosol modgaiever, the structure of atmosphere
LUTs are the same for land and ocean except fontineber of aerosol models and ABI
channels used. There are nine aerosol models amdABl channels used over ocean,
while four aerosol models and three ABI channelsrdand. The tables were calculated
with the vector version of the 6S radiative transé®de [Vermote et al.,, 1997;
Kotchenova et al., 2006; 2007]. The atmosphere li&Jproduced for a black surface.
This increases flexibility since potentially anyrfage can be used to couple the
atmosphere with in the retrieval. Note that presisectral response functions of the ABI
channels are not yet known, so the calculatior&eictions 3.4.4-3.4.6 are performed only
for the central wavelength of the ABI. Moreovere tlookup tables are only for gas-free
atmospheres, and spectral variability of aerostihetton and molecular scattering are
weak in the narrow ABI bands to warrant monochraenedlculations.
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In the LUT, the dependence on geometry is repredeas a function of the scattering
angle () instead of zenith and azimuth angles. This seageangle is calculated from
the zenith and azimuth angles describing the gagnoétobservation, and is used in the
interpolation of atmospheric reflectance. Thereaatetal of 7506 scattering angle entries
pre-calculated to incorporate the dependence osdlee zenith angleg), local zenith

angle @,) and relative azimuth anglez§. For a given pair of tabulategl andé,, the

LUT stores the reflectance at discrete scatteringles at a stepsize of 4.0 degrees
starting from the maximum (18@J- g,[) to the minimum (1804,+ &,|) scattering

angles (last interval might not be 4.0 degrees)erdfore, the number of entries
corresponding to different pairs 6f and 8, varies. The scattering angle position index

(idxe) is defined as the starting entry position in $leattering angle array corresponding
to any given pair of tabulateg andg,.

Interpolation of atmospheric reflectance is perfednas follows:

1. Locate the lower and upper bins @fand#,, such thaw,' <6.< 6,"* 6,' <4,-
g,

2. For each of four pairs of zenith angles'[ 8,/] [ &.', 6,", [8."", 8,1, [6."*,
ij+1], find the starting entry position fronuxy; calculate the scattering angle

using the pair of zenith angles agd find the offset ofg from the starting

position; linearly interpolate on the bracket ofwhich include the calculated
scattering angle.
3. Use 2-D linear interpolation to average the fodlecances retrieved in step 2.

Table 3-13LUT dimensions

Argumen Dimensiot Bins
ABI channel: 5 0.47, 0.64, .865, 1.61, 2.25 u
Aerosol nodels 13 4 overland Table3-10) + 9overocean Table 3-6)
AQT at550nn 20 0.00, 0.01, 0.05, 0.10, 0.15, 0.20, 0.30, 0.40),0630,
Teeo 1.00, 1.20, 1.40, 1.60, 1.80, 2.00, 2.50, 3.0(0,5M0
Solar Zenitr 21 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 4856260, 64,
Angle 6,(°) 68, 72, 76, 80
Local Zenith 00.00, 02.84, 06.52, 10.22, 13.93, 17.64, 21.39&
Angle 8.(°) 25 28.77, 32.48, 36.19, 39.90, 43.61, 47.32, 51.03.%64
v 58.46, 62.17, 65.88, 69.59, 73.30, 77.01, 80.7238488.14
Re_lat|ve 0, 9, 18, 27, 36, 45, 54, 63, 72, 81, 90, 99, 103, 126,
Azimuth 0 135, 144, 153, 162, 171, 180, 189, 198, 207, 2256, 234,
=g -] 243, 252, 261, 270, 279, 288, 297, 306, 315, 328, 342,
©) 351
Scattering 7506 Every £ interval in the range from 18®(+6,) to 180-(G,
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angles (°) - 8,) for all pairs combination o#,
wind spee
Wws (m/s)

9 0.10, 1.00, 2.00, 4.00, 6.00, 8.00, 10.00, 1286M0

For example, to interpolate the downward transmdt@, , with dimensions 4 x 20 x 3
x 21 (representing four land aerosol models, tweptythreeABI channels, and 21 solar
zenith angle#,) the follwing steps are performed:
1. for a given aerosol model, ABI channel ang,, indexi is found such thatd.,
6:*'] includesaé,,
2. 1l-dimensional interpolation in terms of solar fenangle 6, is done as:
Taoa =Taa(@)x f +To, (") x (L- f), where the fractiorf is calculated as
_ 9;+1 -4, ,
676
3. another 1-dimensional interpolation is done in ®ohr,as in step 2.

(Note: no interpolation is performed for aerosoldelcand ABI channel.)

3.4.6 Gas transmittance parameterization

To simplify the radiative transfer model in the @l retrieval, the transmission of gases
is parameterized as an analytical function of ¢iffecabsorber amount. The choice of the
analytical functions was guided by the NPOESS/VIIRS8rosol algorithm. The
coefficients appearing in the analytical expressiarere determined for the ABI bands
by applying a non-linear least squares fit to tnaittences calculated by a line-by-line
RTM to include continuum absorption for water vapad ozone, and by the 6S RTM for
the rest of the gases {O0,, CO,, NO). In the line-by-line RTM calculation, 46
atmospheric profiles from ECWMF are utilized to eovarious atmospheric conditions;
while in the 6S calculation, the profiles of temgtere and pressure in the standard mid-
latitude summer atmosphere are used.

The analytical functions are fitted with the abssrlamountu and channel-dependent
coefficients C. U is the path absorber amount, i.e. the productadfimn absorber
amount and air massl  for water vapor and ozoneuan¥ for other gases due to the
constant content, where the column water vapor @aahe amounts are supplied as
inputs to the algorithm. The air maks  is

1 1
M = + , 3.4.29
cos@,) cos@,) ( )
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whered, andd, are solar and local zenith angleseotisely. The fitting ranges are2

M < 20 for both downward and upward paths, approximgathe solar and local zenith
angles of 0 ~ 85°.

The transmission for water vapor is expressed as
T = expluy oCr° +In(Uy0)C5 + Ui o IN(U40)C55°],  (3.4.30)

whereT,'® is water vapor transmission at a given wangte Uy o Is the path water

vapor amount, andif’jo are band-dependent coeffici€hesreasonable fitting range for

total precipitable water vapor is 0 ~ 40 cm. THatree fitting accuracy (fitted-calculated
transmittance divided by calculated transmittanise)generally within ~1% for all
channels as shown in Figure 3-10.
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Figure 3-10. Fitting water vapor transmission (lefhere original data in black
and fitted data in color) and relative differencgercentage between fitted and
original transmission (right) with absorber amofmt ABI channels 2, 3, 5,
and 6.

Similarly, ozone transmission is calculated as
T =exp(u, C) (3.2)3

and the fitting range for ozone content is 0 ~ @bson units. The relative fitting
accuracy is again within ~1%.
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Figure 3-11. Left: Fit of ozone transmission (wher@inal data are in black
and fitted data are in color). Right: Relative diffnce in percentage between
fitted and original transmission with absorber antdior ABI channels 1 and
2.

The transmission by gases other than water vapbroaone, including & CO,, N,O,
and CH, is modeled as

T =10+C% x(M XFP)CE’? , (3.4.32)

0
where gas, represents & CO,, NoO, and CH respectivelyM is air mass, and applied
with a surface pressure adjustment (ratio of acRuab standard surface pressuRg.

The relative accuracies of fitting for other gaaes well within 1%. Table 3-14 lists the
fitting coefficients. Note that no value is proviti@hen a specific gas does not contribute
to absorption in a channel (i.e. whenl).

The total transmittance by the other gases in KEg§<l.3), (3.4.4), and (3.4.23) is
calculated as:

TP =T T2 xT,M0 xT M (3.4.33)

Table 3-14Gas absorption fitting coefficients

ABIchannel
| ~H,0 H,0 H,0 0, o, 0, co, CO, CH, CH, N,O N0

Lmr/:)velength. Cl,/l CZ,)I CS,/I C)I Cl,/l C2,/l Cl,)l C2,/l CﬁL/‘ C2,/1 C;u C2,/\

1(0.47) 0.0111

2(0.64) -0.0036 | -5.28e-05 0.0004 | 0.0916 | -0.0043 | 0.4386

-1.97e-
3(0.865) | -0.0020 | -3.28e-05 0.0002 05 0.8745
-1.53e-
5(1.61) -0.0015 | -8.07e-06 05 -0.0187 | 0.6292 | -0.0027 | 0.8140
6(2.25) | -0.0030 | -1.25e-05 | -0.0007 -0.0392 | 0.6884 | -0.0027 | 0.8369
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3.4.7 Calculation of molecular atmospheric functions

Molecular scattering is important in the radiatitransfer computation and satellite
remote sensing especially in the blue spectral gari8ince the blue channel is the
reference (primary) channel for aerosol retrievaeroland, variation of molecular
reflectance and transmission need to be incorpbiatan accurate and efficient manner.
Instead of expanding the lookup table with an exttaension on surface pressure,
analytical formulas [Vermote and Tanré, 1992] aseduin the ABI aerosol retrieval
algorithm to compute molecular scattering, anddjust the atmospheric functions pre-
calculated at standard pressure to local conditidfith the contribution of polarization
being implicitly considered, the analytical expieas were shown to be valid for a large
range of observation conditions.

Molecular reflection is calculated as the sum ofgk-scattering contribution and the
correction for higher orders of scatterings. Thievant formulas are from subroutine
CHAND for Rayleigh scattering function in the 6SdedE. F. Vermote, D. Tanré, J. L.
Deuzé, M. Herman, J. J. Morcrette, S. Y. Kotchenaval T. Miura, Second Simulation
of the Satellite Signal in the Solar Spectrum (@%,User Guide Version 3 (November,
2006), http://www.6s.Itdri.or§p According to these the Rayleigh (molecular) eefance

Pgr corresponding to the cosines of solar and locaitlzeangles,u, angl, , azimuth
angles@ ,¢ and Rayleigh optical depth is computed as

Pr =D (2= 3o) X0 (U, 4, T) * COS[MN(R, — )] +
= (3.4.34)

(1—e%SJ><[1—e%VJXZ (2= 8,,n) <A™ (1) X P (11, 14,) X COS[((g, ~ )]

Here J,, is the Kronecker deltgp" (1, 4,,7) is the single-scattering reflectance

corresponding to then™ term of the phase function. The first three siraglattering

reflectance terms (m=0, 1, 2) are:
1.1

I —+— 1
PP (U 14y T) = P x (1- € . /J)x_ (3.4.35)
' A, + 4,

The first three terms of the Fourier series exmansif the Rayleigh phase functi®Y'
(m=0,1,2) appearing in the equations above are:
1- 0

P° =1+ (31" -3, - *—252- %
142 8

2-0
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Y-’ 23 geas

1+2 °
2-0

Pt = — o, (-

o

P2 =(0-pu°)A- %) * 2 55 0800375 (3.4.36)
1+2
2-0

Hered is the depolarization factor set to 0.0279, andtfector equals to 0.5.
The Rayleigh optical depth s calculated s rODE , Wherer, is the Rayleigh

0
optical depth at standard surface pres&drendP is the local actual pressurg,is pre-

calculated using the 6S subroutine ODRAYL and thé gyctral response function for
standard pressure and temperature profiles.

Adjustment of optical deptms(r) corresponding to the tipl@ scattering term is
approximated as:
A(r) = a® +b° xlog(r) (3.4.37)

Where
a® =al +alpu, +al(u, ) +al(u, + 1)+ & u + 1.?)
0° =5+ ptt, + b2 (s, V408 sty + 1)+ 05 (1 + )

a%.,54 = (0.332438, -0.103244, 0.162854, 0.11493309248)

b%1,5. = (-6.7771e-2, 3.2417e-2, 1.577e-3, -3.50874.2409¢-2)
and a' =0.19666,a” = 0.145459 ;b" = -0.054391 ,b* = -0.029108 .

Rayleigh reflectancegp, is calculated at actual surface pressure and standesdupe,

respectively, and used in Eq. (3.4.3) in Section1334 The dependence on pressure is
realized through the Rayleigh optical depth thateenin the calculation of the
Rayleigh reflectance.

The Rayleigh transmissiofy (1) and spherical albed8, are used to correct the optical
functions stored in LUT to the local pressure, which @@mputed at standard surface
pressure. Specifically, the LUT transmissidps, andTg,, in Eq. (3.4.4) and in Eq.
(3.4.23) need to be multiplied by the ratio of Raégyh transmissioT(4) at actual
pressure to that at standard pressure; the LUT sphalitedoS;, , in Eq. (3.4.4) and in
Eq.(3.4.24) is corrected by adding the differencevben the Rayleigh spherical albedo
S;at actual pressure and that at standard pressure.réssupe correction is realized
through the Rayleigh optical degth
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The analytical expression of Rayleigh transmisgiorction is based on the two-stream
method,

2 2
[g + 4] ‘[g - Hle
=23 (3.4.38)
EMs

where 1 is the cosine of the solar and/or localthesmgle.

For conservative molecular scattering, the sphegitedo S is given by:

1
4437 1~ AEs(1) +6E,(7)] (3.4.39)

R

-xt
where E, is the exponential integrel':E,((x)=J'l etn da )

3.4.8 Algorithm output

The final output of this algorithm includes aerosgptical depth, aerosol type, particle
size parameter, and suspended matter mass cormentra Aerosol type is an
intermediate product, but used by the GOES-R Slam#wRadiation Budget (SRB)
algorithm. The parameters are given below in T&bl&. The overall quality flag is set
to ‘Bad’ when the retrieval fails, beyond the F&B&ecified value range, or at large local
zenith angle (> 60°) or large solar zenith angl&@2).

Table 3-15. ABI aerosol algorithm output

Name Type Description Dimension
AOD at output Retrieved aerosol optical depth at Grid (xsize, ysize)
550nm 550 nm '

AOD in ABI output Retrieved aerosol optical depth in | Grid (xsize, ysize)
channels ABI channels 1,2,3,5,6 X5

Angstrém Exponents (proxy for
particle size) calculated from AOD aiGrid (xsize, ysize)
two pairs of wavelengths (0.47,0.86 x 2

pm and 0.86,2.25 yum)

Particle size | output

Suspended
matter mass | output Column aerosol mass Grid (xsize, ysize)
concentratior
Overall quality flag for aerosol
fCl)a:/gerall QC output B?tggggl' Grid (xsize, ysize)
1: bad
Detailed QC | output Detailed input and output qyadind | Grid (xsize, ysize
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flags

critical path flags (see Table 3-16)

Aerosol type
ID

intermediate

Aerosol model selected from
prescribed models during the
retrieval; 0: oceanic aerosol; 1: dus
over land; 2: generic aerosol over
land; 3: urban aerosol over land; 4:
smoke over land.

t Grid (xsize, ysize)

Fine mode
aerosol index

diagnostic

Index of fine mode aerosol model
over ocean

Grid (xsize, ysize)

Coarse mod€g

Index of coarse mode aerosol mods¢

nY
"

; diagnostic Grid (xsize, ysize)
aerosol index over ocean
\I/:vlgizr:? ode diagnostic Fine mode weight over ocean Grid (xsrzeze)
Land surface diaanostic Surface reflectance of land retrievedGrid (xsize, ysize)
reflectance 9 in three channels (1,2 and 6) X 3

Table 3-16. Detailed input and output quality antdaal path flags

Byte Bits | Quality Flag Name Meaning
0 QC_INPUT_LON O valid longitude (-1_80 - 180°)
1: out-of-range longitude
0: valid latitude (-90 - 90°)
1 QC_INPUT_LAT 1: out-of-range latitude
> QC_INPUT_ELEV O valid elevation (-2 —_10 km)
1: out-of-range elevation
L Input 0: valid sol ith (0 -90°
Geometry | 3 | QC_INPUT_soLzen | O:valid solar zenith (0 -907)
Quality Flag 1: out-of-range solar zenith
0: valid satellite zenith (0 - 90°)
4 QC_INPUT_SATZEN 1: out-of-range satellite zenith
5 QC_INPUT_SOLAZI O valid solar azimuth (Q -180°)
1: out-of-range solar azimuth
0: valid satellite azimuth (0 - 180°)
6 QC_INPUT_SATAZI 1: out-of-range satellite azimuth
0 00: constant TPW data (2.0 cm)
QC_INPUT_TPW 01: valid TPW data from ABI retrieval (0-20 cm
1 10: valid TPW data from model (0-20 cm)
00: constant ozone data (0.35 atm-cm)
2 01: valid ozone data from ABI retrieval (0.0 — 0
2: Input QC_INPUT_OZONE atm-cm)
Ancillary 3 10: valid ozone data from model (0.0 — 0.7 atmf
Data Flag cm)
0: valid model surface pressure (500 — 1500 m
4 QC_INPUT__PRES 1: constant surface pressure (1013 mb)
0: valid model surface height (-2 — 10 km)
5 QC_INPUT_HGT 1: constant surface height (0 km)
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QC_INPUT_WSP

: valid model surface wind speed (0 — 100 m/3
. constant surface wind speed (6 m/s)

QC_INPUT_WDR

: model surface wind direction (0° - 360°)
: fixed surface wind direction (90°)

R O|(FR O

QC_INPUT_REFL_CH]

: valid ABI reflectance in band 1 (0 — 1)
: out-of-range ABI reflectance in band 1

= O

QC_INPUT_REFL_CH?2

0: valid ABI reflectance in band 2 (0 — 1)
1: out-of-range ABI reflectance in band 2

3: Input . .
0: valid ABI reflectance in band 3 (0 — 1)
3
gg{fgzgce QC_INPUT_REFL_CHS3 1: out-of-range ABI reflectance in band 3
0: valid ABI reflectance in band 5 (0 — 1)
g
QC_INPUT_REFL_CHS 1: out-of-range ABI reflectance in band 5
0: valid ABI reflectance in band 6 (0 — 1)
QC_INPUT_REFL_CHE 1: out-of-range ABI reflectance in band 6
0: clear sky
QC_CLOUD_MASK 1: cloudy sky
0: over-land algorithm is used
QC_RET_SCENE 1: over-water algorithm is used
QC_LAND_TYPE 0: vegetation
4: Critical - - 1: soil
Path Flag .
0: dark surface
QC_LAND_BRISFC 1: bright surface
0: no snow contamination
QC_LAND_SNOW 1: with snow contamination
0: no sunglint contamination
QC__WATER_GLINT 1: with sunglint contamination
0: AOD s retrieved
QC_RET 1: AOD is not retrieved
0: interpolation within LUT AOD range
QC_RET_EXTRP 1: extrapolation of AOD used
5: AOD - P
Product QC_OUT_SPEC 0: within F&PS spec_lf_lcat_|on range
Quality Flag - - 1: out of F&PS specification range
0: solar zenith angle not larger than 80°
QC_LOWSUN 1: solar zenith angle larger than 80°
QC_LOWSAT 0: local zenith angle not larger thar’60
- 1

: local zenith angle larger than°60
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In addition, the following metadata informationingluded in the output:
» DateTime (swath beginning and swath end)
* Bounding Box
product resolution (nominal and/or at nadir)
number of rows and
number of columns,
bytes per pixel
data type
byte order information
o location of box relative to nadir (pixel space)
* Product Name
* Product Units
* Ancillary Data to Produce Product (including prodpeecedence and interval
between datasets is applicable)
o Version Number
o Origin (where it was produced)

O O0OO0OO0OO0oOOo

o Name

o Satellite

e Instrument

» Altitude

* Nadir pixel in the fixed grid
e Attitude

e Latitude

* Longitude

» Grid Projection

* Type of Scan

* Product Version Number

» Data compression type

* Location of production

» Citations to Documents

» Contact Information

* Mean and standard deviation of AOD for retrievalsrdand

* Mean and standard deviation AOD for retrievals a@¥an

* Maximum AQOD for land

* Maximum AOD for ocean

e Minimum AOD for land

*  Minimum AOD for ocean

* Number of QA flag values

» For each QA flag value, the following informatienrequired:
o Percent of retrievals with the QA flag value
o Definition of QA flag

» Total number of pixels where retrieval was atterdgeparately for land and

ocean
* Number of pixels with local zenith angle less tié@degrees
* Number of zonal means (10 degree bins)
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* Number of surface types (land or water)
* For each zone and surface type:
0 Zonal Min. Max, mean and standard deviation of Afobzone & surface
type
0 Zonal Min, Max, mean and standard deviation ofaefreflectivity for
zone & surface type
0 Geographic bounding box
o Number of QA flag values
o For each QA flag value, the following informatianrequired:
» Percent of retrievals with the QA flag value
= Definition of QA flag
o Total number of pixels where retrieval was atterdgeparately for land
and ocean
o Number of pixels with local zenith angle less tié@degrees

4 TEST DATA SETS AND OUTPUTS

4.1 Input Data Sets

Proxy clear-sky TOA reflectances in the ABI bandse aieeded for algorithm
development and testing. Such data can be obtdimed observations of existing
satellites. For example, MODIS reflectances camid®r because the spectral placement
of the MODIS channels is similar to those of ABlafile 4.1). The advantage of this
approach is that the scenes are realistic. Howsweene of the MODIS channels do not
exactly match the ABI channels so appropriate saketansformations would be needed
to convert the MODIS reflectances to ABI reflectesic Such conversions can only be
derived from radiative transfer calculations forffetient (but a limited number of)
atmospheric and surface conditions (scenes). Tinassformations are not expected to
hold for all possible scenes encountered in reaénfations. One can avoid the spectral
conversion if the band-dependent components oflferithm (e.g. LUT) are built for
the MODIS band. In this case, however, one is ndly ftesting the ABI algorithm.
Another possibility for generating proxy reflectasds to simulate them with a radiative
transfer model. The advantage is that one can ‘mabe ABI channels exactly, and the
“true” AOD is also known. However, this approacmaaly offer a limited realism and
because of its nature must be confined to spewiigy limited scenes. A third possibility,
which has been adopted for the ABI aerosol algorittevelopment, combines the best of
the two approaches mentioned above. In this metM@DIS derived atmospheric
(cloud mask, AOD, total column ozone and water vapod surface (8-day composite
surface reflectance) properties are used with ieolsitof radiative transfer calculation
represented in the form of LUT as described innéet section [Laszlo et al., 2007].

Table 4-1. Channel mapping between ABI and MODIS

ABI Channel MODIS Channel
Channel 1: 0.47um Channel 3:  0.47um
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Channel 2:  0.64pm Channel 1: 0.66um
Channel 3: 0.86um Channel 2:  0.86um
Channel 4: 1.38um Channel 26: 1.38um
Channel 5: 1.61pm Channel 6:  1.64pum
Channel 6: 2.26pm Channel 7:  2.13um

4.1.1 Development of a fast simulator to simulate cloudrée ABI TOA
reflectance

To simulate cloud-free radiance fields in six ABinals, i.e., 0.47, 0.64, 0.865, 1.378,
1.61 and 2.25 um, a fast ABI simulator was devedopkhis scheme bypasses time-
consuming RT calculations by using pre-calculatedkiup tables and empirical
relationships. Inputs required for the simulationg;luding bidirectional reflectance
distribution function (BRDF) of land surface, aesbgptical depth and type, total amount
of ozone and water vapor, are obtained from MODi&lpcts. The advantage of this
scheme lies in three aspects. First, it is designesubstantially reduce CPU time; for
example, the computational time for one MODIS gtans reduced from about two
weeks with direct 6S RT simulation to less thanndi@utes with the LUT with nearly
80% coverage of aerosol retrievals. Second, thedspéthe fast scheme is not achieved
at the cost of the accuracy, as the differenceOw Teflectance between the fast scheme
and 6S RTM calculation is less than 3%. Third,fdst scheme applies to both land and
ocean. In brief, the fast scheme is able to effity generate TOA radiance fields for
developing and validating the aerosol retrievaloatgm, not only for an individual
granule, but also for global coverage with suffitiaccuracy. The flowchart of the fast
simulator is shown in Figure 4-1.

4.1.1.10ne MODIS/Terra granule for dust case over ocean

As an example, reflectances simulated for four AB&nnels (2, 3, 4 and 6) for one
MODIS/Terra granule on September 30, 2002 over ro@ea presented in Figure 4-2.
The RGB image for this granule is also shown. Huene has scattered clouds mixed
with small aerosol loading (AOD <0.5). This is alsbown in the MODIS retrieved
aerosol optical depth at 550 nm (top right in Fegdf2), which is one of the inputs to the
simulation scheme. The fine mode weight (anothputhindicates that aerosols in this
scene are dominated by fine mode. The map of wiegd shows that most parts of the
scene have moderate roughness; however, high wmtb(14 m/s) is seen in the upper-
left corner of the granule and at the middle of lgfe edge, where slightly higher fine
mode aerosol loading appears. Note that the blatghpin the center of the simulated
reflectance fields is the place where the sungingle is less than 40 and no retrieval was
performed by the MODIS aerosol algorithm.
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4.1.1.2Two MODIS/Aqua granules for smoke case over land

Figure 4-3. shows simulations for two MODIS grasuteer land. One is from April 12,

2003 and the other is from May 16, 2007. Both casedain smoke from wild fires.

These can be seen in the RGB images. For the caggm 12, 2003, higher surface
reflectance is indicated in TOA reflectance in Qg6 as a result of lower vegetation
coverage.
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\.  GOESR _., MODO04 N

9 y

surface
BRDF

MOD43B1 aerosol type

MODO04

surface
reflectance
MODO09A1

gas absorption

A

Rayleigh correction <
land
Ps Pe water vapor,
v

P=n *prt(1-N)* pc

surface
elevation

MODO03

TOA reflectance
Band 1 to 6

Figure 4-1. Flow chart of fast simulation scheme GDES-R ABI radiance
field.
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4.1.2 MODIS radiance as proxy data sets

In addition to proxy data from the fast simulatdear-sky MODIS reflectances are also
used as proxy data for algorithm development analuetion. This is because the
MODIS channels have spectral placement and widthlai to those of ABI. For this,
new LUTs specific to the MODIS channels and bansspa were created using the 6S
radiative transfer model. Cloud screening, dankdlasurface selection and quality
assurance are performed following the MODIS schéteeeafter the ABI algorithm with
direct inputs of MODIS products is referred to las ABI/MODIS algorithm.

The ground-based remote sensing network, AEROsblofRo Network (AERONET),
equipped with well-calibrated sunphotometers overarthan 100 sites throughout the
world, measures and derives quality-assured aeroptital properties for a wide
diversity of aerosol regimes, for up to the last yars [Holben et al.1998; 2001,
Dubovik et al., 2002]. These high quality data hbeen widely used as ground “truth”
for evaluation and validation of satellite remoensing of aerosols [Yu et al., 2003;
Remer et al., 2005].

AERONET version 2 level 2.0 data and MODIS collecti5 aerosol product for the
years 2000-2009 (2000-2009 for Terra and 2002-2008qua) are collected, collocated
and analyzed. The collocation follows the MODISidation strategy [Ichoku et al.,
2002; Remer et al., 2005], in which AERONET dattersporally averaged within a one-
hour window around the MODIS overpass time and M@DIS data are spatially
averaged in a 50x50 km box centered on the AERONiEion. The MODIS
reflectances used here are the gas-absorptionctedreeflectances available in the
MODIS aerosol product. Because of this, this pracedloes not test calculation of the
gas absorption implemented in the ABI aerosol dtigor.

4.2 Output Analysis from Input Data Sets

4.2.1 Precisions and accuracy estimates

The validation of the aerosol products compareslligatretrieved AOD and ASP with
reference (“truth”) values, and it involves caldida of certain metrics that characterize
the level of agreement between the satellite netfteand reference values. The reference
data include (1) aerosol data used in the simulatd ABI radiances, and (2)
measurements of aerosol properties made from thendrmeasurements. The primary
means of validation is the comparison with the gcbumeasurements made at the
AERONET sites. Evaluation is also done by perfognietrievals from model-simulated
proxy ABI data, and by comparing the retrieved aefgroduct to the known aerosol
input used in the forward simulation. This typewvaflidation is ideal for “deep-dive”
evaluation of the algorithm because all relevama @ae know from the simulations. It is,
however, necessarily limited to scenes selectedifoulation.
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Performance of the ABI aerosol algorithm is measurg two metrics: precision and
accuracy of the retrievals. AWG defines

Accuracy as the mean difference (bias, systematar)ebetween the retrieved
and reference “truth” values. The ABI retrievaldamference data should be
appropriately averaged in space and time to avamapéing issues.

Precision is defined as the standard deviatiomefdifferences between ABI and
reference data representing the random error ofpk&ducts.

In addition to the accuracy and precision other momly used statistics, like the root
mean square error (RMSE) of the differences ancetadion between ABI and reference
data, are also calculated. Histograms of the diffees are also analyzed. The ABI
aerosol products are considered validated if thexadvaccuracy and precision satisfy the
requirements specified in the F&PS and MRD.

4.2.1.1Estimates using simulated input radiances

The ABI algorithm was tested with TOA reflectans@siulated using the fast simulator
described in Section 4.1.1. Figure 4-4. shows tmeparison of ABI AOD and fine-mode
weight (FMW) retrieved over ocean with referencduea obtained from a MODIS
granule over the North Pacific Ocean near the NArtterican Continent on day 273 of
2002. A good agreement is seen with correlatiorficoents 0.99 for both AOD and FW.
The mean differences are 0.00017 and 0.00069, tandad deviations are 0.00043 and
0.00354 for AOD and FW, respectively. The analysews that the relatively large
differences between the MODIS reference and ABiee¢d FWs are associated either
with relatively small optical depth (AOB 0.1) or with relatively large AOD retrieval
error (ABI retrieval -MODIS input AOD > 0.02).
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Figure 4-4. Comparison of AOD (left) and fine-modeeight (FW) in
percentage (right) from the MODIS reference witbhsth retrieved from the
ABI algorithm for a selected test scene over ocean.
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Figure 4-5 shows an example of validating AOD ested over land with MODIS input
AOD used in the simulation for two days. As seenNtay 16, 2007, the agreement is
relatively good; the mean difference is only 0.008%.2% difference) and the standard
deviation is 0.0006. However, for day April 12, 20@he mean difference and RMS can
be as large as 0.02 and 0.023 (~11% differenceertively.
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Figure 4-5. Comparison of retrieved and referend®DIS) AOD for two
MODIS granules: (left) May 16, 2007, (right) Apti2, 2002.

4.2.1.2Estimates using MODIS reflectances

An extensive collocated MODIS-AERONET dataset far years 2000-2009 are used for
the retrieval of aerosol with the ABI algorithm afat the evaluation of the retrieved
product. The gas-absorption-corrected “aerosollectdnces in the MODIS aerosol
product are used as proxy inputs to the ABI/MODI&osgol algorithm. For the
comparison with the ground measurements, the AERDUiEa at 550 nm are linearity
interpolated between the 440- and 870-nm AOD valndsg-log space. Note that the
range of AOD reported in ABI, MODIS and AERONET daliéerent. The ABI retrievals
have a product measurement range for AOD of [-5.0]. MODIS reports negative
values up to -0.05, but over land only; it does regort negative values over water.
AERONET do not allow negative values. Therefore tittal number of samples used in
the comparisons of ABI with reference data depemdsvhether the reference data are
the MODIS retrievals or the AERONET values.

Table 4-2. and Table 4-3. show the overall sta8stietween ABI/MODIS AODs with
AERONET measurements at 550 nm. Generally, ABI an@DIS statistics are
comparable over land; the ABI bias is somewhat lemaler ocean, most likely due to
using variable wind speed in the calculation offaee reflectance of water. Figure 4-6.
and Table 4-4. show the accuracy and precisionegafar the different AOD ranges
specified in the F&PS. The results indicate the A@idduct meets the 100% F&PS
requirements.
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Table 4-2.A0D validation statistics over land obtained frohe tcollocated
AERONET-MODIS dataset for years 2000-2009. RMSEhs root mean
square error. MinErr and MaxErr are minimum and imaxn differences,

respectively.

Accuracy | Precision | RMSE | Correlation | MinErr | MaxErr

ABI

NJ

0.028 0.137 0.140 83.3% -2.179 1.98

MODIS 0.027 0.124 0.127 87.2% -1.889 3.331

Table 4-3.A0D validation statistics over ocean obtained frttra collocated
AERONET-MODIS dataset for years 2000-2009. RMSEhis root mean
square error. MinErr and MaxErr are minimum and imaxn differences,

respectively.

Accuracy | Precision | RMSE | Correlation | MinErr | MaxErr

ABI 0.008 0.091 0.091 87.0% -1.014 2.546
MODIS 0.017 0.100 0.102 84.8% -0.976 2.668
05. Land _ Ocean
' F&PS precision F&PS Precision
0.4 F&PS accuracy 0.3 F&PS Accuracy
I I AB! accuracy 1 Il AB! Accuracy
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Figure 4-6. Comparison of ABI AOD with AERONET AO& 550 nm over
land (left) and over ocean (right) using collocakeRONET-MODIS dataset
for years 2000-2009.
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Table 4-4. Accuracy and precision of ABI AOD fronongparison with
AERONET AOD at 550 nm over land (left) and over &afright) using
collocated AERONET-MODIS dataset for years 2000200F&PS
requirements are in parenthesis.

Land Ocean
Range AOD Accuracy | Precision #.Of AOD | Accuracy | Precision #.Of
points points

0.05 0.12

Low <0.04 18,100
(0.06) (0.13) ' <0.4 0.01 0.07 27 975

. 0.03 0.13 ' (0.02) (0.15) ’
M 0.04-0.8
edium (0.04) (0.25) 109,308
. -0.07 0.32 -0.03 0.19
>0.8
High (0.12) (0.35) 3225 | 2041 a0y | (023 | 2%

Figure 4-7 displays the histogram of the Angstrém Exponent)(A&ived from ABI,
MODIS and AERONET. The distribution of ABI and MO®AE are similar. Both
show two peaks (~0.6 and ~1.7) over land. Theskspaarrespond to the assumed fine
and coarse modes. The AERONET AE also peaks arbdniout it does not have a peak
at the small AE. In contrast, over water, the AEREINAE has two peaks which are not
captured well by either of the satellite retrievélgvertheless, the ABI Angstrom
Exponent retrievals meet the F&PS requirement®f@. accuracy, as seen in

Table 4-5.. Neither of the satellite retrievalsAE# meets the requirement for precision
(0.15).

35 10
30 !?\ ~m- AERONET | . —= AERONET
ABI ABI I
s 2 T D
g% I ——MODIS g .1 4 —+MoDIS
- 01 ] P
('8 (TR
L1 B Lo
g w0 g, 11/ X\
5 | m 2
0 ..../I..l IIIIIIIIIIIII I\\Ah‘l-_- ------- 0
-0.2 0.6 1.4 2.2 3 -0.2 0.6 1.4 2.2 3
Angstrém Exponent Angstrém Exponent

Figure 4-7. Comparison of ABI Angstrom ExponenthwWAERONET over
land (left) and over ocean (right) using collocakeRONET-MODIS dataset
for years 2000-2009.
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Table 4-5. Accuracy and precision of Angstrom Exgunretrieval from
collocated AERONET-MODIS dataset for years 20002200

Land Water
Accuracy | Precision | Accuracy | Precision
ABI -0.13 0.57 -0.20 0.40
MODIS -0.33 0.53 -0.01 0.36

4.2.1.3Framework validation using MODIS radiance

The aerosol algorithm validation discussed in $&cti.2.1.1 and 4.2.1.2 was conducted
for the AWG'’s science code. The science code iegnated into AIT's Framework, and
the AIT prepares the algorithm inputs for framewaouns on 1-km resolution using
MODIS reflectances as proxy data, which includeslthb reflectance, geolocation data,
cloud mask, water vapor and ozone from MODIS; amdiase pressure, surface height,
and surface wind speed/direction from NCEP.

One granule of MODIS data for 03:25 UTC on Jun2085 have been used to verify the
implementation of the algorithm in AIT's framewoda a Linux machine within the
collaborative environment. The results from the AlAd the AWG runs were compared
and confirmed on a pixel by pixel basis (Figure.}-Bhe maximum difference is on the
order of 1.0E-6 over land and 1.0E-4 over ocead,tha data with difference larger than
1.0E-6 is about ~ 0.015%. The difference is beliet@ be the result of the different
compilers used; AIT uses the Intel complier, wiAiMY/G uses g++.

Figure 4-8. Aerosol optical depths at 550 nm, foe MODIS granule at 03:25
UTC on June 4, 2005, generated by the AIT framework (left) and the
AWG research code (right).
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Currently data from two days (Aug. 24 and Aug. 2806) are available for analysis. For
the analysis of the framework results with AERONEIE AERONET data are averaged
within a one-hour window and the collocated ABlimsttes are spatially averaged for a
50km x 50 km region. Following the approach usethaoffline validation, the highest
50% and lowest 20% of AODs in the 50 x 50 km baxesscreened out, and the rest are
averaged for comparison with AERONET.

Figure 4-9. shows, as a scatter-plot, the compaitisbween ABI AODs with AERONET
measurements at 550 nm over land and water. Thealbwatatistics, including the
accuracy, precision and correlation coefficients @esented. The data are also averaged
over different AOD ranges to see the dependen@xairacy and precision on AOD as
shown in Table 4-6.. Note that the match-up poirds the two days are quite limited,
especially over water, and the statistics cannaidnsidered representative.

f mean difference: 0.06 E  mean difference: -0.04
RMSE: 0.14, Correlation: 0.83 45 RMSE: 0.14, Correlation: 0.74
4 F Number of points: 101 E E Number of points: 13
3F 3 3t E
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o oat 3 o2t 3
L E LE ]
Na i
E i a
0F .fl' E 0F ¢ E
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AERONET AOQD AERONET AOQD

Figure 4-9. Comparison of framework ABI AOD with REONET AOD at 550
nm over land and over water from 2-day frameworkaotiAug. 24-25, 2006.

Table 4-6. Accuracy and precision for different AQBnges from 2-day
framework run.

Land Water
Range AOD Accuracy | Precision #.Of AOD | Accuracy | Precision #.Of
points points
Low <0.04 0.09 0.01 16
B <0. -0. .
Medium Obog 0.06 0.03 82 0.4 0.03 0.02 10
High >0.8 -0.04 0.01 3 >0.4 -0.05 0.02 3
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4.2.2 Error Budget

The atmosphere and surface input parameters reqtorethe ABI aerosol retrieval

algorithm have associated uncertainties. This @ecexplores the effect of these
uncertainties on the retrieved aerosol properties. this, the input parameters are
perturbed (changed) by expected rages of the wamctes, and the retrieved aerosol
properties are compared to the results from redlgewith unperturbed inputs.

TOA reflectances are simulated with the 6S RTM cionvpa wide range of geometries

and aerosol conditions (Table 4-7.). Unless otreswgtated, the climatology water vapor
(2.0 cm), ozone (380 Dobson units), fixed wind (6s,mwesterly) are used in the

simulation and retrieval processes. The sensitexiyeriments for varying parameters are
listed in Table 4-8. For each sensitivity test, vh&ies listed in Table 4-8. are used in the
forward simulation and a systematic perturbatiompglied to the input (for example,

+8% for the ozone test). The retrieved aerosol ypetslare then compared with those
without perturbation in the input (used as refeegn©zone and water vapor are ABI

products and the uncertainty levels used are froeir tproduct specifications. Cloud

contamination is assumed to increase the TOA teftee in all ABI channels by 5% or

10%. Surface pressure and ocean surface wind sliestion are from NCEP data, and

the perturbation for surface pressure is assume8¥@asnd wind direction as 10° for

simplicity. The NCEP wind speed is strongly infleed by observed SSM/I (special

sensor microwave imager) data; and the algorithed s derive wind speed has an RMS
error of 1.65 m/s compared with buoys for obseoratipeaking in the 4-7 m/s range
[Kalnay et al., 1995; Krasnopolsky et al., 19958kihg 6 m/s as the mean value, this
RMS difference leads to an uncertainty of ~25%.

Table 4-7. Geometry and aerosol conditions

Parameters Dimension Values
cosine of solar zenith 10 from 0.4 to 1.0 with a constant
angle interval of 1/15
Geometry| cosine of local zenith 10 from 0.4 to 1.0 with a constant
angle interval of 1/15
relative azimuth angle 10 from Q° to 180° with astant
interval of 20°
Aerosol optical depth at 0.55um 7 0.1,0.2,0.4,08,1.0,1.5
Fine mode 4 four fine modes same as those
Aerosol in the retrieval algorithm
models | coarse mode 5 five coarse modes same as
(ocean those in the retrieval algorithm
only) Fine mode weight 6 0,0.2,0.4,0.6,0.8,1.0
Aerosol models (land only) 4 dust, generic, urtheavy
smoke same those in the
retrieval algorithm
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Land surface reflectance at 2.25um 10 from 0.02 to 0.2 with a
(land only) constant interval of 0.02

Table 4-8. Uncertainty levels and values of inptthaspheric and surface

parameters
Parameters Uncertainty level Values
Ozone +8% 0.095, 0.19, 0.38, 0.76 (X 10
-8% Dobson units)
Water vapor +9% 0.5, 1.0, 2.0, 4.0, 8.0 (cm)
-9%
Surface pressure +3% standard surface pressuBe(ib4)
-3%
Cloud contamination +5% Modify TOA reflectanceaditABI
-5% channel
Surface wind speed +25% 15,3,6,9, 12 (m/s)
(ocean only) -25%
Surface wind 10° 30, 60, 90, 120, 150 (°)
direction (ocean -10°
only)

The multi-channel aerosol algorithm retrieves aarasptical depth (AOD), aerosol

model and fine-mode weight (FMW) over ocean. A ydyation can change the AOD
value, as well as the aerosol model selection ad/Flue to the complex multi-channel
interdependencies. Figure 4-10. shows the meare\aid standard deviation of relative

AOD uncertainty (defined atsest ~ reference for AOD at 550nm) versus AOD over land

reference

and over water, respectively. The relative AOD utasely is larger at low AOD values
and smallest for middle AOD values, except for‘thest in SWIR’ case that is discussed
later. Among all tests, the aerosol retrieval is kbast sensitive to the change in wind
direction and therefore not included in Figure 4-d@ere the overall relative AOD and
FMW uncertainty are within 0.03%, and the modelid&stification rate is ~0.8%. In the
ocean algorithm, wind direction is fixed as westen the LUT, and the test of £10°
change only modifies the sunglint directional refiésce.

In Figure 4-10., the uncertainty is generally seratbver ocean than over land mainly
because the ocean aerosol retrieval uses more ABinels, and some channels with less
sensitivity to the specified change will weaken dverall effect. The results for the cloud
contamination test and wind speed is not displagdéigure 4-10 due to their relatively
large influence as listed in Table 4-9. The aeroalgorithm is less sensitive to
uncertainty in ozone and water vapor, suggestieguse of climatology data may be
reasonable when the ABI products are missing. Hewat is more sensitive to surface
pressure, ocean wind speed, and especially cloothmination, suggesting a need for
high quality for those inputs. Over water, the utaiaty due to cloud contamination is
expected to be smaller because the specified abgoduturbation is larger for the same
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percentage level change over land. The percenth@erosol model misidentification
over land is illustrated in Figure 4-11.. Basedtba results shown in this figure the
algorithm can meet specification (11%) for differating dust from non-dust aerosols.
The FMW uncertainties (defined t&st — control ) over water are generally within 0.05
except for cloud contamination at the 10% levekla®wn in Figure 4-12..

Table 4-9. Mean values and standard deviationglafive AOD errors due to
cloud contamination and error in wind speed. (AO@5&erosol optical depth
at 550 nm; wspd: wind speed)

LAND WATER
AOD550 [cloud +5%|cloud +10% [cloud +5% [cloud +10%wspd +25%wspd -25%
Bias
0.1  0.493b 1.0128  0.116¢ 0.235] -0.1580  0.096!
0.2 0.3010 0.5952  0.064! 0.147] -0.0813  0.047¢
04  0.2155 0.4527  0.053] 0.109¢ -0.0401  0.0211
0.4 0.1826 0.4097  0.058] 0.110¢ -0.0241  0.012
0.8 0.1748 0.4181  0.063] 0.120] -0.0163  0.008]
1.0  0.1794 0.4414  0.064¢ 0.127¢ -0.0118  0.005
1.4 01714 0.4217 0.071¢ 0.147f -0.0059  0.002!

Standard deviation
0.1 0.237p 0.4976  0.164¢ 0.240] 0.2512  0.181¢
02 0.2178 0.5043  0.121! 0.181] 0.144  0.094!
04  0.223p 0.4463  0.086¢ 0.135] 0.0816  0.048"
0.4 0.1398 0.3904 0.077] 0.147/ 0.0544  0.032
0.§  0.205 0.4378  0.074/ 0.146¢ 0.0411  0.025:
1.0  0.2768 0.4G0 0.082; 0.152/ 0.0323  0.019-
1.9  0.3167 0.3816  0.085¢ 0.150] 0.0194  0.011:

Underestimating (or neglecting) aerosol scattermghe SWIR channel may introduce
large errors for dust particles. To quantify thisog scattering by dust aerosol in all ABI
channels (including the SWIR channel) is accouritedn the forward simulation that
provides the input TOA reflectances, but not in ribigieval process. The results are then
compared with the case of no dust in the forwansugtion or in the retrieval process.
Underestimating dust in the SWIR channel incredbes surface reflectance in this
channel and hence those in the red and blue clanndhich results in the
underestimation of AOD by 10-15% for different AQRlues (denoted as ‘dust in swir’
test in Figure 4-12.) and the dust misidentificatiate is about 11%.

Doubling/halving of chlorophyll concentration, uséd the ocean reflectance model,
slightly changes (~0.0003) the water-leaving rackaat 0.64um. However, the effect is
so small that it does not change the selection adehcombination and FMW from the
minimum residual calculation, and hence do not fyothe AOD retrieval from the
reference channel.
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Rela. AOD Uncertainty
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Figure 4-10. Mean values and standard deviatiomslafive AOD uncertainty
for uncertainties in ozone, water vapor (watvap) aarface pressure (sfcpre)
over land and water, and dust presence test in SifHdnel (dust in swir)
over land.
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Misidentification

LAND

B ozone 8%
ozone -8%
B watvap +9%
B watvap -9%
sfcpre +3%
El sfcpre -3%
& cloud +5%
& cloud +10%

generic

Aerosol Model

Figure 4-11. Land aerosol model misidentificatimr bzone, water vapor
(watvap), surface pressure (sfcpre) and cloud caingtion (cloud) tests.
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Figure 4-12. Mean values and standard deviatiofimefmode weight (FMW)
uncertainty over water for ozone, water vapor (@&p}y surface pressure
(sfcpre), cloud contamination (cloud), and surfared speed (wspd) tests.
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5 PRACTICAL CONSIDERATIONS

5.1 Numerical Computation Considerations

The LUT approach uses pre-calculated values oftspeatmospheric transmittances,
reflectances, spherical albedo and surface BROErasions of AOD at 550 nm, aerosol
models, geometries and ocean surface wind speedbelLUT, following the VIIRS
approach [Vermote et al., 2006], the TOA is givemadunction of scattering angle with
an interval of 4 degrees. The range of scattemimgles is calculated from the solar and
local zenith angles and the relative azimuth anghes method provides a relatively rapid
search of the LUT. Just like in the standard MORBIgorithm [Remer et al., 2005], the
interval halving method is used in LUT for searchfor the “best” combination of fine
and coarse mode of ocean aerosol models; thisaseseefficiency as well.

5.2 Programming and Procedural Considerations

The aerosol retrieval is carried out pixel by pidélrequires calibrated and geo-located
ABI reflectances, ABI cloud mask and snow/ice maskABI dynamic input. Mapping
processes for static ancillary (e.g. surface eiematcan be processed offline. The
programming design uses modules, providing thelikty for ease upgrades.

The data that need to be configurable for posspgmet-launch adjustment include
algorithm coefficients (LUT and land surface refetce relationship), criterion values
(e.g. selecting atmospheric conditions), water vapwl ozone dataset depending on the
ABI data availability, and metadata setting.

5.3 Quality Assessment and Diagnostics

The following flags will be produced:
* Missing/No data
» Coast, Snow/Ice, Cloud proximity
» Cloud (retrieval from “possibly clear” reflectancategory)
» Pixel with large local zenith angle (> 60 degrees)
* Less than maximum number of channels used foeketti
» Large solar zenith angles
* Negative retrievals
* Retrievals over bright surfaces
* Flags based on spatial variability tests for regidloud contamination

5.4 Exception Handling
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The quality control flags for aerosol retrieval mile checked and inherited from the
flagged Level 1b sensor input data, including baker input data, missing sensor input
data and validity of each aerosol channel; andhelthecked and inherited from the ABI
cloud mask at each pixel for clear, possibly clebmid and possibly cloudy.

The algorithm does checks for conditions not fakitedor aerosol retrieval and generates
quality control flags for snow/ice pixel, brightréace, nearby cloud and costal pixel, and
viewing geometry.

5.5 Algorithm Validation

During the pre-launch phase of development, antthtgsthe primary means of aerosol
product validation is the comparison with measum@senade from the ground such as
AERONET. Because of the limited number of groundatmns where high quality
ground observations of aerosol properties are rigdeype of validation is necessarily
restricted in space. Evaluation is also done byfopming retrievals from model-
simulated proxy ABI data, and by comparing theieged aerosol product to the known
aerosol data used in the simulation. This type alidation is ideal for evaluating
algorithm performance not only for the aerosol picid but also for all other (input,
internal, and ancillary) parameters that influeaeeosol retrievals. Because all relevant
data are know in the simulations uncovering algamit{programming) problems is also
relatively easy. However, due to the excessive etatpnal burden realization of a wide
range of realistic scenarios may not be practarad, thus the validation may be limited in
scope. Comparison with (independent) satellite-tbaserosol products tests the
consistency of ABI retrievals under realistic cdimtis. To be useful this type of
evaluation should be performed for long (preferatytinuous) time periods. For this
purpose, routine comparisons are carried out bgingnthe ABI retrieval algorithm with
near-real time MODIS L1-B radiance data, and themmaring to MODIS products,
which are considered to be independent.

Once the actual (final) spectral response functiohthe ABI sensors are known the
atmosphere and ocean surface LUTs must be re-gedeemd the relationship between
VIS and SWIR surface reflectances must be re-deriiéde validation methodologies
listed above will be applied to actual aerosol picid.

Validation of the current (Version 5) algorithmpsesented in Section 4.2. The detailed
aerosol products validation is described in the G@Eaerosol product validation plan
documents.

6 ASSUMPTIONS AND LIMITATIONS

This section describes the limitations and assumptiin the current version of the
aerosol retrieval algorithm, and potential futun@hcements to the algorithm.
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6.1 Performance

The following assumptions have been made in theentialgorithm developing:

» Aerosol shape is spherical. Accounting for the spherical shape of dust aerosol
is studied in a separate and independent resehrchesults of that research may
be included in the retrieval in the future.

* Aerosol is vertically well-mixed, and the impact adrosol height may not be a
priority because the ABI channels for aerosol estl are well selected to
minimize gas absorption.

» Surface reflectance of ocean can be calculatedtatdf land can be estimated
with sufficient accuracy;

* Land surface is dark and Lambertian. In an AWG spoed project, an
alternative algorithm is currently being develoghdt may extend the retrievals
for bright surfaces. This algorithm does not assubrnbertian surface
reflectance. Instead, bidirectional surface reflece and aerosol optical depth are
simultaneously retrieved.

» Calibrated and geo-located radiances in ABI chanhé are available.

* ABI cloud mask is available.

* Ancillary data are available.

The limitations in the current retrieval algoritrare:

* Retrieval limited to dark surface;

» Retrieval limited to clear-sky conditions;

» Retrieval limited to daytime only;

» Retrievals may not be valid at certain viewing getm

The 2.25pm channel is critical for the over-land algorithwithout this channel surface
reflectance cannot be estimated and aerosol ratris\not performed. Loss of either of
the 0.47pum or the 0.644m channel would degrade the performance, sincesalketgpe
cannot be retrieved in this case. Loss of any ef ¢dhannels used in the over-ocean
retrieval would likely lead to decrease of qualijo mitigation against channel loss is
implemented in the current (Version 5) algorithm.

6.2 Assumed Sensor Performance

The calibrated and geo-located ABI channel radisiace assumed to be available for the
current aerosol retrieval algorithm. Over landslag 2.25 um channel will disable the

algorithm as it is needed to estimate surfacectftece. Similarly, aerosol type cannot be
estimated in case the 0.47- or 0.64-um channeldsimg. Over ocean, loss of one or two
channels of 0.64, 0.86, 1.61 and 2.25 um increideebias to be about twice of the base
case with four channels.
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6.3 Pre-Planned Product Improvements

6.3.1 Retrieval over bright land surface

An alternate land algorithm, the Multiangle Implertagion of Atmospheric Correction
algorithm (MAIAC), developed by the team at the \nmbity of Maryland Baltimore

County, may replace the current over-land algorithm. MAIACdesigned to work over
most surface types including bright surfaces (ekeamw). MAIAC uses the time

sequence of images, and thus takes advantage sfagenary geometry of fixed local
zenith angle and changing solar zenith angle inag that allows the simultaneous
retrieval of AOD and surface bidirectional reflauta. MAIAC is scheduled for intensive

testing during the next year.

6.3.2 Additional internal tests

The current algorithm only includes test for sungliHowever, experience with the
MODIS algorithm showed that aerosol retrievals\agy sensitive to contaminations by
clouds, snowlice, fire, turbid water, etc. [Rememk, 2006]. Test for the presence of
snow/ice and turbid were tested within the ABI aitjon. These tests were designed
based on similar tests applied in the MODIS and R@lI algorithms. Their
implementation in the ABI algorithm is, however,tmgtraightforward, since not all
channels used in the MODIS/VIIRS algorithms areilalpée from ABI. Therefore, the
tests require further development and evaluatioetails of the tests currently being
developed are provided in Appendix C1 and C3.

Note that implementation of internal tests to ehate cloud, snow/ice contamination,
identification of turbid water, etc. may requirangthe 1-km Level 1b reflectances. In

this case, the algorithm need to be updated swthatleraging of qualified reflectances
for the 2-km grid is done inside the aerosol retialgorithm.
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APPENDIX

A. Effect of Instrument noise on AOD Retrieval

The effect of this instrument noise on the retree\aerosol optical depth is estimated
from the Signal-to-Noise Ratio (SNR) following Tanet al. (1997). In that method a
SNR is defined in terms of aerosol optical depth/dsr , wherer is the “typical” value
of the aerosol optical depth, and the ‘Noise EdemnaDifferential Optical DepthAr is
estimated using the single-scattering approximation

4co0s@,)cos@.) (-1

AT=A
P wP©)

where 6, and 6, are solar and local zenith angleg,is the aerosol single scattering

albedo,P(©)is the aerosol phase function, afidis the ‘Noise Equivalent Differential
Spectral Reflectance’ calculated from the SNR feflectances. Note that different
aerosol models have different optical propertias, ) leading to different, aerosol-
model dependent sensitivities.

These reflectances are listed in Table A-1 for riéguired resolution of 2 km for the
aerosol retrieval channels. It is noted that thisendor the 0.644m channel at 500 m
resolution is 1/1000, instead of 1/300, because\& $f 50:1 must be achieved for
targets of 5% reflectance, as specified in PORDr @Fdetector with SNR=300 for target
of 100% reflectance, the noise is 0.33% (in reflace units). If the noise is also 0.33%
for a target of 5% reflectance, the SNR will be b%33% = 15. Therefore the noise is
assumed to be 0.1%, which means SNR=50 at 5% aRd-8D00 at 100%.)

The largest noise in aerosol optical defithis expected for the Sun at zenith, (= 0)
and for nadir observatid =0, and for the lowest value of phase function ataitering
angle of 120° (Tanre et al., 1997; Shettle and F&@i@9). The single-scattering albedo

aerosol retrieval (four fine modes and five coamsedes, see Section 3.4.1.2). The
resulting At is listed in Table A-2. Typical values of the spat aerosol optical
thickness are taken from Hoppel et al., (1990) and also shiowlable A-1. From these
values the SNR at 2 km resolution is then calcdlaféhe results for ocean appear in
Table A-3.

Table A-1.Ap and 1 for the ABI “aerosol” channels.

Channel 0.47um | 0.64pum | 0.86um | 1.61um | 2.25um
Noise in Reflectance 1/600 1/4000 1/600 1/600 1/300
at 2km
Typicalt 0.2 0.1 0.05 0.03 0.01
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Table A-2. Aerosol optical depth sensitivityt for ABI ocean aerosol models.

Channel 0.47um | 0.64um | 0.86um | 1.61uym | 2.25um
F1 0.033 0.003 0.015 0.014 0.033
F2 0.050 0.006 0.031 0.019 0.030
F3 0.064 0.008 0.042 0.023 0.034
F4 0.070 0.009 0.051 0.029 0.041
C1l 0.083 0.012 0.082 0.085 0.153
C2 0.096 0.013 0.080 0.085 0.170
C3 0.118 0.014 0.083 0.082 0.170
C4 0.097 0.010 0.055 0.058 0.112
C5 0.118 0.012 0.068 0.063 0.116

Table A-3. Signal-to-noise
2-km resolution.

ratio for optical defthh ocean aerosol models at

Channel 0.47um | 0.64um | 0.86um | 1.61uym | 2.25um
F1 6.01 32.07 3.32 2.08 0.30
F2 4.02 16.49 1.62 1.56 0.33
F3 3.11 12.23 1.18 1.30 0.30
F4 2.87 10.65 0.98 1.04 0.25
C1 2.40 8.36 0.61 0.35 0.07
C2 2.09 8.00 0.63 0.35 0.06
C3 1.69 7.16 0.60 0.36 0.06
C4 2.05 10.20 0.91 0.52 0.09
C5 1.69 8.40 0.74 0.47 0.09

The optical properties of land aerosol models as@ed to be functions of the optical
depth in the ABI aerosol algorithm. However, to glify estimating the effect of noise in
the over-land retrieval the single typiealalues in Table A-1 are used again. The signal-
to-noise ratios in terms of aerosol optical depththe land aerosol models are shown in
Table A-4.

Table A-4. Signal-to-noise ratio of optical deptr fand aerosol models at 2-
km resolution.

Channel 0.47um | 0.64um | 0.86um | 1.61uym | 2.25um
Smoke 4,23 19.21 1.83 0.65 0.09
Dust 4.84 18.66 1.58 0.86 0.13

Generic 3.59 16.96 1.68 0.63 0.09
Urban 3.21 15.11 1.65 0.66 0.09

The SNRs for optical depth in Table A-3 and Tabld Adicate that the noise at the 2-
km resolution may be too large for accurate aeroswieval from ABI channels with
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wavelengths of 0.8um and higher. In terms of this SNR, retrievals mipgk better
performed from the 0.64m channel where the optical-depth SNRs are 7 @etar
Decreasing the resolution from 2 km to 4 km de@edbke noise by a factor of 2, and
hence increases the SNR by a factor of 2, and sdlenSNR at different resolutions are
shown for the least sensitive (2.5 channel for ocean and land aerosol models in
Table A-5 and Table A-6, respectively. These resstiow that the SNR is close to or
larger than unity for the 2.25m channel for all aerosol models when the spatial
resolution increases to 32 km. It should be empgkdsagain that aerosol retrieval in the
ABI algorithm is effectively done from the shorteravelength channels (reference
channels of 0.4pm for land, and 0.8Am for ocean) where the SNRs are higher.

Table A-5. Aerosol optical depth signal-to-noisBa&or ocean aerosol models
at 2.25um for different spatial resolutions.

Resolution 2 km 4 km 8 km 16 km 32 km
F1 0.30 0.60 1.20 2.39 4,78
F2 0.33 0.66 1.32 2.65 5.30
F3 0.30 0.59 1.19 2.37 4.75
F4 0.25 0.49 0.98 1.97 3.94
C1 0.07 0.13 0.26 0.52 1.05
C2 0.06 0.12 0.24 0.47 0.94
C3 0.06 0.12 0.23 0.47 0.94
C4 0.09 0.18 0.36 0.71 1.43
C5 0.09 0.17 0.35 0.69 1.38

Table A-6. Aerosol optical depth signal-to-noisgador land aerosol models
at 2.25um for different spatial resolutions.

Resolution 2 km 4 km 8 km 16 km 32 km
Smoke 0.09 0.17 0.34 0.78 1.38
Dust 0.13 0.26 0.53 1.19 2.12
Generic 0.09 0.17 0.35 0.78 1.38
Urban 0.09 0.19 0.37 0.84 1.49

The above analysis assumes the noise is constdrahaays present at the same level. A
more appropriate interpretation of the SNR value3able 2-5 is to treat the noise as a
random process with a mean of zero and standaidta®vof the SNR. In this model the

reflectance error Bp = ,u;lN(O, a), whereyy is the cosine of the solar zenith angle, and

N is the random noise with standard deviatmmvhose values are the SNRs listed in
Table 2.5. The effect of the noise on the optiegtd retrieval was estimated using this
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noise model by performing the ABI aerosol retriesace from noise free reflectanc
(0=0) and once with noisy reerctanc(a=SNR). The reflectances used for tl

exercise were th&ODIS collection 5 1-km aerosol reflectances for 03/2(-12/2007
for Terra and 07/20021.2/2007 for Aque (The MODIS reflectances were assumed t
noise free in this exercise.) Taking the diffele of the two retrievals provided a meas
of the impact of noise. The retrievals from botllecances were then compared
collocated AERONET version 2 level 2.0 aerosol ; accuracies and precisions wi
calculated, which in turn were compared te requirements. The results indicated c
small biases (3xIB5x1C%) and standard deviations of the biases (0.04%) &sult of
the assumed noise.

The effect of noise was also evaluated by pertgritie radiance ba constant noise at
the level specified inTable A-1. In this exercise the perturbed reflectarg , is
expressed as

HoP) = Hop, + Noise (A-2)

Here W is cosine of solar zenith anc p, is the un-perturbe@OA reflectance The TOA
ABI reflectances in the aerosol channels wcalculated fromforward simulation for
sample locations selected withthe GOES East and West donsinith local zenith
angles less than 60For the east dome 31 locations were specified over ocean ant
over land. For the west domain 39 locations weezlus/er ocean and 3 over laiThe
locations are shown iRigureA-1.

b

GOES East GOES West

Figure A-1.Locations selected for aerosol retrievals in theES@ast and we
domains.

Solar and locakenith andazimuth angles werealculated for every hour of four d:
(Mar 20, Jun 21, Sep 2and Dec 21 (solstices and equinoxes)). Solaith angles were
restricted to béess than 8(. Constant values obtal precipitable water (2.0 ¢, column
ozone amount (0.38 atom), urface elevation (sea level), surface pressure3 164,
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wind speed (6 m/s), and wind direction (due easjenassumed. Aerosol models and
optical depths and surface albedo over land wefellasvs:

* Over water
— 4 fine mode aerosol types
— 5 coarse mode aerosol types
— 6 fine mode weight: 0.0, 0.2, 0.4, 0.6, 0.8, 1.0
— 9 aerosol optical depth at 0.55um: 0.05, 0.1,@2,0.4, 0.6, 0.8, 1.0
* Overland
— 4 aerosol models: dust, generic, urban, smoke
— 9 aerosol optical depth at 0.55um: 0.05, 0.1,@2,0.4, 0.6, 0.8, 1.0
— 10 surface albedo at 2.26 um: 0.02, 0.04, 0.0, @40, 0.12, 0.14, 0.16,
0.18, 0.20

Retrievals were performed from 1) reflectances eouthnoise; 2) reflectances with

positive noise added; and 3) reflectances with tegaoise added. The AOD retrieved
from the perturbed (nose added) reflectances vere ¢compared to those retrieved from
the un-perturbed ones, and the aerosol opticahd&p®.55um and Angstrom Exponent
were analyzed to evaluate the impact of noise.réhelts are shown in Table A-7, Table
A-8, Table A-9, and Table A-10.

Table A-7. Bias and standard deviation (Std.devA©D retrieved over water
from noisy reflectances relative to that from nefige reflectance.

Input Positive Noise Added Negative Noise Added
AOD | Bias Std. dev Number | Bias Std. dev Number
0.05 | 0.007 0.016 276120 0.010 0.025 51878
0.1 -0.002 [0.024 276120 0.013 0.031 132643
0.15 |-0.009 0.030 276120 0.017 0.036 180733
0.2 -0.015 | 0.037 276120 0.020 0.041 206434
0.3 -0.025 0.052 276120 0.026 0.054 228493
0.4 -0.031 | 0.067 276120 0.027 0.080 241682
0.6 -0.039 0.103 276120 0.027 0.123 259060
0.8 -0.037 [ 0.155 276120 0.033 0.171 264795
1.0 -0.031 0.211 276120 0.042 0.220 267165

The results in Table A-7 show that adding positiegiative specified noise leads to, on
average, negative/positive biases in the retrieM®@®. These are somewhat unexpected
since one would think that an increased TOA reflecé would lead to an increase in the
retrieved AOD. The counter-intuitive results candtieibuted to the dynamic selection of
aerosol model (fine/coarse aerosol types and fimelemweight). As shown in

perturbing the TOA reflectance by adding noise deanthe spectral shape of
reflectances. As a result, larger/smaller aerosabdeh is selected when the

positive/negative noise is added. Due to differartosol models being selected,
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increasing/decreasing TOA reflectance can leadrtallsr/larger AOD being retrieved,
and the impact increases as the input AOD increases

Table A-8. Bias and standard deviation (Std.devihef Angstrom Exponent
retrieved over water from noisy reflectance rekatio that from noise-free

reflectance.
Angstrom Exponent (0.47-0.86 pm)

Input Positive Noise Added Negative Noise Added

AOD Bias Std. dev] Number Bias Std. dey Numbe
0.05 -0.611 0.543 276120 0.700 0.552 51878
0.1 -0.308 0.396 276120 0.424 0.371 132643
0.15 -0.166 0.328 276120 0.334 0.334 180733
0.2 -0.091 0.281 276120 0.274 0.300 206434
0.3 -0.025 0.249 276120 0.200 0.237 228493
0.4 -0.012 0.231 276120 0.160 0.207 241687
0.6 -0.008 0.214 276120 0.122 0.179 259060
0.8 -0.008 0.186 276120 0.097 0.157 264795
1.0 -0.008 0.167 276120 0.081 0.143 267165

Angstrom Exponent (0.86-2.13 pm)

Input Positive Noise Added Negative Noise Added

AOD Bias Std. dev] Number Bias Std. dey Numbe|
0.05 -0.810 0.853 276120 0.791 0.643 51878
0.1 -0.685 0.778 276120 0.613 0.530 132643
0.15 -0.602 0.724 276120 0.537 0.518 180733
0.2 -0.543 0.685 276120 0.462 0.487 206434
0.3 -0.465 0.638 276120 0.348 0.429 228493
0.4 -0.405 0.602 276120 0.259 0.368 241687
0.6 -0.322 0.523 276120 0.152 0.336 259060
0.8 -0.258 0.436 276120 0.113 0.294 264799
1.0 -0.224 0.384 276120 0.102 0.230 267165

Table A-9. Bias and standard deviation (Std.devAOD retrieved over land

from noisy reflectances relative to that from nefis® reflectance.

Input Positive Noise Added Negative Noise Added
AOD | Bias Std. dev Number Bias Std. dev Number
0.05 | 0.017 0.010 21880 -0.016 0.009 21816
0.1 0.016 0.013 21880 -0.012 0.016 21816
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0.15 0.015 0.018 21880 -0.00¢ 0.020 21816
0.2 0.016 0.022 21880 -0.012 0.021 21816
0.3 0.025 0.111 21880 -0.016 0.028 21816
0.4 0.035 0.176 21880 -0.016 0.049 21816
0.6 0.038 0.149 21880 -0.017 0.060 21816
0.8 0.041 0.202 21880 -0.017 0.106 21816
1.0 0.054 0.359 21880 -0.006 0.263 21816

Table A-10. Bias and standard deviation (Std.déwhe Angstrom Exponent

retrieved over land from noisy reflectance relatieethat from noise-free

reflectance.

Angstrom Exponent (0.47-0.86 pm)
Input Positive Noise Added Negative Noise Added
AOD Bias Std. dev Number Bias Std. dey Numbe
0.05 0.296 0.402 21880 -0.597 0.420 21816
0.1 0.285 0.436 21880 -0.664 0.537 21816
0.15 0.263 0.434 21880 -0.443 0.567 21816
0.2 0.215 0.404 21880 -0.223 0.461 21816
0.3 0.121 0.300 21880 -0.058 0.259 21816
0.4 0.067 0.211 21880 -0.032 0.210 21816
0.6 0.038 0.191 21880 -0.019 0.188 21816
0.8 0.010 0.180 21880 -0.015 0.193 21816
1.0 -0.018 0.159 21880 -0.011 0.206 21816
Angstrom Exponent (0.86-2.13 pm)

Input Positive Noise Added Negative Noise Added
AOD Bias Std. dev Number Bias Std. dey Numbe
0.05 0.253 0.323 21880 -0.488 0.338 21816
0.1 0.253 0.361 21880 -0.545 0.441 21816
0.15 0.244 0.377 21880 -0.368 0.487 21816
0.2 0.210 0.372 21880 -0.180 0.432 21816
0.3 0.130 0.308 21880 -0.021 0.288 21816
0.4 0.074 0.251 21880 0.010 0.262 21816
0.6 0.029 0.259 21880 0.023 0.243 21816
0.8 -0.008 0.267 21880 0.019 0.236 21816
1.0 -0.224 0.384 276120 0.102 0.230 267165
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The results presented in the tables above inditse effects of perturbing TOA
reflectance with noise on the aerosol retrievaltaree-fold:

1. Increasing/decreasing TOA reflectance in the refezechannel (0.86 pm for
water and 0.47 um for land) directly leads to higbever AOD being retrieved
(if same aerosol model is used).

2. The change of spectral shape of TOA reflectanadsléa different aerosol models
being selected.

3. Over land, change of TOA reflectance at SWIR chhafiects the estimated
surface reflectance.

As a result, the impact on the retrieved AOD is statightforward. As shown in the tests
over water, an increase of TOA reflectance leadietveased AOD on average.

Defining the Signal-to-Noise Ratio in terms of AgBNR-AOD) as the ratio of input
AOD over the standard deviation of retrieval eribis seen that for a typical AOD value
of 0.15 over water, the SNR-AOD is ~ 5. Over lafod,a typical value of 0.2, the SNR-
AOD is ~10. These SNR-AQOD values suggest that tieafor the 2-km “pixel” is small
enough to retrieve an AOD.

B. Sunglint directional reflectance

In calculating the reflectance of water Cox and Kk({h954) considered the system of
coordinates (P,X,Y,Z) where P is the observed pdirthe altitude, PY is pointed to the
sun direction and PX to the direction perpendicttathe sun plane. Using spherical
trigonometry, the components of surface slopal Z, which is so inclined to reflect an
incoming ray from the sun toward the satellid@ be related to the sun-satellite geometry
through:

_ =sin(6, )sin(¢, - ¢,). _
_sria)ewioeria o) .
_sinlg,)+sin(@, )sinlg, — @ i
4= cod6,)+cod8,) (5-2)

To simplify the calculation, the (P,X,Y) coordinasgstem is rotated to a new set of
principal axes (P, XY') with PY parallel to the wind direction. The slope compdaen
are now expressed as:

Z, =codx)Z, +sin(x) Z,; (B-3)

z, =-sin(x)z, +co{x)z,, (B-4)
where y is the relative azimuth angle between sun and wlinelction. The possibility
for the occurrence of such slope is calculated as:
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p(Z'>< Zy ) = (2770'X o, )_1 ex;{— Ez;zlfj

1

1_§C21( _1)7 _Cos(ﬂ 3’7)"’ =

2140

Coole* ~662 +3)+| (BD)

X

1 1
Zczz(‘3r2 1)(’7 _1) 24 C04(’7 _6’7 +3)
whereg‘:Z%. and 7 =Z%. . 0, and g, are the root mean square valuesZgf
X Y

and Z,, the skewness coefficien®,, and C,,, and the peakedness coefficiels, C,,
and C,, have been defined by Cox and Munk for a clearaserhs follows:

o,° = 0003+0.00192vs+ 0002; ¢, =0.00316vs+ 0004
C,, = 001-0.0086vs + 003; C,, = 004- 0033ws+ 012
C,, = 040+ 023, C,, = 012+ 006; C,, = 023+ 041
And the directional reflectance is written as:
7plZ,. 2, ) R0.0.0.0,0.8) 5
4tosb, [toss, [tos' S ’

P (6,.6,.0.0,)=
where g is the tilt tang =+/Z,° +Z.%).

Fresnel’s reflection Coefficier®R(nr,ni,8,,6,,¢,4) is computed as:
1{[(n ~n?)cosd, —ul’ +[2n,n, cos, +]* , (cosg —u)* +v } (B-7)

R(nr ,ni,es,ev,@,qq,):—

2 l(n -n )cosé? +uJ +[2n,n, cosg, - V[’ (C059 +u)® +v?
where,
R
il T

cosf, = \/%[1+ cosd, cosb, +sind, siné, sin(qoS —@)]

sing = \/% [1- cosB, coss, - siné, sing, sin(g, - g, )]

Normalized integral of downward diffuse radiatiog sunglint directional reflectance
,0_3gt is pre-calculated using the 6S RTM and storedWT lfor varying geometry (solar
zenith angle, local zenith angle, and relative atin{sun — satellite)), aerosol model and
optical depth, and surface wind speed (see se@tmn).a is the normalized integral
of upward diffuse radiation by sunglint directiomaflectance and can be obtained from
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the same LUT as,?Sgt by swapping solar zenith and local zenith anglemedr
interpolation is used for intermediate values ajuanents from LUT. Noted that wind
direction is fixed when calculatinngt anda in the glint LUT, but not for explicit
calculation of specular reflection (calculated watialytical Fresnel Equation).

The sunglint spherical albed@j is also calculated following 6S RTM. In each ABI

channel, the sunglint spherical albedo decreastswind speed from 2 to 14 m/s by
about 5%, and therefore it is parameterized asetifun of surface wind speed.

C.Internal checks for aerosol retrieval

C.1. Snowl/ice contamination over land

In addition to the official MODIS snow mask, the \dC5 aerosol team of NASA/GSFC
developed an empirical method using an NDVI-likgioreof 0.86- and 1.24-pum
reflectances and the 11-um brightness temperamrendsk out residual snow/ice

contamination over land &@ggs = 0124) [(Pogs + P120) > 002N T, ,, < 285K [Li et

al., 2005]. To adapt such an approach for ABI, IH#-um channel is replaced by 1.61
pm since the 1.2dm channel is not available on ABI. An analysis, imto the one
done for the VIS/SWIR land surface relationshigSection 3.4.2.3, is conducted using
seven years of MODIS reflectances. The normalizéférdnce snow index (NSDI)
(Poss — Pis) [(Pogs + Prs1) » called 1.61-um NDSI, was studied in terms of

(Poss = P12a) 1(Pogs + P104) » Called 1.24-pm NDSI, for the thresholds of >50d< 0.05

respectively. As shown in Figure Cathere thefrequency of 1.61-m NSDI is plotted as
a function of the 1.24-m NSDI, the overlap areaMeen 1.24-um NDSI > 0.05 and 1.24-
pm NDSI < 0.05 is only about 10%, which suggests the 1.61ND%I maybe a good
substitute, and the corresponding threshold is ab@uat the cross-over point. Therefore,
the relationship to rule out snow-contamination wassformed for ABI use as:

(pose - :0151) /(10086 + :0151) > 02 (C'l)
andT,, ., < 285K . (C-2)

114m

This test, however, is currently not implementeditasequires further testing. The
thresholds will also need to be adjusted after G&H8&unch.
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Figure C-1: Relative frequency of 1.6-um NDSI, i.e.

(Poss = Pis) [(Pogs + Pies) » for 1.24-pm NDSI (i.e.

(Pogs ~ Pr2a) I(Pogs + P124)) > 0.05 (in blue) and 1.24-um NDSI0.05 (in
red) using MODIS reflectances.

C.2. Glint

Aerosol is only retrieved over dark ocean, i.e.apvirom glint. The glint angle is the
angle between the viewing direction and the diocectf specular reflection and defined
as,

6, =cos ((cosf, cosB,) - (sind, sing, cosy)) (C-3)
whered,, 6,, and¢ are the solar zenith, the view zenith and the ikgadzimuth angles
(between the sun and satellite), respectivelyg bt 4C°, retrieval is not performed to

avoid glint contamination [Remer et al., 2006]. ghest is implemented in the ABI
aerosol algorithm.

C.3. Turbid water over ocean

The algorithm adopts the MODIS techniques for gnt turbid water screening over
ocean. The method to rule out the turbid water coastal area uses the unique spectral
signature by strong water absorption different freediments in the water or a shallow
ocean floor [Li et al., 2003]. It usep, . > 0.01, i.e. the reflectance difference at 0.55

um between observed and the interpolation basedh@mawer law derived from 0.47,
1.24, 1.64 and 2.13-pm channels, and with the iaddit testp, ,, < 0.25 to avoid

misidentification of heavy dust/smoke from turbiéter. Since ABI does not have the
0.55um channel the 0.66-um is studied as an alternafipg, is studied in terms of

Aposs> 0.01 or< 0.01, respectively, using seven years of MODI3eotdince (Figure
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C-2). However, the overlap area between the redbarellines is over 30% with a cross-
over point of near zero, and thus may not well-sseaturbid water. A coastal map as
ancillary input needs to be considered to assiBagging coastal area.
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Figure C-2: Relative frequency afpg gg for Apg 55> 0.01 (turbid water
indicator, in blue) andpg 55< 0.01 (in red) using MODIS reflectances.
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Appendix D: Common Ancillary Data Sets

1. LAND_MASK_NASA 1KM

a. Data description

Description: Global 1km land/water used for MODIS collection 5
Filename Iw_geo _2001001_v03m.nc

Origin: Created by SSEC/CIMSS based on NASA MODIS catech
Size 890 MB.

Static/Dynamic: Static

b. Interpolation description

Theclosest point is used for each satellite pixel:

1) Given ancillary grid of large size than satellitélg
2) In Latitude / Longitude space, use the ancillaaddosest to the
satellite pixel.

2. MDS_L2_CLD_MASK_FILE

a. Data description

Description: MODIS L2 cloud mask 1km
Filename MOD35 L2.AYYYYDDD.HHMM.005.yyyydddhhmmss.nc /
MYD35 L2.AYYYYDDD.HHMM.005.yyyydddhhmmss.nc.
Where,
MOD35 L2/ MYD35 L2 — Level 2 Cloud Mask from TERR
(MOD) /
AQUA (MYD)
A — Nothing to do here
YYYYDDD - 4 digit year plus 3 digit of Julian day
HHMM — 2 digit of hour and 2 digit of minutes in GIM
005 — Processing system version
yyyydddhhmmss — processing date/time
Origin: NASA DAAC
Size 45 MB
Static/Dynamic. Dynamic

b. Interpolation description
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Theclosest point is used for each satellite pixel:

In Latitude / Longitude space, use the ancillariaddosest to the satellite
pixel.

3. MDS_L2_OZON_5KM_FILE

a. Data description

Description: MODIS L2 ozone 5km
Filename MODO07_L2.AYYYYDDD.HHMM.005.yyyydddhhmmss.nc /
MYDO7_L2.AYYYYDDD.HHMM.005.yyyydddhhmmss.nc.
Where,
MODO7_L2/ MYDOQO7_L2 — Level 2 Product Name fromREA
(MOD) /
AQUA (MYD)
A — Nothing to do here
YYYYDDD - 4 digit year plus 3 digit of Julian day
HHMM — 2 digit of hour and 2 digit of minutes in GIM
005 — Processing system version
yyyydddhhmmss — processing date/time
Origin: NASA DAAC
Size 31 MB
Static/Dynamic: Dynamic

b. Interpolation description

Theclosest point is used for each satellite pixel:

In Latitude / Longitude space, use the ancillartaddosest to the satellite
pixel.

4. MDS_L2_TPW_5KM_FILE

a. Data description

Description: MODIS L2 TPW 5km
Filename MODO07_L2.AYYYYDDD.HHMM.005.yyyydddhhmmss.nc /
MYDO7_L2.AYYYYDDD.HHMM.005.yyyydddhhmmss.nc.
Where,

MODO7_L2/ MYDOQO7_L2 — Level 2 Product Name fromREA
(MOD) /
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AQUA (MYD)
A — Nothing to do here
YYYYDDD - 4 digit year plus 3 digit of Julian day
HHMM — 2 digit of hour and 2 digit of minutes in GIM
005 — Processing system version
yyyydddhhmmss — processing date/time
Origin: NASA DAAC
Size 31 MB
Static/Dynamic. Dynamic

b. Interpolation description

Theclosest point is used for each satellite pixel:

In Latitude / Longitude space, use the ancillariadadosest to the satellite
pixel.

5. NWP_GFS

a. Data description

Description: NCEP GFS model data in grib format — 1 x 1 degree
(360x181), 26 levels
Filename gfs.tHHz.pgrbfhh

Where,

HH — Forecast time in hour: 00, 06, 12, 18

hh — Previous hours used to make forecast: 00®3)9
Origin: NCEP
Size 26MB
Static/Dynamic: Dynamic

b. Interpolation description

There are three interpolations are installed:

NWP forecast interpolation from different forecast time:

Load two NWP grib files which are for two differeiorecast time and
interpolate to the satellite time using linear rptdation with time
difference.

Suppose:
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T1, T2 are NWP forecast time, T is satellite oleatton time, and
T1<T<T2. Yisany NWP field. Then field Y atsllite observation
time Tis:

Y(T)=Y(T1) * W(T1) + Y(T2) * W(T2)
Where W is weight and

W(T1)=1-(T-T1)/(T2-T1)

W(T2) = (T-T1) / (T2-T1)

NWP forecast spatial interpolation from NWP forecast grid points. This
interpolation generates the NWP forecast for the satellite pixel from the NWP
forecast grid dataset.

Theclosest point is used for each satellite pixel:
1) Given NWP forecast grid of large size than satetjitid

2) In Latitude / Longitude space, use the ancillaraddosest to
the satellite pixel.

NWP forecast profile vertical interpolation
Interpolate NWP GFS profile from 26 pressure letel$01 pressure

levels

For vertical profile interpolation, linear interdion with Log
pressure is used:

Suppose:
y is temperature or water vapor at 26 levels, dkiilyis temperature
or water vapor at 101 levels. p is any pressurel leetween p(i) and

p(i-1), with p(i-1) < p <p(i). y(i) and y(i-1) arg at pressure level p(i)
and p(i-1). Then y101 at pressure p level is:

y101(p) = y(i-1) + log( p[i] / p[i-1] ) * ('y[i] -y[i-1]) / log (
p[i] / pli-1] )
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6. SFC_ELEV_GLOBE_1KM
a. Data description

Description: Digital surface elevation at 1km resolution.
Filename GLOBE_1km_digelev.nc

Origin: NGDC

Size 1843.2 MB

Static/Dynamic. Static

b. Interpolation description

Theclosest point is used for each satellite pixel:

1) Given ancillary grid of large size than satellitélg
2) In Latitude / Longitude space, use the ancillaaddosest to the
satellite pixel.

7. SNOW_MASK_IMS_SSMI
a. Data description

Description: Snow/Ice mask, IMS — Northern Hemisphere, SSM/I —
Southern Hemisphere

4km resolution — the 25 km SSM/I has been oversaanp 4km
Filename snow_map_4km_YYMMDD.nc

Origin: CIMSS/SSEC

Size 39 MB.

Static/Dynamic. Dynamic

b. Interpolation description

Theclosest point is used for each satellite pixel:
1) Given ancillary grid of large size than satellitélg

2) In Latitude / Longitude space, use the ancillaaddosest to the
satellite pixel.
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