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ABSTRACT

This document describes the theoretical basisti®rABI cloud mask (ACM) algorithm.

The function of ACM is provide the official binaglear-sky mask (clear or cloudy). In
addition to this official product, the ACM also pides a 4-level cloud mask (clear,
probably clear, probably cloudy and cloudy). THidevel mask is an intermediate
product and is generated for those algorithms aedsuwvho are familiar with the 4-level
masks currently generated by NASA and NOAA.

The ACM uses 9 out of the 16 ABI spectral bandss cloud detection is based on
spectral, spatial and temporal signatures. Masistiolds were derived from analysis of
space-borne Lidar and current geostationary imagés. The ABI cloud tests where
chosen to provide each algorithm a wide-range ofictldetection options. The ABI
mask is designed to allow algorithms and usergore certain tests and to efficiently
re-compute the cloud mask. In addition, the ACBtign concept allows for easy
expansion to include other tests as warranted. clilment tests have their heritage in the
cloud masks run operationally by NOAA, NASA and EBWBAT.

The document first describes the satellite, angilend derived data used in the ACM.
Then it describes the physical basis and the vatiests used in the ACM as well as how
the clear sky reflectance is calculated. The dwmnt concludes with the verification of
the ACM’s performance. Due to its fundamental &eity to cloud over all surface
types and illumination conditions, the CALIPSO/CAIR (a space-borne LIDAR) data
collocated with data from SEVIRI, serve as the privalidation source. Comparisons to
other established operational masks from NASA adWMETSAT are also included.
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INTRODUCTION

1.1 Purpose of this Document

The primary purpose of this ATBD is to establisidglines for producing the binary
cloud mask from the ABI, flown on the GOES-R sené8lOAA geostationary
meteorological satellites. This document will désethe required inputs, the theoretical
foundation of the algorithms, the sources and ntagas of the errors involved, practical
considerations for implementation, and the asswonptand limitations associated with
the product, as well as provide a high level dgsiom of the physical basis for the initial
estimate of the presence or absence of cloud wéthilm ABI pixel. The cloud mask is
made available to all subsequent algorithms tratire knowledge of the presence of
cloud.

1.2 Who Should Use this Document

The intended users of this document are thoseestien in understanding the physical
basis of the algorithms and how to use the outptltie algorithm to optimize the cloud
detection for their particular application. Thiscdment also provides information useful
to anyone maintaining or modifying the original @lighm.

1.3 Inside Each Section

This document is broken down into the following maéections.

» System Overview: provides relevant details of the ABI and providdsrief
description of the products generated by the algari

» Algorithm Description: provides a detailed description of the algorithm
including its physical basis, its input and itspouit

* Assumptions and Limitations: provides an overview of the current limitatiorfs o
the approach and notes plans for overcoming thesetions with further
algorithm development.

1.4 Related Documents

This document currently does not relate to anyraleeument outside of the
specifications of the GOES-R Mission Requiremerasuinent (MRD) and to the
references given throughout.

1.5 Revison History

Version 0.1 of this document was created by Dr.r&ndHeidinger of NOAA/NESDIS
and its intent was to accompany the delivery ovidasion 0.1 algorithm to the GOES-R

11



AWG Algorithm Integration Team (AIT). Version 0.9 intended to accompany the
delivery of the version 3 algorithm to the GOES-R/@G AIT. Version 2.0 is intended to
accompany the 100% delivery code to the GOES-R AAVIG
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OBSERVING SYSTEM OVERVIEW
This section describes the products generatedebopBi Cloud Mask (ACM) and its
associated sensor requirements.

1.6 Products Generated

The cloud mask algorithm is responsible for th&ahcloud detection field for all ABI
pixels. In terms of the F&PS, it is responsibleedily for the Clear Sky Mask product
within the Radiance Product Category. Howeverctbad mask will be used by most of
the ABI algorithms that require knowledge of theg@nce or absence of cloud within a
given pixel. The current cloud mask requiremefisdar a binary(yes/no) cloud mask
for pixels out to a local zenith angle of°7an concert with NASA and NOAA heritage,
the ACM also generates a four-level mask whosegoaites are clear, probably-clear,
probably-cloudy and cloudy. In addition, the danask output will include all test
results that were used to determine the final foeuel mask to allow for modification by
downstream users. The requirements for the clgamsisk from the F&PS version 2.2
are stated below.

Table 1. Requirements from F&PS version 2.2 fomC#ky Mask

< z = z Py 3 3
2s | & 5 25 5 | 282 | 858
&3 | z v ® 3 €3 z | za% | 8z%
¢ 2 =1 2 ® 8 2
87% 266
CONUS | N/A 2km | 0-1Binary Correct | 15 min N/A
. sec
Detection
87% 266
MESO N/A 2km | 0-1Binary Correct | 5 min N/A
. sec
Detection
87% 806
FD N/A 2km | O0-1Binary Correct | 15 min sec N/A
Detection

1.7 Instrument Characteristics

The cloud mask will be produced for each pixel obsé by the ABI. The final channel
set is still being determined as the algorithmsdene=loped and validated. Table 2
summarizes the current channel set employed bx@id. Note, the ACM is designed
to work even when only a subset of the expectedratia is provided. For example,
when used with SEVIRI data, the ACM is able to actdor the lack of Channel 4. The
ACM also works with data from the GOES-IM and GOEGSP imagers.

13



Table 2. Channel numbers and wavelengths for tHe (ABonly if channel 10 BT is not available)

Channel Number Wavelengthgm) Used in ACM

1 0.47

2 0.64 v
3 0.86

4 1.38 v
5 1.61 v
6 2.26

7 3.9 v
8 6.15

9 7.0 v*
10 7.4 v
11 8.5 v
12 9.7

13 10.35

14 11.2 v
15 12.3 v
16 13.3

The algorithm relies on spectral, spatial and tempests. The performance of the cloud
mask is therefore sensitive to any imagery artsfactinstrument noise. Calibrated
observations are also critical because the clougkmampares the observed values to
those from a forward radiative transfer model. Thannel specifications are given in
the GOES-R MRD, version 3.7, section 3.4.2.1.AM® are assuming the performance
outlined in this section during our developmenb#g§.

14



ALGORITHM DESCRIPTION
This section provides a complete description ofdlgerithm at the current level of
maturity (which will improve with each revision).

1.8 Algorithm Overview

The cloud mask serves a critical role in the GOESBRprocessing system. Itis a
fundamental cloud property in itself but also sertedetermine which pixels can be
used for clear-sky applications (SST, NDVI, etcThe following heritage cloud mask
algorithms have influenced the ACM:

* CLAVR-x cloud mask from NESDIS

 The MOD/MYD35 MODIS cloud mask from UW CIMSS

* The Clouds and the Earth’'s Radiant Energy SysteBRES) MODIS cloud mask

from NASA Langley Research Center
* CASPR cloud mask used in the AVHRR Polar Pathfiriidended (APP-x)

As with the above masks, the ACM combines speatrdlspatial tests to produce a 4-
level classification of cloudiness. The 4-levelsled ACM cloud mask are:

* Clear,

* Probably Clear,

* Probably Cloudy, and

» Cloudy.

These categories are the same as those emplojteel GLAVR-x and MYD35 masks.
In general, the cloud mask is designed so thatltdes and cloudy pixels are suitable for
clear and cloudy product generation.

In addition to the 4-levels of cloudiness, the A@Mo provides the results of every test
used to compute the 4-level mask. This informaisoprovided to allow other
applications to modify the cloud mask to suit thegecific needs.

1.9 Processing Outline

The processing outline of the ACM is summarize#igure 1 below. The current ACM
is implemented within the GOES-R AWG AIT Frameworkhe Framework provides all
of the observations and ancillary data, such asgl#te from the NWP and RTM. The
ACM is designed to run on segments of data wheseganent is comprised of multiple
scan lines.
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Figure 1 High Level Flowchart of the ACM illustrating the main processing sections.
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1.10 Algorithm Input

This section describes the input needed to prabes&CM. While the ACM is derived
for each pixel, it does require knowledge of the@unding pixels. Currently, the ACM
is run on segments that contain 200 scan-linesilevitre final size of the segments is to
be determined, the ACM should not be run with infation from only one line.

1.10.1 Primary Sensor Data
The list below contains the primary sensor data lisethe ACM. By primary sensor
data, we mean information that is derived solatyrfithe ABI observations and

geolocation information. It should be noted tha @h65um channel will be sub-sampled
to the resolution of the IR channels, which is eatly 2km.

Calibrated solar reflectance percents (0-100%gkannels 2, 4, 5 and 7
NOTE — Reflectances are normalized in the algoritmthe terminator region.
This process is described in section 3.4.3 of thiBBD.

Calibrated radiances for channels 7, and 14

Calibrated brightness temperatures for channéds 10, 11, 14, 15 and 16
Calibrated brightness temperatures for channehti41s at neighboring warm
center (NWC) for each pixel. Process to calculaféNin Section 3.3.3

Bad pixel mask for each channel

Space mask

Derived channel 7 emissivity, which is describedeation 3.4.1.3.1
Channel 7 solar energy (mW/m”2/cm”-1)

Local zenith angle.

NOTE: The requirement is to produce the clear skgkrout to a local zenith
angle of 76

Solar zenith angle

Relative azimuth angle

Glint zenith angle

Scattering angle

Cosine of sensor, scattering and solar zenith angle

Number of lines and elements for the given segment

Satellite name

Channel 14 brightness temperatures from the im&gaitutes prior

Channel 11, 14 and 15 brightness temperaturestfierimage one hour prior

1.10.2 Ancillary Data

The following data lists the ancillary data reqdite run the ACM. By ancillary data,
we mean data that requires information not includgtie ABI observations or
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geolocation data. A more detailed description @/ated in the GOES-R Algorithm
Interface and Ancillary Data Description DocumehtADD). The NWP and RTM data,
which are at NWP resolution, are interpolated teplevel as described in the AIADD.
* Sun earth distance
» Surfacedevation
Both the surface height and maximum surface elenati a 3x3 box are used in
the ACM

* Land mask
Using the land mask, each pixel is flagged intéyred land or water.

» Coast mask
Using the coast mask, each pixel is flagged intBriaa coast or not coast.

* Desert mask
Using the desert mask, each pixel is flagged imstigras desert or clear

* Snow mask
Using the snow mask, each pixel is flagged intéyreed snow or clear. In
addition, if a pixel has a 14m brightness temperature of greater than 277K, the
snow mask is turned off.

» Surface emissivity of channel 7 from SEEBOR
Surface emissivity for each pixel and neighborirayw center (NWC) for each
pixel are required. NWC described in Section 3.3.3.

* NWRP level associated with the surface

* NWP level associated with the tropopause

» Local Zenith Anglebin

* NWP Lineand element indices

» Surfacetemperaturefrom NWP

» Surfacetemperature uniformity from NWP

» Total precipitable water from NWP

e Total column ozonefrom NWP

» Clear-sky Infrared RTM Calculations
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o0 Clear-sky top-of-atmosphere (TOA) radiances fomcied 7

o Clear-sky top-of-atmosphere (TOA) brightness terapges computed for
channels 14 and 15.

o Clear-sky transmission profiles for channel 7

o Equivalent blackbody radiance of a cloud emittintha temperature of
the Tropopause for channel 14.

o0 Clear-sky TOA channel-14 brightness temperatunm filee image 15
minutes prior.

» Clear-sky Reflectance
0 The clear sky reflectance is first corrected fon@spheric scattering by
adding in the Rayleigh single scattering reflecéaand transmission
0 In the terminator region, the clear sky reflectaisceenormalized
o0 Both the clear sky reflectance for each pixel alt asethe standard
deviation of the clear sky channel 2 reflectancer@a/3x3 pixel array are
both used.

1.10.3 Derived Data

The following lists and briefly describes the détat are required by the ACM that are
provided by other algorithms.

* Valid pixel mask
A pixel is determined to be valid if it is not aage pixel, has a local zenith angle
of less than 40 and has a valid measured and clear skyrirightness
temperature.

* Cloud Mask
For the Terminator Thermal Stability Test (TERM_TRIE_STAB), the cloud
mask from one hour prior is required.

* Local Radiative Centers
Given a derived channel 14 top of troposphere enitigsesiopd 11Um), the local
radiative center (LRC) is defined as the pixel tawng in the direction of the
gradient vector, upon which the gradient reversegh@n an emissivity value
(Estropd11m)) greater than or equal to 0.75 is found, whiemneccurs first. The
gradient filter routine is provided by the frameWwand is required as an input to
the ACM. The required inputs to the gradient fikee:
o 8stropc(:l-:l-w‘n),
o The line and element size of the segment beingegsad,
o A binary mask for the segment of pixels that hase-missing
Estropd 11um) for the segment,
0 The minimum and maximum valid emissivity value9(@nd 1.0
respectively), and
0 The maximunmesyopd 11um) value to be considered (0.75).
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The outputs from the gradient filter are the limel &lement of the LRC. A further
description of how the LRC is calculated usingghadient filter is described in
Pavolonis (2009) and in the AIADD.

Neighboring War mest Center

The ACM employs a check for the line and elemecation of the warmest
(largest 11um brightness temperature) pixel limited to a 10xdgion The 10x10
region is one that surrounds each pixel. and ¢lasghose as Neighboring
Warmest Center (NWC). The assumption here is t@atN\WC points represent
the optically thinnest pixel in the local area.

Correlation of channel 9/10 brightness temperatureto channel 14 brightness
temperature

The ACM computes the Pearson Correlation Coefftdietween the channel 10
and channel 14 brightness temperatures for ea@h pixhannel 10 is not
available, then the channel 9 brightness temperatam be used.

Derived channel 14 top of the Tropopause emissivity

The ACM derives the channel 14 top of troposphenessivity using the
measured channel 14 radiance, clear sky channaldldnce, space mask,
latitude/longitude cell index from the NWP, Tropapa index from the NWP,
local zenith angle bin index, and channel 14 midstacwkbody radiance. Both the
channel 14 top of Troposphere emissivity for eagkl@ms well as the LRC
channel 14 top of Troposphere emissivity for eagklmmre required.

Minimum channé 2 reflectance over a 3x3 pixel array

Mean channel 2 reflectance over a 3x3 pixel array

Standard deviation channel 2 reflectance over a 3x3 pixel array

Maximum channel 14 brightnesstemperature over a 3x3 array

Standard deviation of the channel 14 brightness temperature over a 3x3 pixel
array

The standard deviation of either the channel 9 or channédl 10 brightness
temperature. NOTE: Channel 9 is only used if channel 10 is not avélab

Cold surface pixe
If a pixel has a surface temperature of less tl&&GK2it is defined as a cold
surface.

Glint mask

A glint mask is initially defined based upon thengkenith angle. Any pixels that
have a glint zenith of less than’4e classified as “glint.” However, those pixels
that have been marked as glint and have amnllrightness temperature of less
than freezing (273K), or the fufin brightness temperature is less than the clear
sky 11um brightness temperature minus 5, have the ghgttiirned off. Turning
the glint mask off is an attempt to restore colkkfs in the glint zone. Further
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checks to look at pixels that have a uniform ué4eflectance are performed. A
check is done by checking to see if a glint pixas b standard deviation channel 2
reflectance over a 3x3 pixel array less than 0.flte*mean channel 2 reflectance
over a 3x3 pixel array. If it does, the pixel istered to non-glint.

» Day/Night mask
A day/night mask is defined based upon the solaitizangle. Any pixels that
have a solar zenith of less tharf &ve classified as “day” and those greater
than 87 are classified as night.

* Terminator mask
We classify those pixels that are betweeh#8¥l 93 as pixels that are in the
terminator region.

1.11 Theoretical Description

Cloud detection is the process of separating cldray clear pixels. It always involves
assumptions of the radiometric characteristichefdear and/or cloudy state and looking
for departures from them. In the ACM, spectragted and temporal tests are used to
look for clouds by identifying pixels that do nothebit the expected behavior of the
clear-sky state. Each test described is appliedeb pixel, resulting in a cloud/no cloud
score, which is then used to decide whether a Exabudy or clear.

1.11.1 Physics of the Problem

The challenge for any cloud mask is to exploit sacspatial and temporal signatures
that maximize the sensitivity to the presence ofidiwhile simultaneously minimizing
the false detection of cloud. The ACM algorithmkes extensive use of information
from NWP fields, coupled with a Radiative Trand¥évdel (RTM), to generate the
expected clear-sky state for the spectral and temhpests. This approach has also been
adopted by EUMETSAT (Dybrroe et al., 2005) howegEAMETSAT uses lookup tables
that pr-computed using results from an RTM. The AG#s RTM results specific to the
scene being processed. While the current NWP<fietten have errors in some critical
fields, such as the surface temperature over theg,provide needed and useful
information. Over the coming years before the [&woicGOES-R, the NWP fields are
expected to improve in both accuracy and spatslution. For the spatial thresholds,
we have no reliable information from the NWP fieldsl must rely on other sources.
For example, the thresholds for the spatial uniforwests rely on information from pre-
computed high resolution maps of surface elevaiwhsurface reflectance (see 3.4.2.2).

In addition, the spectral tests are broken inte¢hhiat use infrared channels, shortwave-
infrared, and solar-reflectance channels. All aggtile tests are used to construct the
ACM. However, users that wish to have a cloud maistk consistent day-night
performance are encouraged to use the cloud maskaedvithoutthe solar reflectance
tests considered.

The other major type of test in the ACM is the oesktest. The restoral tests are
separated into tests that “restore” probably clopietels to clear pixels and tests that
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“restore” cloudy pixels to probably cloudy pixel8s defined, the effect of these restoral
corrections is to provide a conservative estimateloudiness (i.e., minimize false
alarms in the ACM). Note many of the cloud detatthames arise from the Clouds
from AVHRR (CLAVR) cloud mask developed by Stoweaét(1999).

1.11.1.1 Use of CALIPSO Data in Deter mining Cloud Mask Thresholds

An important part in the development of ACM is thee of CALIPSO observations to
help define the thresholds. Because CALIPSO pesvihe of the most unambiguous
and direct measures of the presence of the highmsi layers (i.e., those also observed
by the ABI), it has been used to help understardthavior of each cloud mask test for
clear and cloudy pixels. The actual determinatibaloud mask thresholds is described
later in the Mathematical Description Section. Wimany cloud masks have used RTM
simulations to set cloud detection thresholds, (CASPR), the goal of the ACM is to use
the availability of pixel-level clear-sky informati to derive new cloud mask metrics that
maximize the separation of cloudy and clear pixdlse main advantage of using an
observationally based approach (collocation of (2RO and geostationary test data) to
threshold definition is that simulations may nopteaie the true variability present in real
scenes. The ACM allows for threshold modificatvamen warranted.

In this analysis, the 1 km cloud layer product fritra standard CALIPSO processing
(Vaughan et al., 2005yas used together with data from the SEVIRI imagnt. The
CALIPSO product, developed by NASA Langley, prowdep, base and number of
cloud layers for up to 10 layers in a 1 km footprand attempts to distinguish cloud
from aerosol, smoke and dust. The data used ésethnalyses are Version 3. For the
purposes of this study, a cloud mask from CALIPS3 wetermined noting the number
of cloud layers in each 1 km pixel (column). AnxIGPSO column with more than zero
cloud layers was assigned to the cloudy categbmaddition, a cloud fraction from
CALIPSO was computed using results from all lidatds of view that fell within each
SEVIRI pixel. Using the method described in Heidingnd Pavolonis (2009), the
temperature of the highest cloud layer is usedmunction with the 1um clear

radiance calculation and Lin SEVIRI observations to compute anyrh cloud
emissivity. This value represents the emissiigt &a cloud must have if it existed at the
level measured by CALIPSO with the observationssue=d by the geostationary sensor
(i.e., ABI). This is hereafter referred to as thel@PSO emissivity.

As a lidar with an inherent vertical resolution38f m, CALIPSO can detect clouds with
opacities and spatial scales far exceeding thebdépes of passive visible/infrared
sensors such as SEVIRI or the ABI. In order to@Aa&IPSO to determine meaningful
thresholds for passive detection of clear and glawhditions, filtering is required to
attempt to make the CALIPSO detection comparabtbeégerformance expected from
the passive observing system. In this analysisgmwered all CALIPSO results which
had cloud fractions between 0.1 and 0.9. The maod this filter is to restrict the
analysis to CALIPSO data that is uniform over that&gl scales of the coarser SEVIRI
(or ABI) pixels. In addition, a threshold of 0.Jagvapplied to the CALIPSO emissivity
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in an attempt to remove from consideration anyIpixeth very low optical depths that
would fall below the detection capabilities of ttfeannels on the ABI sensor.

In the remaining part of this section, CALIPSO dat@ched in space and time with
SEVIRI observations are used to demonstrate thieoskhe cloud mask tests in the
ACM. The collocations occurred during an eight-lwperiod comprised of two weeks in
four seasons from 2006 and 2007. Unless statenivade, all references to CALIPSO
results refer to data from the SEVIRI/CALIPSO coldtions for this eight-week dataset.
The collocation tool used here was provided by MetPavolonis of NOAA.

1.11.1.2 Infrared Cloud Detection Tests

1.11.1.2.1 ETROP - Channel 14 Emissivity Referenced to the fopause

The ETROP test assumes that clouds produce caldemlbrightness temperatures than
what would have been observed under clear-sky tiondi This is limited to 11 micron
brightness temperatures between 170K and 310K khssvelear sky 11 micron
brightness temperatures of above 24K. Traditignaifrared window (IRW) brightness
temperatures are used in gross contrast testemtifiglcold pixels. The ETROP,
however, operates on thepkh emissivity computed assuming the cloud top resides at
the Tropopause. This Tropopause-relative emigsivitcomputed as follows:

e=(—1_clear)/(1_bb—1I_clear)

wherel is the observed radiandeclear is the computed clear-sky radiance (from the
RTM) andl_bb is the equivalent blackbody radiance of a cloudtterg at the
temperature of the Tropopause. As noted in thdlancdata section, bb is provided to
the ACM as an input and described in the AIADD.

The benefits of the ETROP are that a thresholdase has a more direct physical
meaning than one based on a brightness temperd@yrmcluding the clear-sky

radiative transfer through the computatioreafhe ETROP test should be independent of
surface temperature and atmospheric profiles. Begig referenced to the Tropopause
(recalling again that the cloud top temperature ieassumed to be that of the
Tropopause), opaque clouds that are positioneaagriand warmer levels will generate
evalues less than one. The Tropopause-relativesaritisapproximates the true
emissivity only for clouds in the upper Tropopauseclear conditions, the Tropopause-
relative emissivity should approach zero. Negatialeles are possible when the
computed clear-sky radiance is greater than therebd clear sky radiance.

Figure 2 and Figure 3 show the probability denkityctions (pdfs) of the values ef
measured for the collocated SEVIRI/CALIPSO obseovast The CALIPSO cloud
mask, described above, was used to compute theaseptear and cloudy pdfs. The
pdfs show a significant separation between the eed cloudy regions. The clear-sky
pdf has a peak near zero and the cloudy pdf pddkem. The separation is less for
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land pixels but still offers skill at unambiguouswd detection for a significant range of
€.

In addition to using the pixel's own valuesg&the ETROP also compares against the
values ofefor the ‘local radiative center’ (LRC) where dedfth As described above, the
LRC represents the closest local opaque centermdieted by applying a gradient filter
applied toe. LRC pixels therefore always have an equal ohérigyalue ofethan the
non-LRC pixel with which they are associated. Fhal here is to extend the detection
of the cloud to the cloud edges. Figures 4 anddbvdhe same pdfs as Figure 2 and
Figure 3 except computed for tg@alues for the LRC.
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Figure2 PDF of the channel 14 emissivity referenced to thetropopausefor clear and cloudy pixels
asdetermined by CALIPSO for ice-free ocean regions.
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Figure5 SameasFigure4 for ice-freeland regions.

If either the emissivity or the emissivity at thedal radiative center surpasses the
threshold, this gives a positive result for thistte

1.11.1.2.2 Relative Thermal Contrast Test (RTCT)

While the ETROP tests works on the absolute denatf the 1lum observation from
the clear-sky estimate, the Relative Thermal Canhffast (RTCT) works on the relative
spatial variation of the local Jdm observations. The underlying assumption apptied
the RTCT is that pixels significantly colder th&reir warmest neighbors are likely to be
cloudy. Inthe RTCT, the metric is the differefm#ween the maximum Jim

brightness temperature in a 3x3 box and the meagixel's 11um brightness
temperature. The targeted cloud features in &sisare small scale clouds and cloud
edges. This test is not performed on pixels whggertinimum 11um brightness
temperature in a 3x3 box is warmer than 300K elgixhat are coastlines, cold surfaces
or snow. The threshold for the test is determingthking the specific threshold for
ocean and land pixels and modifying it by 3 + Btagdard deviation of the surface
height in a 3x3 box in km).

Figure 6 and Figure 7 show the distribution of REECT metric derived from the
CALIPSO cloud mask collocated with SEVIRI obsergas. Due to the smaller surface
temperature variations of the ocean surface cordpgarkand surfaces, the clear-sky peak
in the RTCT metric is narrower for ocean surfaca®gared to that seen for land
surfaces. However, there is a range of the RTCifierfer both surfaces where cloudy
values dominate the distribution. One of the ninefits of this test is that it is entirely
independent of the RTM+NWP calculations that pldgrge role in many of the other
tests.
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1.11.1.2.3 Temporal Infrared Test (TEMPIR)

One of the benefits of the GOES-R ABI sensor olierGOES-NOP series imagers is the
availability of remapped data taken with a highpenal resolution. The remapping of
the ABI data ensures that pixel position is mairedifrom image to image. The
Temporal Infrared Test (TEMPIR) takes advantagenisfcapability to detect cloud. The
assumption is that as clouds move and previouslr @ixels in one image become
cloudy in the next, the presence of cloud can bectied by rapid cooling of the observed
11 um brightness temperature of any one pixel. Thie ypinformation has been used
successfully in the GOES era as demonstrated bgtval (1999).

The metric chosen for the TEMPIR is the differebeéveen the 1um brightness
temperature collected from the image 15 minutesr amd the current value:

TEMPIR = BT11(T-15min) — BT11(T)

A 15-minute temporal window was chosen becausedliae current nominal temporal
spacing of the SEVIRI data that comprises ourdatt set. The only restriction of this
test is a maximum clear sky or measured 11 micrightmess temperature of 330K from
the previous time step. Future studies will inclag@lysis of 5-minute data and will
attempt to determine the optimal temporal windowthas test. Figure 8 and Figure 9
show the distributions of the TEMPIR metric foraid@nd cloudy pixels as determined
by CALIPSO. What we are looking at in Figure 8 &nid the BTD of the previous image
minus that of the current image. The presencédooidcis determined only for the current
image whose time is close to that of the CALIPS@rpass.

As expected, the clear peaks in both the land ardrosurface are primarily centered on
zero and the cloudy distributions show a much beoddiktribution. The intent of the
TEMPIR is to use the positive values of the mdtyircdetecting cloud. The negative
values of metric are not currently used by the TEHRMBuUt may offer skill in adjusting

the cloud detection results for the previous image.
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1.11.1.2.4 Positive Four Minus Five Test (PFMFT)

Cloud detection tests that use split-window (11 A2fm) observations are common in
many cloud mask algorithms. For example, they arpleyed in the MYD35, CASPR,
APOLLO and CLAVR-1 schemes. Due to the spectrabtian in cloud transmission,
the presence of semi-transparent cloud leads tsiéiye value of the 11-1@m
brightness temperature difference (BTD[11-12]).fddtunately, the physics of water
vapor continuum absorption also generate positahees for clear-sky conditions
especially for warm and moist atmospheres. Motailéel discussions of the use of this
information for cirrus cloud detection are givenlhgue (1985) and Prabhakara et al.
(1988). Figure 10 shows the variation of BTD[1]-W&h BT11 for clear-sky conditions
computed using the LOWTRAN radiative transfer mazelpled with a raob database.
The axes in Figure 10 are labeled using the AVHRRe@nclature where channels 4 and
5 provide the split-window measuremerf@8/FT — Four Minus Five TestThe general
increase in BTD[11-12] with BT11 is due to the maticorrelation of total precipitable
water with surface temperature. The black linEigure 10 represents the threshold
chosen for the CLAVR-1 algorithm. Cloudy pixelswiad be those that fell above the
threshold.

CLAVA-1 FMFT Thraahald Curve - SEA

T4 -T5
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Figure10 Variation of the 11 — 1Am brightness temperature difference (T4 -T5) vetsasl1um
brightness temperature (T4) computed using the LBAN radiative transfer model coupled with a raob
database for oceanic conditions. Solid line reprss€LAVR-1 threshold. (Figure taken from Stowelet
1999)

In the ACM, the PFMFT serves the same purposeaBMFT in CLAVR-1 in that
positive values of the BTD[11-12] are used to detlee presence of semi-transparent
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cloud. Because the ACM has a clear-sky calculaifd®TD[11-12] and BT11 for each
pixel, it attempts to generate the test threshfmdeach pixel dynamically. To do this, it
assumes that the clear-sky BTD[11-12] approachésvBien BT11 approaches 260 K.
This assumption is consistent with Figure 10. Hssumption coupled with the clear-
sky calculations can be used to estimate a thréshloén BT11 is warmer than 260 K.

Mathematically, the estimate of the threshgldis computed using the following relation

_ rryplea] BT, —260.0 J
X BTDIMZ[ BT - 260.0

where BTD!S; and BT* are the computed values of BTD[11-12] and BT11cfesr-

sky conditions. For pixels with values of BT11 60X, ¥ is set to zero. The actual
metric used in the ACM’s PFMFT is BTD[11-12}x—which physically represents the
difference between the observed BTD[11-12] and wahaear-sky pixel should produce
to be consistent with the observed BT11. The PFMIST, though, cannot be performed
on pixels with large variability (where the 3x3 hicron BT standard deviation is larger
than 0.3), warm surfaces (juin brightness temperatures greater than 310 K) erevh
the clear sky 12im channel BT is larger than the clear skyubi BT.

Figure 11 shows the variation of the PFMFT meticdiear and cloudy conditions as
determined by CALIPSO for oceanic pixels. Figureshdws the same computation for
land pixels. As expected, this metric exhibitsgmigsicant separation for clear and cloudy
pixels. While clear values hover near zero, mdaydy pixels show significant positive
values that are greater than those seen for chealsp Figure 12 illustrates that the peak
in the clear-sky distribution for land pixels ibder than that observed for clear-sky
ocean pixels. This result may be a due to thestaugcertainties associated with clear
radiative transfer over land than over water.
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Figure 11 Variation of the PFMFT metric for clear and cloudy pixels over ocean surfaces. PFMFT
metricisthe observed 11-12 um brightness temper atur e difference minus an estimate of the clear-sky
11-12 pm brightness temperatur e differ ence based on the clear-sky RTM and observed 11 um
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Figure 12 Same as Figure 11 for ice-free land pixels.

1.11.1.2.5 Negative Four Minus Five Test (NFMFT)

The PFMFT, described above, looks for the pos@¥®[11-12] values generated by
semitransparent cloud. Opaque clouds can alsa@en8TD[11-12] values that are less
than the clear-sky estimates because opaque ofanitsh typically produce a small
BTD[11-12]) reside above the bulk of the water vahat is responsible for elevated
clear-sky BTD[11-12] (which arise from spectraliaéion of the water vapor continuum
absorption). Scattering of infrared radiation mepaontribute to negative BTD[11-12].
In polar regions, this test is also effective duéhe positive BTD[11-12] characteristic of
many snow-covered surfaces (see CASPR documentaliorexploit these
characteristics, the Negative FMFT (NFMFT) teaised in the ACM.

The metric used in NFMFT is
X =BT Cflazr - BTD,,,
As defined, the presence of cloud should be reptedéy positive values of this metric.

Figure 13 and Figure 14 show the derived clearchmady distributions of the NFMFT
metric for ocean and land surfaces. These distabsitconfirm the hypothesis that the
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NFMFT metric applied under conservative threshajdian be used to detect clouds.
While the amounts of cloud detected unambiguouglihis test are not large, the
NFMFT test provides additional information that qdements information from other
tests.
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Figure 13 Variation of the NFMFT metric for clear and cloudy pixels over ocean surfaces. NFMFT
metricisthe computed clear-sky 11-12 um brightness temper atur e difference minus the observed 11-
12 um brightnesstemperature.
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Figure 14 Same as Figure 13 for ice-freeland regions.

1.11.1.2.6 Relative Four Minus Five Test (RFMFT)

The previous two split-window tests operated onaibsolute difference between the
observed and clear-sky BTD[11-12]. As its nameliesp the Relative FMFT (RFMFT)
operates on relative variations in the BTD[11-1®9]hile the basis for the PFMFT and
NFMFT tests was the variation in BTD[11-12] for atesky conditions, the basis for the
RFMFT is the variation in BTD[11-12] for cloudy cditions.

Figure 15 shows the variation in simulated BTD[2]-fbr a single cirrus cloud viewed
at nadir in a standard tropical atmosphere. Theesuwere generated by varying the
cloud emissivity from zero (clear-sky) to unityh&three curves represent three different
clouds with varying cloud temperatures and cloudraphysics. Typically these curves
give maximum values of BTD[11-12] for visible (0.f#) optical depths of about 2.
One obvious feature in Figure 15 is the rapid emmein BTD[11-12] with BT11 on
either side of the maximum values of BTD[11-12j.these simulations, BT11 will vary
monotonically with cloud emissivity. Because clamdissivity often varies significantly
over small spatial scales, the correlation of BTD]R] with BT11 offers another
signature of cloud that can be exploited in the AQMe[3 parameter in Figure 15 is
defined as:
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B = (- 51%(1_ £11)

whereg 1 andegy, are the 11 and 12 micron emissivities.

===Tc =240 K, g = 1.05

|
Ly]
I

240 K, g = 1.20 F

11 — 12 gern Brighthesa Temperature Difference (K]

!
DIIIIIIIII|II||III

200 220 240 ZB0 2RO I0s
11 pm Brightness Temperature (K}

Figure 15 Variation of the 11 -12 um brightness temper atur e difference as a function of the 11 um
brightness temperature computed for a singlelayer cirruscloud for various cloud temper atures and
cloud particlesizes. Surfacetemperaturewas 300K and the atmosphere was modeled using a
standard tropical profile. (Figuretaken from Heidinger and Pavolonis, 2009)

The metric used in the RFMFT is the difference WDBL1-12] from a pixel and its
neighboring warm center (NWC). The NWC point isidedl as the warmest pixel
(greatest BT11) in a 5x5 pixel array centered @ngixel being tested. The assumption
here is that the NWC points represent the optidhllynest pixel in the local area.
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Significant deviations from the BTD[11-12] at th&\IC (positive or negative) should be
indicative of cloud. Specifically, the metric usadhe RFMFT is as follows:

X =abygBT nil,vlcz_ BTD11,12)

Taking thresholds on the absolute value of thitetkhce ensures that large deviations in
BTD[11-12] with respect to the NWC split window f@ifence are captured regardless of
sign.

Figure 16 and Figure 17 show the probability ofusoence of the RFMFT metric for
clear and cloudy regions as determined by CALIP 3@ predicted by Figure 15, the
RFMFT metric appears to offer skill at separatitapdy and clear pixels. While the
PFMFT and NFMFT distributions looked quite diffetéor land and ocean, the RFMFT
distributions look very similar. This result mag tue to lack of reliance on RTM
calculations or due to robustness of the RFMFT imetr
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Figure 16 Probability distribution function (pdf) of the differencein the 11-12 um brightness
temper atur e difference observation minusthe 11-12 um brightness temper atur e difference
observation from the neighboring warm center (NWC) for clear and cloudy pixels as determined by
CALIPSO for ice-free ocean regions.
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Figure 17 Sameas Figure 16 for ice-freeland regions.

As can be seen in the above figures, the majofitheinfluence of the RFMFT occurs
with BTD[11-12] less than 1.0, the RFMFT is not kg to pixels with a BTD[11-12] of
greater than one. Finally, due to potentially ldbgeses of the surface temperature over
land in the NWP models for extremely warm surfates RFMFT test is not applied to
land pixels with 11 micron BT of over 300K.

1.11.1.2.7 Cirrus Water Vapor Test (CIRH20)

The CIRH20 test operates on the spatial correldigiween an infrared window channel
and an infrared water vapor channel. The physiaais is that spatial variation due to
surface features should be present in the wind@mmél, but not in the water vapor
channel (which cannot see the surface due to #s#-sky atmospheric opacity). Spatial
variations due to water vapor should be apparetitarwater vapor channel but invisible
in the window channel. In addition, the presenicepper tropospheric cloud in both
channels should always result in a decrease ibrightness temperature. Therefore,
spatial variations that are apparent and correiatédth the window and the water vapor
channel are indicative of cloud. The use of spaa#terns in water vapor channels to
detect cirrus is described by Krebs et al. (2007 ke in the Meteosat Second
Generation Cirrus Detection Algorithm MeCiDA. M@\ operates on 15x15 arrays
and does not look for correlations between channels

The CIRH2O0 test operates on 3x3 arrays and usesn&ha0 for the window channel.
The correlation is computed using the Pearson Gdiwa method and a threshold on the
correlation of 0.7 was determined to be the optithiedshold for this test. Unlike the
other tests, this threshold was determined via mlaamalysis of co-located SEVIRI and
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CALIPSO data. In addition, a minimum amount of ghiflity is required in both

channels to prevent this test from falsely indgmid non-cloud features. The 3x3
standard deviations in both channels are requoekteed 0.5K before this test is
applied. To avoid regions where the surface miighvisible in the water channel, pixels
where the slant path TPW falls below 0.30 cm acdusbed. While this test uses 3x3
pixel arrays, its results apply only to the cemigel in the array. As stated above, one of
the main features of this test is its insensitiitygurface effects. Therefore, there are no
surface type dependent thresholds for this test.

1.11.1.2.8 Terminator Thermal Stability Test (TERM_THERM_STAB)

One of the most challenging region for cloud detects in the terminator — the
transition between day and night. In this regtbe, visible reflectances become unusable
and the 3.4m channel becomes insensitive to cloud. Givenahgoral stability of
many cloud types (i.e., fog/low stratus), one softuto this conundrum is to exploit the
temporal information provided by geostationary i@y The TERM_THERM_STAB
test is the solution developed for the ACM in teertinator region. The
TERM_THERM_STAB logic is taken directly from theocid mask run by EUMETSAT
in the Nowcasting Satellite Application FacilityABNWC). This mask is described by
Derrien et al. (2008). The SAFNWC mask employséthterminator specific techniques.
We chose only to employ the temporal-differencieghhique and ignored the “region
growing” technique outlined in Derrien et al. (2008

The TERM_THERM_STAB test operates on pixels widokr zenith angle between 80
and 93 degrees. The test first looks at the cinagk from the scene one hour earlier. If
that pixel is Cloudy, then this test will returpasitive result if certain spectral signatures
are constant from the current scene compared tscér@e one hour ago. The spectral
signatures used over land differ from those usest ogean. Over land, the spectral
signatures are that the Channel 14 BT change neustsk than 1.0K and that the change
in the Channel 14 — Channel 11 BTD must be less @& K. Over ocean the spectral
signatures are that the Channel 14 BT change neustsk than 1.0K and that the change
in Channel 14 — Channel 15 BTD must be less th@iK0.Note that the original
SAFNWC test also looks at the cloud-top tempergpuoeluct, which is not done in our
implementation.

1.11.1.3 Shortwave Infrared Cloud Detection Tests

1.11.1.3.1 4 m Emissivity Test (EMISS4)

The 4um emissivity test exploits the very high sensifivof 4 um observations (Channel
7) to the presence of cloud. Cloud detection tiestise 4um region often use brightness
temperature differences computed from thentbrightness temperature and the 11 or 12
pum brightness temperatures. The ACM employs thenemissivity, (g) which is
computed using the following relationship.
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e4:|%
| 4,00

wherel, is the 4m observed radiance aihgh, the 4um blackbody radiance, which is
calculated by substituting the uin brightness temperature into the Planck function,
while using the appropriate coefficients for them channel. The ETROP test uses the

following metric ) in the test:
— (e4 - e4,cleay
X €4 clear

The value of g¢earis an estimate ofy@inder cloud-free conditions and is computed as

follows:
I solar
€4, clear = 4‘“%
| 4, bb, clear

wherel, pp cleariS Calculated similar thy p, except using the clear sky fifn brightness
temperature) ° is the clear-sky estimate of theuth radiance that includes the effects

4 clear

of solar reflectancel>% is computed using the following relationship:

4 clear

| —
| zilzrar = | 4,clear + (1 — €1, stc)t 4, sfcﬂOF%T

€sstc IS the 4um surface emissivity as provided by the SEEBOR sinvity database 4t
is the transmission for the solar-surface-satgtidth, |, is the cosine of the solar zenith
angle,l; cearis the clear sky radiance calculated by the RTiM, & is the integrated
amount of energy in thedn channel (ABI channel 7). The transmission fordbkar-
surface-satellite path, &, is calculated as follows:

ta,sic = transy

trans m is the atmospheric transmittance for channel 4hferslant-path from the top-of-
atmosphere to surface, determined by the RTM,pasdlefined as:

— COS@sat)
'0 -0 +( Coigsol) )

whereBs4is the local zenith angle afg, is the solar zenith angle.

This particular metric was chosen to make a cleetéation test using them channel
that is largely insensitive to the solar viewinggetry. One of the main disadvantages
of brightness temperature difference tests aretigabbserved values are impacted
greatly by the solar geometry and the scene teripes Applying a constant brightness
temperature threshold would therefore offer différgensitivity to the presence of cloud
over different regions and times of day. This falation does not remove the ambiguity
that occurs in the gm radiances during terminator conditions wherecthr@ribution of

the observed radiance due to reflected sunligtomsparable to that due to emission.
Because of that, the EMISS4 test is not appligtiénglint regions as determined by the
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derived glint mask. In addition, if the pixel isw@arm (an 1Jum BT of 310 K), this test
isn’t performed.

This test has been made day/night independent,imgptkrough the terminator. As
shown above, this is done by including solar enevggn present in the computation of
the 4um clear-sky radiances that are then used to contpete clear values. We
divide by q ¢earto account for the elevated values during theatad/to make this metric
day/night insensitive. At night, when there is otas component) 2 simply becomes

4 clear

I4,c|ear-

Figure 18 and Figure 19 show the distribution ef HTROP test metric, defined above,
for clear and cloudy pixels over land and oceds expected, cloudy pixels give large
positive values while clear-sky pixels provide \eduhat cluster around zero. These
figures show that cloudy results also provide negatalues. These values typically
occur for water phase clouds (i.e., fog) duringrifght and are the focus of the ULST
test.

[ [ | I T I T T 1 | L L | I I I

[T EMISS#! cloudy ——— |
| ice_frc?é_oceqn cledr ———e 1]

ot

probablilty of cccurence
.

ol 5 ) . [ |
0o 0.5 1.0 1.5
{ed—ed_cleary /ed_rlear

Figure 18 Probability distribution function (pdf) of theratio of (e4-e4_clr) / e4 for clear and cloudy
pixels as determined by CALIPSO for ice-freeland regions. e4isthe 4 um (Channel 7) derived
emissivity and e4 _clr isthe channel 7 emissivity derived from the clear-sky computations.
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Figure 19 Same as Figure 18 for ice-freeland regions.

1.11.1.3.2 ULST — Uniform Low Stratus Test

The uniform low stratus test (ULST) takes advantafgihe fact that low uniform stratus
clouds are more reflective (less emissive) tharsthrféace in the 3.Am channel (Hunt
1973). The clear sky 3,@9m emissivity is computed using the same formulagismgiven
in the EMISS_4 explanation with the solar compomesglected.

The ULST operates on the difference betwegn£ produced by the same manner as
the EMISS_4 test, and enly during nighttime hours. Figure 20 and FigRteshow the
distribution of the clear and cloudy values gf& - & for land and ocean regions. The
focus of the ULST is on pixels where the values,Qka— & are positive, which are due
to low level and often uniform clouds such astesand fog. The ULST exists as a
separate test from the EMISS_4 in order to profieability to the fog detection
algorithm run by the GOES-R AWG Aviation Team. alidition, the ULST test looks at
a different metric than the EMISS_4 test and iy @arformed at night. This figure
indicates that while the ULST will not detect agaramount of cloudiness, it should
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reliably detect the specific cloud features (fag)which it is designed.
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Figure20 Probability distribution function (pdf) of theratio of e4-e4 clr for clear and cloudy pixels
asdetermined by CALIPSO for ice-free ocean regions. e4 isthe 4 um (Channel 7) derived emissivity
and e4_clr isthe channel 7 emissivity derived from the clear-sky computations
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Because of the sensitive nature of this test, pittedt are to warm (11 micron BT of
greater than 290K), are cold surfaces (as detethbgehe cold surface masked
described in section ), have large measured 3.Bomigmissivities (.95 or greater), have
high surface 3.9 micron emissivities (0.90 and @gn@ar have suspect clear sky
emissivities (less than 0.85 or greater than 1d@>)ot have this test performed.

1.11.1.4 Solar Reflectance Cloud Detection Tests

1.11.1.4.1 RGCT - Reflectance Gross Contrast Test

The Reflectance Gross Contrast Test (RGCT) workhemssumption that clouds
exhibit larger values of the visible reflectancartttlear sky. Currently, the ACM applies
a threshold to the 0.65m reflectance (Channel 2) over land and water s Tést is not
applied over known snow/ice surfaces and is nolieghpgvhen the solar zenith angle
exceeds 8Wor for pixels located in sun glint regions, whiake areas with glint angles of
greater than 401n addition, it is not applied through pixels wié¢he reflected energy
back to the imager goes through a large amourteohtmosphere, which occurs at solar
zenith angles greater than®8These restrictions seek to avoid the limb briging

affects that occur at large local zenith angles.

The metric used by the RGCT is the difference endhserved 0.6Gm reflectance and
the computed clear-sky value. The clear-sky vawemputed by modifying the
assumed clear-sky 0.¢8n surface reflectance values to include the effettmseous
absorption (water vapor and ozone) and the effgd®ayleigh and aerosol scattering.
This computation is described in a later sectidhe source of the surface reflectance
data over land is the MODIS white-sky albedo (Moacglyal, 2008) ancillary dataset
which is sampled to a resolution of 5 km for uséhim ACM. Operationally this test will
either use the clear sky composite produced by dnel AWG team or the global
MODIS white-sky albedo ancillary dataset, as a bacldA nearest neighbor sampling
method, namely the MODIS point with the closestatise to the imager point, is used to
interpolate to each pixel. Over the ocean, a sarfaflectance of 5% is assumed. Itis
important to note the effects of glint are not cagtl in this computation and the white-
sky albedo product does not simulate the refleetdorca given viewing geometry.
However, use of this product has proven to add s«ér that provided by fixed land or
surface-type based surface reflectance values.

Figure 22 and Figure 23 give the distributionshef difference of the observed minus the
clear sky values of the 0.¢6n reflectance computed for clear and cloudy pizsls
determined by CALIPSO. As expected, the cloudyrithistions range over larger values
than those seen for clear pixels, which indicatende skill at unambiguous cloud
detection. However, the CALIPSO cloudy distribusato indicate that many cloudy
pixels have reflectance very near that predictedlfEar conditions especially over the
ocean. Whether this is due to true presence gfthan cloud or due to a difficulty in
daytime cloud detection by CALIPSO is still to betetmined.
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Figure 22 Probability distribution function (pdf) of the differ ence between the observed 0.65 pm
(Channel 2) reflectance and the computed clear-sky value for ice-free ocean pixels.
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Figure23 Sameas Figure 22 for ice-freeland pixels.

1.11.1.4.2 RVCT - Relative Visible Contrast Test
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The Relative Visible Contrast Test (RVCT) is a sokflectance analog to the RTCT.
The basic premise of the RVCT is that over a snegiiion pixels that are much brighter
than the darkest pixel in the neighborhood ardylikboudy. The RVCT metric used in
the ACM is the observed 0.66n reflectance minus the minimum value observed aver
3x3 pixel array centered on the pixel being testElde targeted cloud features of the
RVCT are small scale clouds and cloud edges. Heweare must be exercised to avoid
the false detection of cloud in the presence oftsoand other strong surface reflectance
gradients. Therefore the test is not applied &merwn snow/ice surfaces (based on
ancillary data) or coastal regions, as the vaiighih the surface reflectance is too great.
In addition, the RVCT has angular restrictions vehttie scattering is too great, where the
scatting angle is larger than®@inally, the RVCT is not applied where the reféet
energy back to the imager goes through a large atraduhe atmosphere, which occurs
at solar zenith angles greater thafl. 8he benefit of this test is that it is not depemid

on knowledge of the surface reflectance.

Figure 24 and Figure 25 show the distribution ef RVCT metric computed for clear
and cloudy pixels as determined by CALIPSO for ocaad land pixels. As expected,
there is a separation of the clear and cloudyiligions with clear values being centered
close to zero and cloudy values distributed owegydiavalues. Therefore, it does appear
that the RVCT offers skill in unambiguous cloudedzion.
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Figure 24 Probability distribution function (pdf) of the difference between the observed 0.65 um
(Channel 2) reflectance and the minimum value detected over a 3x3 pixel array for ice-free ocean
pixels.
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Figure25 Sameas Figure 24 for ice-freeland regions.

1.11.1.4.3 NIRREF — Near Infrared Reflectance Test (1,4m)

Due to significant differences in the imaginaryioes$ of the refraction index of water
and ice in some regions of the near-infrared (Ngctrum, NIR reflectances are useful
for detecting water cloud on top of snow and iceeted surfaces. The NIR channels,
particularly the 1.@m reflectance are useful in discriminating betwseow and clouds,
as snow has very low Juf reflectance, while the 1uén reflectance of clouds remains
high. Consequently, both cirrus and optically khicater clouds can be directly
classified and distinguished from snow using tlgpuih channel (Warren, 1982). In fact,
the usefulness of the ué channel has been demonstrated on both the apeahti
Landsat Thematic Mapper satellite (Dozier, 1989I®a 1989) as well as the AVHRR
instrument. In addition, because of the strongaighsnow in the 16m reflectance, it
is also used to calculate the Normalized DiffereBoew Index (NDSI). Thus, the ugh
reflectance is a useful test for clouds over snow.

Should the 1.6um reflectance not be available and theB®reflectance is available,
this test can also use the Bu@ reflectance.

However, there are some drawbacks to this tesh, asiprior knowledge of which pixels
contain snow and which are snow-free, informatiosvigled by the snow mask described
in section 3.3.2. In addition, there are issuesuditice elevations (over 1000 m) as well
as coastal pixels, as defined by the coast mask; this test is not performed in these
areas. Finally, this test cannot be performed gh Isiolar zenith angle regions.
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For options, each pixel is tested to see if thelgscsnow, has a solar zenith angle of less
than 80 and a surface height of less than 1000m.

If the test uses the 118n reflectance, the NDSI is then calculated

NDSI = Ross = Ris
64 + R1.6
where R g4is the 0.64um reflectance and R is the 1.6um reflectance. The NDSI is
tested to see if the pixel is below the maximum ND&shold of 0.5. If it is, the 146m
reflectance for the pixel is tested to see if al®ve the threshold for cloud over snow
and to see if the pixel is not a coastline.

If the 1.6um channel is not available, then after checkingstlar zenith angle, snow
mask and surface height, the fr@ reflectance is tested to see if the |3® reflectance
is above the threshold for cloud over snow.

The threshold for both the 1.6 and fra reflectance versions of the NIRREF test is
15%/

1.11.1.4.4 CIRREF - Cirrus Reflectance Test (1.3&n)

The 1.38um channel on MODIS has been used successfullytextiin cirrus
(Ackerman et al., 2002). The 1.p& channel resides in a strong water vapor absaorptio
band that masks the surface under most conditibhse. ACM test is based on the
MODIS (MOD35) test (Ackerman et al., 2002) and usds38um reflectance threshold
of 5%. The test is applied to all pixels that haveolar zenith angle of less tharf,g@at
are not in surface height, with a maximum surfaggffit in the surrounding 3x3 box of
less than 2000m, and are not snow. Simulated ABi ddl be used to verify the
operation of this test before launch.

1.11.1.5 Clear Sky Uniformity Tests

The clear-sky uniformity tests act as filters daf ttiear pixels to identify clear pixels that
reside in regions of high spatial heterogeneity mathssify them as probably clear. The
assumption is that the presence of cloud will iaseethe local spatial heterogeneity
beyond the values expected for clear sky. Cusetiie ACM uses two tests for spatial
heterogeneity which are described below.

1.11.1.5.1 Reflectance Uniformity Test (RUT)
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The RUT is a daytime test based on the local standiaviation of the observed 0.k
reflectance computed for a 3x3 box surrounding ¢écdl. If the standard deviation is
greater than a threshold, a non-clear result igiodtl. The physical basis is the
assumption that clear regions should exhibit reddyi spatially uniform reflectivity over
land and ocean. In an attempt to make the RUT imiggnt of the surface reflectance,
the RUT metric is the ratio of the 0.G5 reflectance standard deviation divided by the
computed clear-sky reflectance and is expressedrastion (0-1). Because of the non-
uniformity of coasts and snow, this test is notli@ojpon those pixels. In the case of RUT
and TUT (below), the standard deviations are alveaysputed using 3x3 pixel arrays.
No attempt is made to adjust the resolutions toaecfor the actual pixel resolution,
which is a function of zenith angle.

In the ACM, the RUT is applied to the 0. reflectance standard deviation computed
over a 3x3 pixel array divided by the computed rekdgy 0.65um reflectance for daytime
pixels with solar zenith angles out to 80.0 degrdégure 26 shows the variation of this
guantity for land and ocean pixels plotted as &tian of the collocated CALIPSO cloud
fraction. As stated above, the goal of the RUiDiseparate truly clear pixels from those
that are cloud contaminated. An appropriate thotesfor the RUT is given by the value
for CALIPSO cloud fractions of zero (the most cle&pixels). This analysis shows that
the RUT, as formulated here, is indeed insenstiwie underlying surface reflectance.
Based on the analysis in Figure 26, the ACM udbseshold 0.20 of for the RUT for
land and 1.0 for ocean pixels. In addition, th&TRs not performed on pixels with a
solar zenith angle of greater tharf.80
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Figure26 Variation of the standard deviation of the 0.65 um reflectance computed over a 3x3 pixel
array divided by the computed clear-sky reflectance as a function of the CALIPSO cloud fraction.
Results are separated for land and ocean pixels.

1.11.1.5.2 Thermal Uniformity Test (TUT)

The thermal analog to the RUT is the TUT (Thermaiftrmity Test) and is based on the
standard deviation of the observeduti brightness temperature computed on a 3x3 box
surrounding each pixel. If the standard deviaisogreater than a threshold, a non-clear
result is obtained. Again, because of the fadt¢basts are inherently non-uniform, no
coast pixels are used in this test. The threshadds are increased by the value of
3.0*T*Z_std wherd" is the lapse rate (7.0 K/km) and Z_std (km) is3k@ standard
deviation of the surface elevation. The factoc@oants for the fact we are assuming a
3-0 departure from the mean elevation.

Figure 27 shows the variation of the 3x3t brightness temperature standard-
deviation as a function of CALIPSO cloud fractioBased on the goal of separating truly
clear pixels from those with cloud contaminatidwesholds of 0.6 for water and 1.1 for
land pixels were chosen as the TUT thresholds.
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Figure 27 Variation of the standard deviation of the 11 um brightness temperature computed over a
3x3 pixel array asa function of the CALIPSO cloud fraction. Results are separated for land and
ocean pixels.

1.11.1.6 Clear-sky Restoral Tests

The function of the clear-sky restoral tests isréstore” probably clear pixels to the
clear condition. These tests are used primarilgeatify probably clear and probably
cloudy pixels. In and of itself, spatial heteroggnes not an unambiguous indication of
cloud. For example, thermal fronts on the oceafasa will present gradients in the 11
pum brightness temperature on the order of are seeloud edges. Therefore, this test
assumes that probably-clear pixels that occurgrores where no cloud detection test
was able to detect cloud should be classified e clFor the current version of this test,
these regions are defined as a 5x5 box aroundmeehis considered. It is important to
note that while the results of this test and ofdlear-sky uniformity tests are included in
the output users can ignore the clear-sky restesailts, if desired.

1.11.1.6.1 Probably-Cloudy Restoral Tests

The purpose of the Probably Cloudy Restoral tetst @dassify cloud edges as being
probably cloudy. This knowledge is useful for sedpsent applications that need to
ascertain the confidence of whether a pixel ig/taldud filled. For this test, if a clear or
probably clear pixel exists within the 3x3 pixetayr centered on a cloudy pixel, that
cloudy pixel is reclassified as probably cloudy.
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1.11.2 Radiative Transfer Computationsfor Channel 2

As described above, the RGCT test operates onbisereed Channel 2 reflectance and
an estimate of its value under clear conditioniis Bection describes that computation
of the clear-sky Channel 2 reflectance. Note,ritmplementations of the AIT
framework may include versions of the CRTM thatvide this functionality.

1.11.2.1 Rayleigh Scattering

The Rayleigh or molecular scattering optical isstakrom the cloud mask threshold

include file and is not computed during executiéior ABI, we have estimated that the
total in-band to Channel 2 Rayleigh optical degthpproximately 0.05. The Rayleigh
phase function is used to account for the angu#riloution of the Rayleigh scattering.

P, =0.75(1+ 1)

where [ is the cosine of the scattering angle where soagt@angle is defined by the
solar and viewing geometries.

1.11.2.2 Aerosol Scattering
To model the aerosol scattering, a Henyey-Greemgtease function was assumed as

illustrated below.
P = (1+ gaerz) ) y
1+ Oaer —20uet)

In the above equation,gis the asymmetry parameter. The single scattedallfw, ae),
Oaerand total column aerosol optical depth,; are provided in the cloud mask threshold
include files.

1.11.2.3 Gaseous Absor ption

The main absorbing gases in Channel 2 are wat@r\aaqu ozone. The total column
optical depths (t) are computed using polynomigtessions based on the total
precipitable water (TPW) and total column ozone ZODIE).

I,o = a+b(TPW) + c(TPW?)

7,, =a+b(TOZONB +c(TOZON B)
The coefficients (a,b,c) for the water vapor andrnezoptical depth regressions were
computed using MODTRAN4 and the assumed ABI ChaBrsglectral response
functions. For use in this routine, the ozone watker vapor optical depths are combined

in one gaseous optical depthas
z-gas = z-hzo + T03
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1.11.2.4 Computation of Clear-sky Reflectance

The computation of the clear-sky Channel 2 refleotas done by combining a single
scattering approximation coupled with an isotrdpio-stream approximation. This
formulation is a modified version of that used bg MODIS Atmospheres Science Team
and described by Wang and King (1997).

To compute the clear-sky reflectance, several imeeliate terms are needed. First, a total
optical depthTwta, IS computed from the Rayleigh, aerosol and gésalepths.
Ttotal = TRay+ Taer + Tgas
In addition, a total optical depth for isotropi@gering computed as follows
Tisqtotal = TRay + (1_ gaer) Taer + Tgas
where the aerosol optical depth is scaled by Z.~The effective single scatter albedo,
"o, Of the entire column is computed as

. = (wo,aerraer + Tra%
© Z-total

and the effective phase function, P, of the emilemn is computed as

P - (wo,aerraerpaer + TRayPRa%
T

sca,total

whereTscat otallS the total scattering optical depth.

Tscattotal = TRay+ a‘o,aerraer'

The Channel 2 clear-sky reflectanceRyis computed from three terms. The first term,
Ra, accounts for the single scattering contributbthe atmosphere. ;& computed

using the following relation

_@,P
R, = %ﬁlmﬂvuo(l— T.)

where m is the airmass facto% +% ), and TEsis the single-scattering transmission
\2 (o]

term computed as
T = e_(TIotaI )
S¢ "

The second term, JRaccounts for the contribution of reflectance tszat in the
atmosphere and then scattered off the surfacesasmhputed as follows

Rb — Tiso,scat,total a

sfc

(2 ,Uo) Tiso,total,view

whereds is the surface albedo angckotarviewiS the transmission term computed along
the viewing direction assuming isotropic scattering

T

isgtotal,view
The third term, R is the contribution of reflectance scatteredtloff surface from the
direct solar beam and then scattered in the atneosplThis term is given by

Rc — Z-iso,scar,total

e e_( Tisqtotal 1)

asfc

(2/'1\/) Tiso,total,sun
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where
- _( Tiso total //jo)
=e .

T

isgtotal,sun

The final clear-sky Channel 2 reflectance is coragimply as

Rz,clear = 1OC(Ra + Rb + Rc)
where the factor converts the reflectance to agreage.

1.11.2.5 Renor malization of Reflectancesin the Terminator Region.

Following a method given by Li and Shibata (20@6¢ ACM renormalizes reflectance
values in the terminator region. This is perfornadgn the solar zenith angle value is
greater than a value stored in the thresholds Tileis value is currently set to 60.0
degrees. The new normalized reflectance is giyen b

_ 2435
“2u+ (4985225 +1)

where R is the standard reflectance, gnd the cosine of the local zenith angle. This
equation corresponds to Eq (9) in Li and Shiba@®62. The goal of this renormalization
is to improve accuracy for values of the solar teangle near 90 degrees.

1.11.3 Mathematical Description

1.11.3.1 Computation of Binary Cloud M ask

The main product of the ACM is the binary cloud ka# clear classification is given to
pixels where the 4 level cloud mask is clear obpliy clear. A cloudy classification is
given to pixels that the 4 level cloud mask indésatloudy or probably cloudy. This
computation is used in the validation methodology.

1.11.3.2 Computation of 4-level M ask

As stated above, the official outputs of the ACM #re binary (yes/no) decisions for
each test. The final 4-level cloud mask is detagdisolely from the individual yes/no
decisions. The current logic to derive the findével cloud mask is given by the figure
below. Currently, it takes only one positive résiilany cloud mask test to produce a
cloudy or probably cloudy result.
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Figure 28 Schematicillustration of the logic employed to derive a 4-level cloud mask (clear, probably
clear, probably cloudy and cloudy) from the individual tests results.

1.11.3.3 Computation of Thresholdsfor Cloud Mask Tests

As shown in Sections 3.4.2, the cloud mask testd usthe ACM do provide some skill

at separating clear from cloudy pixels. This secexplains how specific thresholds

were selected. As stated above, the philosopliyeoACM is to use multiple tests that

are sensitive to different characteristics of cltmdchieve the specified performance.

An inherent assumption is that the thresholds &mhdest are set conservatively to ensure
a minimal rate of false detection. No test is expe to detect all clouds nor is any one
test allowed to have significant false detectidesa

To demonstrate the impact of threshold selectiotherperformance of the cloud mask
test, Figure 29 shows the variation of false and tloud detection rates for the ETROP
test over the ice-free ocean. Figure 29 is derfx@ul the pdfs shown in Figure 2. True
cloud detection rate is defined as the percentbg# pixels that are correctly detected as
cloud. False cloud detection rate is defined aptrcentage of pixels that are falsely
detected as cloud. The threshold in the ETROReasglerived Channel 14 emissivity
referenced to the Tropopause. As the thresholéases, the false cloud rate and true
cloud rate decrease. For a threshold set to & vaiuhe left side of the figure (say -0.5),
the true and false cloud rates sum to 100%. HKeshold values large enough that no
clouds are detected, both the true and false ciated are zero.
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Figure29 Illustration of the variation of true cloud and false cloud detection ratesfor the ETROP
test applied over ice-free ocean. True cloud detection rateis defined asthe percentage of all pixels
that are correctly detected as cloud. False cloud detection rate is defined asthe per centage of pixels
that arefalsely detected ascloud. Thethreshold inthe ETROP isthederived Channel 14 emissivity
referenced to the Tropopause. Asthethreshold increases, the false cloud rate and true cloud rate
decrease. For athreshold set to value on theleft side of the figure, thetrue and false cloud rates sum
to 100%. Thegoal of the ACM isto minimize false detection while maintaining sufficient true
detection rates.

The goal of the ACM is to minimize false detectishile maintaining sufficient true
detection rates. As Figure 29 shows, there ge in ETROP threshold where the
false cloud rate approaches zero and the true ciiedemains well-above zero. In the
ACM, the threshold is selected by its value ofdattoud detection rate. In order to
select the optimal false cloud detection rate Rtabability of Correct Detection (POD)
for the combined binary mask was computed as aiftmof the allowable maximum
false cloud detection rate. POD is computed uiedollowing relationship.

POD = (Number of Correct Cloud Decision + Number Gbrrect Clear Decisions) /
Number of Total Decisions

As described later, the overall binary cloud maskgiven a clear value if no test detects
cloud and a value indicative of cloud if any testtécts cloud.Figure 30 shows this
computation generated separately for land and ogi@is based on all tests combined.
Based on this analysis, a threshold of 2% on thdrmam allowable false cloud
detection rate maximizes the POD valuich is the official metric of performance for
the binary cloud magk Table 3 shows the thresholds for land, oceahsaow/ice
surfaces computing using this procedure.
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Figure 30 Illustration of the effect of the false cloud amount threshold applied to each cloud mask
test on the overall Probability of Correct Detection Metric (POD). Thecurrent F& PS specification
on POD is87%. Maxima POD value are achieved when a maximum false cloud detection rate of 2%
isused when deriving the thresholdsfor each test.

Table 3. CALIPSO-derived Thresholds from ACM. Fhotds represent the values that provide a
maximum false cloud detection rate of 2%.

Cloud Mask Test Ocean Land Snow/l ce
ETROP 0.10 0.30 0.4
ETROP-LRC 0.28 0.30 0.4
RTCT 3.2 4.1 N/A
PFMFT 0.8 2.5 1.0
NFMFT -1.0 -2.0 -5.0
RFMFT 0.7 1.0 N/A
TEMPIR 2.0 2.0 2.0
EMISS 4 0.10 0.46 0.4
ULST 0.12 0.10 0.12
RGCT 11.0 19.0 N/A
RVCT 8.0 10.5 N/A
NIRREF N/A N/A 1.50
TUT 0.6 1.1 land or ocean
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thresh, depending
on land mask

RUT 0.2 1.0 N/A

1.11.4 Algorithm Output

The following section describes the three setaugfbat from the ACM algorithm. To
meet 15 minute refresh requirement, the clear sksknonly needs to be run once every
15 minutes.

1.11.4.1 Output

In addition to the binary (yes/no) cloud mask, fihal output of the ACM consists of a 4-
level cloud mask. The cloud mask values and argh¢i®n of their meaning are given
below in Table 4.

Table 4. Cloud mask values and their descriptisie ACM is written to be insensitive to the ordéthe
numerical values of the cloud mask and the values®red in a static structure. Switching thider
(for example to the JPSS convention) poses no gmubhl

Cloud Mask Numerical = Description
Value Value*
Pixels that passed no test for cloud and failezstafor
Clear 3 : .
spatial heterogeneity
Probably clear 5 Pixels that passed no test for cloud but passesl ftas
y spatial heterogeneity
Probably 1 Pixels that passed a test for cloud and passest fote
cloudy cloud edges
Pixels that passed a test for cloud and failectefte
Cloudy 0
cloud edges

The algorithm also produces four bytes of outpuictviare comprised of bits holding the
test results (no = 0, yes = 1) for each of theoteritests and flags that are used to
compute the 4-level cloud mask as an intermediagndstic product and are required
inputs for other algorithms. This output is shovmd @escribed in Table 5.

Table 5. Cloud mask tests and flags and their detons.

Byte  Bit | Description

Ancillary Data Flags

1 1 Cloud mask attempted flag
1 2 Day/night flag

1 3 Terminator flag

1 4 Land/Ocean flag

1 5 Coast/No Coast flag

1 6 Glint / No Glint flag
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Desert / no desert flag

Snow / no snow flag

7
8
1

Cold Surface

lear-Sky Spatial Uniformity Tests

2

RUT — Reflectance (0.63m) Uniformity Test

3

TUT — Thermal (13Jum BT) Uniformity Test

SNNONR R

frared

Cloud

Detection Tests

RTCT — Relative Thermal Contrast Test

ETROP — Emissivity at Tropopause Test

PFMFT — Positive FMFT (Split-Window BTD) Test

NFMFT — Negative FMFT (Negative Split-Window BY Test

RFMFT — Relative FMFT (Split-Window BTD) Test

CIRH20 — Cirrus Water Vapor Test

TEMPIR - Temporal IR Test

WN P OO~NO O~

TERMIR — Terminator Temporal IR Test

olar Refl

D

ctance Cloud Detection Tests

4 RGCT — Reflectance Gross Contrast Test

5 RVCT — Relative Visible Contrast Test
hortwave Solar Reflectance Cloud Detection Tests

6 NIRREF — Near-IR Snow Test (1.6n)

7 CIRREF- Near IR Cirrus Test (1.36n)

hortwave IR Thermal Tests

ADNAMDMAMADITD WO WWHNWWEWWWWNNNNN

8 EMISS4 — 4um Emissivity Test
1 ULST — Uniform Low Stratus Test
estoral Tests
2 PCLR — Probably clear restoral test
3 PCLD - Probably cloudy test
xtra bits
4 blank
5 blank
6 blank
7 blank
8 blank
1.11.4.2 Quality Flags

In addition to the algorithm output, a pixel leggiality flag will be output. The values
will be assigned as follows:

Flag Value

Description

Valid, good quality cloud mask

Invalid pixel due to space view

Invalid pixel due to being outside of sensor #terange

WN -~ O

Invalid earth pixel due to bad data (bad or misdihgm BT or
bad/missing clear sky 3im BT)

Reduced quality Cloud mask (bad (32 pixel)
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5 Reduced quality 0.64m tests
6 Reduced quality due to other bad channels (ekaju@l64, 3.9 or
11pum)

The quality flag is initialized to invalid (1) fa&il pixels. If the pixel is determined to be a
space pixel, the quality flag remains “invalid doespace pixel” (1). If the pixel is an
earth pixel with a local zenith angle of greatertfrO degrees, the quality flag is set to
“Invalid pixel due to being outside of sensor zemange” (2). If the pixel is an earth
pixel with a local zenith angle of less than 70, thas an invalid 1um brightness
temperature or invalid 1im clear sky brightness temperature, the pixel isictered
“Invalid earth pixel due to bad data” (3). If nesthof these criteria are met, then the
quality flag for the pixel is set to “Valid” (0).

After all of the cloud mask tests have been coregletwo further tests on the quality of
the cloud mask are performed. The first is to khethere is valid 3.um data by
checking the bad pixel flag. If the 3.8n is not valid for a given pixel, then the quality
flag is set to “Reduced quality” (4). Should thé @m be good, and the pixel is a
daytime pixel, a further check of the visible chalsrns performed. If the pixel is a
daytime pixel and the clear sky 0.grh reflectance for that channel is missing or the
0.64 micron channel bad pixel flag is set to “batign the ACM quality flag is set to
“Reduced quality 0.64im tests” (5). If other channel is bad, the quélig is set to (6).

1.11.4.3 Metadata
In addition to the algorithm output and qualitygfifa the following will be output to the
file as metadata for each file:
» Percent of pixels that are clear
* Number of cloud mask categories (4 cloud mask caieg; Clear, Probably
Clear, Probably Cloudy and Cloudy)
* For each cloud mask category, the following infotiorais required:
o Count of pixels for the cloud mask category
o Definition of cloud mask category
* Total number of cloud mask points
» Terminator mark or determination
e Minimum, Maximum and Mean observation-calculation dll-sky (Channels 7-
16)
* Minimum, Maximum and Mean observation-calculationlear-sky (Channels
7-16)
» Standard deviation between observation and calounl&r all-sky (Channels 7-
16)
» Standard deviation between observation and calounl&tr clear-sky (Channels
7-16)
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2 Test Data Setsand Outputs

2.1 Simulated/Proxy Input Datasets

As described below, the data used to test the A@iWided SEVIRI observations
collocated with CALIPSO data and with MODIS grarsulBata from August 2006
(summer), February 2007 (winter), April 2007 (spgjiand October 2007 (fall) were used
to span the entire SEVIRI domain and encompasHl eafige of conditions. The rest of
this section describes the proxy and validatioa dats used in assessing the
performance of the ACM. Table 6 shows the chanragping between the proxy dataset
(SEVIRI) and ABI:

Table 6. ABI and SEVIRI channel numbers with assediwavelengths for ABI

ABI Channel Number SEVIRI Channel Number Wavelength gm)
2 1 0.64
4 n/a 1.38
5 3 1.61
7 4 3.9
9 n/a 7.0
10 6 7.4
11 7 8.5
14 9 11.2
15 10 12.3
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211 SEVIRI Data

SEVIRI provides 11 spectral channels with a nadatigl resolution of 3 km and a
temporal resolution of 15 minutes. SEVIRI providles best source of data currently for
testing and developing the ACM. The figure showloty is a full-disk SEVIRI image
from 12 UTC on August 10, 2006. Except for theBjud channel, SEVIRI provides an
adequate source of proxy data for testing and dpugj the ACM. The SEVIRI data
was provided by the UW SSEC Data Center.

Figure 31 Fulldisk 0.63, 0.86 and 11 um false color image from SEVIRI for 12 UTC on August 10,
2006.
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2.1.2 CALIPSO Data

With the launch of CALIPSO and CloudSat into thetE®bserving System (EOS) A-
Train in April 2006, the ability to conduct globsdtellite cloud product validation
increased significantly. Currently, CALIPSO clodetection results are used to validate
the cloud detection of the ACM. The CALIPSO dasadihere are the 1 km cloud layer
results Yaughan et al., 2005)

CALIPSO 532 nm Total Attenuated Backscatter (km™sr™)

Height [krm]
km™'sr

—-200 =173 -=14.7 =120 —-9.4 —8.7 —=4.0 —1.4 T3 4.0 6.6 9.3 12.0 146 17.3
Latitude [degrees)

CALIFSC Cloud Mask

Height [krm]

—-200 =173 -=14.7 =120 —-9.4 —8.7 —=4.0 —1.4 T3 4.0 6.6 9.3 12.0 146 17.3
Latitude [degrees)

Figure32 lllustration of CALIPSO data used in thisstudy. Top image shows a 2D backscatter
profile. Bottom image shows the detected cloud layers overlaid onto the backscatter image. Cloud
layersare colored magenta. (Image courtesy of Michael Pavolonis/INOAA

The individual CALIPSO results within each SEVIRX@ were averaged to give a cloud
fraction for each SEVIRI pixel. This cloud fraaties compared to the 4-level ACM
results in the next sections. Using the CALIPSQudltraction product, only pixels that
coincide with at least four CALIPSO laser shotsused for evaluation. The error is
estimated as the percentage of pixels for eacldaizask category that falls outside the
following ranges of CALIPSO cloud fraction: the vég@ments state that this is a “Clear-
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sky” mask, and as such, the probably clear and pi®als are called “Clear” and
probably cloudy and cloudy pixels are called “Cldud addition, for the analysis with
CALIPSO, only cloud fractions equal to 100% wereasidered as cloud while all other
conditions were considered clear pixels by CALIPSO.

2.2 Output from Simulated/Proxy Inputs Datasets

The ACM was generated using the SEVIRI data froenethtire month of August 2006 as
well as 2 weeks in February 2007 (winter), ApriDZQspring) and October 2007 (fall)
were used to span the entire SEVIRI domain andrapeass a full range of conditions.
During both the TRR and subsequent tests, comparisetween the online (Framework)
and offline (Cloud AWG) output of the ACM, when thame inputs were used, showed
an exact match of the Clear Sky Mask. These tests wonducted under different
conditions using the same input for both the ondind offline tests. Figure 33 shows the
ACM 4-level mask with the clear value replaced gy surface temperature. This image
is for 12 Z on August 10, 2006 and correspondsedalse-color image shown in Figure
31. The CALIPSO and SST analyses were then apgidte ACM results and used to
generate the performance estimates provided below.
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Figure 33 Example ACM 4-level cloud mask from 12 UTC August 10, 2006 produced from SEVIRI
on MET-8. Whereclear, the derived surface temperatureis shown with the units of K.
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2.2.1 Precisionsand Accuracy Estimates

To estimate the performance and accuracy of the A@dhave used the MODIS Cloud
Mask product (MOD35/MYD35) and CALIPSO data as diésel above. This section
will present our analysis methodology for estimgtine precision and accuracy. The
next section will provide the quantitative resutt$erms of the MRD specifications.

2.2.1.1 CALIPSO Analysis

The CALIPSO/CALIOP data (hereafter referred to a4.[PSO) provides unique
information on the cloud fraction, which can bedisevalidate the ACM. To do this
analysis, a collocation tool has been developetetermine the relevant information
provided by CALIPSO for each collocated SEVIRI pix&his tool has been applied to
all SEVIRI data for the datasets specified in gec#.1. For each SEVIRI pixel that is
collocated with CALIPSO data, the following infortiza is available.

* Time difference between SEVIRI and CALIPSO
* Number of cloud layers observed by CALIPSO
e Cloud fraction

In addition to the above information, the SEVIRIrh radiances and the computed
clear-sky radiances to estimate the cloud emigsagsuming the cloud existed at the
height given by CALIPSO. The analysis shown iig $ection provides the performance
of the ACM based on cloud heightf2and emissivity (§ as provided by CALIPSO.

The height bins were set to a width of 1 km thiokl saange from 0 to 20 km. The cloud
emissivity bins were to a width of 0.1 and rang#fr-0.2 and 1.2. Emissivity less than O
imply the observed radiance was less than the-slearadiance and emissivities greater
than 1.0 implies that the observed radiance wastgréhan the blackbody emission at
the CALIPSO cloud temperature.

The results of comparing the CALIPSO cloud fractioivalues of the ACM at the pixel-
level are shown in the figures below. Figure 3dvetithe distribution of cloudy points in
Z:-€; space from the 8-weeks of data from 4 seasone.sdmple size is roughly 32000
pixels. As stated above, these points occurremhglyeriods of co-incidence between
SEVIRI and CALIPSO. Figure 34 shows that low cswvere dominant over this
period with a secondary peak of high thin cirritss important to note the CALIPSO
emissivity calculation is very uncertain for lowoads. However, low emissivities
always imply observed radiances that are very dioslee assumed clear-sky values.

Figure 35 shows the distribution iR-& space of the clouds detected by CALIPSO that
were missed by the ACM. The values in Figure 3Basthe fraction of missed clouds
computed from the number of missed clouds dividethk total number of cloudy pixels
in each Z-e; bin. The total number of cloudy pixels in eagheZbin is shown in Figure
34. This analysis reveals that the ACM perform8 fee all clouds with @ > 0.2 except
for very low clouds (Zc < 1 km). The highest rafenissed clouds (71%) occurs for
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values of €< 0.2 and for Zc < 2 km. The ACM also misses shigé clouds for values
of &< 0.1.

Cloud Haight [km]

0.0 0.2 0.4 0.6 0.4 1.0 1.2
Cloud Erniasivity []

Cloudy Pixelz frem CALIFSO

000 2123000 4248000 6371.000  d454.000

Figure 34 Distribution of cloudy pixelsdetermined by CALIPSO displayed as a function of
CALIPSO-derived cloud height and cloud emissivity. Data observed during ssmultaneous SEVIRI
and CALIPSO periods over 8 weeksfrom 4 seasonsin 2006 and 2007.
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Cloud Haight [km]

o I

0.0 0.2 0.4 0.6 0.4 1.0 1.2
Cloud Erniasivity []

Fraction of Calipso Cloudy Fixelz mizsed by ACH

0.000 0125 0245 0.374 0495 0623 0.7 48

Figure35 CALIPSO-derived height and emissivity distribution of pixelsthat were cloudy as
observed by CALIPSO but classified asclear by the ACM. Valuesarefractions of missed cloudy
pixelsover the total number of CALIPSO-derived cloudy pixelsin each Zc-ec bin. Light gray

indicates no data.

Table 7 shows the probability of correct detec(iB@D) for the binary ACM results
compared to CALIPSO. False cloud is the percenbadmsely detected cloud pixels
while false clear is the percentage of falsely ctet clear pixels.

The number of correct cloud decisions is computetha number of pixels where ACM
gave a cloudy results and the CALIPSO cloud fractias greater than 0.8. The number
of correct clear decisions was computed as the puoitpixels where ACM gave a clear
decision and the CALIPSO cloud fraction was lesst0.2

Table 7. Computed POD numbers for the 8 weeks GFBECALIPSO taken over 4 seasons during 2006 —
2007.

POD False Cloud False Clear
Ocean-Day 91.9% 4.1% 4.0%
Ocean-Night 89.4% 3.3% 7.2%
Ocean 90.9% 3.8% 5.4%
Land-Day 93.9% 4.6% 1.4%
Land-Night 89.5% 2.2% 8.3%
Land 92.2% 3.7% 4.1%
Total
(Land/Ocean + 91.4% 3.7% 4.9%
Day/Night)
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2.2.1.2 MODISAnalysis

As stated above, CALIPSO provides our source afdiltess information that is used to
derive and verify the ACM. To complement the CASIP analysis, the ACM was also
compared to the official NASA Goddard MODIS cloudsk, which is also known as
MYD35 (Ackerman et al., 1988; Ackerman et al., 200he MYD35 provides a 4-
category cloud mask at a spatial resolution of 1 kinhas become a widely-used cloud
mask for many MODIS applications.

To compare the ACM results to MODIS, the ACM wasgassed through using MODIS
granules for a single day. Because the input té\BB! for this analysis was the MODIS
imagery, the analysis was able to compare the MY@8put and the output of the ACM
directly. Figure 36 shows a direct comparison ef ACM applied to MODIS as
compared to the MYD35 results. Regions that argewbpresent regions where both
MYD35 and the ACM gave cloudy results. Regiong Hra blue or green represent areas
where both MYD35 and the ACM gave clear resultegiBns that are red are those
where MYD35 gave cloudy results and the ACM gaegear result. Finally, cyan
regions are those where the ACM detected cloudlamiYD35 did not. There does
appear to be a general preference for the ACM tectienore cloud than MYD35 in the
presence of small scale cloudiness and cloud ed¢®n doing an analysis over the
entire granule and assuming that MYD35 is cor@&®0D of 0.97 is computed. This
value is above the F&PS specification of 87%. Gload fractions are also in rough
agreement. The ACM was run over the course of ar@gulting in a total POD with
MODIS of 91%. While this was just a single day, tasults covered a wide range of
conditions and land types.

In summary, while any passive satellite producihcame considered a source of
validation for another passive satellite produeg, MYD35 comparison does provide
evidence that the ACM is performing well and asestpd. This analysis is being
applied to many MODIS and SEVIRI datasets and mabest statistics will be
generated.

70



Cloud Mask Difference MODIS — AWG

MODIS cloud frac, = 0846 AWG cloud frac, = 083
Zkill Seore of AWS relative to MODIS = 0.93

FOD AWS relotive to MODIS = 0.97

Fixels Cloudy Tn Both

Land PFixels Clear in Both

Ocean Fikels Clear in Both

Fixels Cloudy Tn MODIS but Clear in AWD

= Pixels Clear in MODIS but Cloudy in AWG

Figure 36 Comparison of MODIS (MY DO035) and the ACM applied to SEVIRI data on June 13, 2008
at 18:25 UTC. Legend of images contains POD and skill scores computed for all pixels.

[ ]
[
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2.2.1.3 EUMETSAT CM Comparison Analysis

Because SEVIRI was being used as a proxy datassthex source of comparison is the
EUMETSAT Meteorological Product Extraction Facil(tyyPEF) Cloud Mask product
(Lutz, 1999) can be performed. This cloud maskésdfficial real-time cloud mask for
SEVIRI from EUMETSAT. A similar comparison to thédne above for MODIS was
done using two days worth (one summer, one wiieBEVIRI data. Figure 37 shows
the result of one image from this analysis.
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Cloud Mask Difference EUMETSAT — ACM
FOD ACM relative to EUMETSAT = 0,91, 3Kill Score of ACM relative o EUMETSAT = Q.83

EUMETSAT cloud frac., = 0.58 ACM cloud frac. = 0.62

= Pixels Cloudy in Both B - 7l Cloudy in EUMETSAT
. . but Clear in ACM
Land Pixels Clear in Both [ | = pivels Clear.in EUMETSAT
but Cloudy in ACK

n

Jcean Pixels Clear in Both

Figure 37. Comparison of EUMETSAT M PEF and the ACM applied to SEVIRI data on August 3,
2006 at 12:00 UTC. Legend of images contains POD and skill scores computed for all pixels.

As before, regions that are white represent regidrere both EUMETSAT/MPEF and
the ACM gave cloudy results. Regions that are blugreen represent areas where both
MPEF and the ACM gave clear results. Regionsdrated are those where MPEF
gave cloudy results and the ACM gave a clear resklhally, cyan regions are those
where the ACM detected cloud and the MPEF did not.

When doing an analysis over the entire image asdnaisig that MPEF cloud mask is
correct, a POD of 0.91 is computed, above the requ87% POD as specified in the
F&PS. In addition, the cloud fractions betweenttlie are also in rough agreement. Over
the course of two days (Aug 3, 2006 and Feb 3, R0 over 2E9 points of
comparison, the resulting total POD with EUMETSA&sA87.5%. While this is just over
the requirements in the F&PS, it should be notedl We noted several regions of
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probably false cloud detections in the MPEF prod@oe of these areas is off the coast
of Nambia shown below in

EUMETSAT Natural Color image - 2006- 08_;9_:3’7_{_(’_;1_{.2,‘:-"0""6 1002

Figure38. SEVIRI "True" color (0.64, 0.86, 1.61um) image from on ugust 3,2006 at 12:00 UTC.

As can be seen from the EUMETSAT/SEVIRI “naturatlar image, there are no clouds
off the coast of Nambia. However, the MPEF cloudknaarks the area as clear, while
the ACM marks the area as clear. Similar casessafyjdeement between the ACM and
other successful operational masks like MPEF ae s¢en. This highlights the
difficulty in validating one mask with another ahélps explain our reliance on
CALIPSO for quantitative validation.

2.2.2 Error Budget

The F&PS states that the probability of correcedeon (POD) for the ACM should be
greater than 87%. The F&PS specification appbethie binary mask. The results of the
binary cloud mask are presented in the Table 6 evtier CALIPSO 1km Cloud Layer
product is assumed to be the truth. From thisyaislthe ACM is meeting threshold
performance for land and ocean regions for allrsokwing geometries (day and night).

As described earlier, there is reason to belieae@ALIPSO is overestimating the
amount of missed clouds by the ACM especially dythe day. Therefore, to
complement the CALIPSO analysis, a comparison wadenbetween the ACM and the
MODIS cloud mask (MYD35) on collocated SEVIRI andRIS pixels. For the scene

73



shown and for other scenes, the POD numbers fok@i relative to MODIS exceed
the goal values set up in the F&PS.

The most important metric of the ACM is that itigets useful information on the
presence of cloud to downstream algorithms. Tthdg we have worked on
incorporating tests from both other AWG teams alb weorporating tests from other
cloud masks, such as the MODIS (MOD/MYD35) and EUNBAT cloud mask groups.

3 Practical Considerations

3.1 Numerical Computation Considerations

The ACM is implemented sequentially. Because solmad detection tests rely on the
values of the ancillary data flags, the ancillaayadflags need to be computed first. All
tests are applied before the final cloud mask isrdd@ned. The ACM is currently
implemented into the AIT Framework and uses its eical routines for processing.

3.2 Programming and Procedural Considerations

The ACM requires knowledge of spatial uniformity tnes that are computed for each
pixel using pixels that surround it. In additithe temporal tests require information
from the previous image. Beyond this reliance, Ak is purely a pixel by pixel
algorithm.

3.3 Quality Assessment and Diagnostics

The following procedures are recommended for diagmpthe performance of the ACM.

* Monitor the percentage of pixels falling into ea@M cloud mask values.
These values should be quasi-constant over a éaege

» Derive a surface temperature from all pixels of A@&M. Compute the
distributions of the observed — background surteogperature for each ACM
value.

» Periodically image the individual test resultsdok for artifacts or non-physical
behaviors.

* Maintain a close collaboration with the other tearsimg the ACM in their
product generation.

3.4 Exception Handling

The ACM includes checking the validity of each analrbefore applying the appropriate
test. The ACM also expects the main processintgsy§.e., the AIT Framework) to
flag any pixels with missing geolocation or viewiggometry information.

The ACM does check for conditions where the ACMraztrbe performed. If the Jdm

channel measured or clear sky BT is saturated ssing, there is no attempt at
processing the cloud mask, as it is a key chamn@limerous tests for the ACM. If other
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channels are saturated or missing, the correspgest is not performed. A quality flag
is set, which indicates the quality of the cloudsknfor that particular pixel. The
conditions for the quality flags are described @ti®n 1.11.4.2.

3.5 Algorithm Validation

This section is to be completed upon submissiorabdlation plan.

4 ASSUMPTIONSAND LIMITATIONS

The following sections describe the current limias and assumptions in the current
version of the ACM.

4.1 Performance

The following assumptions have been made in devrgdognd estimating the
performance of the ACM. The following list contaithe current assumptions and
proposed mitigation strategies.
1. NWP data of comparable or superior quality to theent 6 hourly GFS
forecasts are available. (Use longer range GRE&®&sts or switch to another
NWP source — ECMWEF).

2. RTM calculations are available for each pixel. (Us#uced vertical or spatial
resolution in driving the RTM).

3. High quality snow maps are available. (Use snowrmftion from NWP).

4. Background snow-free surface reflectances will\mglable. (Use pre-
computed reflectances stored as function of surfgue).

5. All of the static ancillary data is available a¢thixel level. (Reduce the
spatial resolution of the surface type, land mask@ coast mask).

6. The processing system allows for processing melfgptels at once for
applying the spatial uniformity tests. (No mitiget possible)

7. The processing systems allows for ingesting presvamutput for applying the

temporal tests. (Make temporal tests optional)

4.2 Assumed Sensor Performance
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It is assumed that the ABI sensor will meet itsent specifications. However, the
ACM will be dependent on the following instrumentllaracteristics:
* The spatial uniformity tests in ACM will be crititdependent on the amount of
striping in the data.
» Unknown spectral shifts in some channels will cshiases in the clear-sky RTM
calculations that may impact the performance ofAG&.
» Errors in navigation from image to image will affélce performance of the
temporal tests.

4.3 Pre-Planned Product | mprovements

This section contains the potential future enhamrgsto the algorithm, the limitations
they will mitigate, and possible and useful relatgdrmation and links.

The ACM serves many other applications. Its dgwalent is therefore tied to the
development and feedback from the other algorithAtsthis point, it is therefore
difficult to predict what the future modificatiomall be. However, the following list
contains our current best guess of the future ACddifications.

4.3.1 Optimization for Ocean Applications

The cloud detection accuracy requirements of the &%l aerosol applications over the
ocean are very strict. It is recognized that spizeid tests for these applications will be
necessary. Coordination with the Ocean Applicalieam regarding the ACM algorithm
and output is being done to incorporate their eepee and to ensure the ACM is
adequate for their needs.

4.3.2 Optimization for Land Applications

The ACM performance over land also needs to beroped for the Land Application
Team'’s algorithms. Coordination with the Land Apation Team regarding the ACM
algorithm and output is being done to allow foritlieedback and to ensure the ACM is
adequate for their needs.
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Appendix 1: Common Ancillary Data Sets

1. COAST_MASK_NASA 1KM

a. Datadescription

Description: Global 1km land/water used for MODIS collectian 5
Filename: coast_mask_1lkm.nc

Origin: Created by SSEC/CIMSS based upon NASA MODIS cbde
5.

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 ancillaraddosest to the
satellite pixel.

2. DESERT_MASK_CALCLTED

a. Datadescription

Description: Desert mask calculated using LAND_MASK_NASA_1KM
and SFC_TYPE_AVHRR_1KM

Filename: N/A

Origin: N/A

Size: N/A

Static/Dynamic: N/A

b. Interpolation description

The interpolation is based on the surface typelamdl mask. No direct
interpolation is used in the desert mask calcutatiwt it is reliant on the
interpolation found in its dependencies.

The procedure of desert mask calculation is:

Desert mask is first initialized to “no desert’eththe land mask is
checked. In the case of LAND, the surface typéesntchecked. The
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desert mask is set as “NIR Desert” if the surfype tis
“wooded_grass_sfc”, “closed_shrubs_sfc”, “open_khrsfc”,
“grasses_sfc”, or “croplands_sfc”, and is set aggtii_desert” if surface
type is “bare_sfc”.

3. LAND_MASK_NASA_1KM

a. Data description

Description: Global 1km land/water used for MODIS collection 5
Filename: lw_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 satellitelg
2) In Latitude / Longitude space, use the ancillaaddosest to the
satellite pixel.

4. 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:
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Load two NWP grib files which are for two differeiorecast time and
interpolate to the satellite time using linear rptdation with time
difference.

Suppose:

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

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 inter polation from NWP forecast grid points.
Thisinterpolation generatesthe 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 ancillanaddosest to
the satellite pixel.

NWP forecast profile vertical interpolation

Interpolate NWP GFS profile from 26 pressure level$01 pressure
levels

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

Suppose:

y is temperature or water vapor at 26 levels, diilyis 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) ang 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] -y1i-1] ) / log (
p(i] / p[i-1])
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5. 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 satellitelg
2) In Latitude / Longitude space, use the ancillaaddosest to the
satellite pixel.

6. SFC_EMISS_SEEBOR

a. Data description

Description: Surface emissivity at 5km resolution

Filename: global_emiss_intABI_YYYYDDD.nc
Where, YYYYDDD = year plus Julian day

Origin: UW Baseline Fit, Seeman and Borbas (2006).

Size: 693 MB x 12

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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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 overszainp 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 ancillaraddosest to the
satellite pixel.

8. SUNGLINT ANGLE

a. Datadescription

Description: Sunglint Angle Calculation
Filename: N/A

Origin: N/A

Size: N/A

Static/Dynamic: N/A

b. Description

/[Calculating sunglint angle
float32 SunGlintAng(float32 SOLZA, float32 SENZAp&t32 SOLAZ,
float32
SENAZ)
{
float32 SunGlintA = Missing_Value;
float32 DegreeToRadiance = 3.1415926/180.0;
float32 RadianceToDegree = 180.0/3.1415926;
float32 Templ =
cos(SOLZA*DegreeToRadiance)*cos(SENZA*Degree ToRackg;
float32 Temp2 =
sin(SOLZA*DegreeToRadiance)*sin(SENZA*Degree ToRadia);
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float32 Temp3 = cos((180.0-(SOLAZ-SENAZ))*Degi@Radiance);
SunGlintA = acos(Templ+Temp2*Temp3)*Radiance&gi2e;

return SunGlintA;

}

9. LRC

a. Datadescription

Description: Local Radiative Center Calculation
Filename: N/A

Origin: NOAA / NESDIS

Size: N/A

Static/Dynamic: N/A

b. Interpolation description

It should be first noted that the original desc¢dptof the local radiative
center calculation was done by Michael Pavolon®@&A/NESDIS) in
section 3.4.2.2 of 80% GOES-R Cloud Type Algorithheoretical Basis
Document. This description takes several parte@friginal text as well
as two of the figures from the original text in erdo illustrate the
gradient filter. In addition, the analysis perfoarey Michael Pavolonis
(NOAA/NESDIS) regarding the number of steps takealso shown in
the LRC description. This description gives an wiew and description
of how to calculate the local radatitive centere Buthors would like to
recognize the effort that was done by Michael Pawislin the
development of this algorithm.

The local radiative center (LRC) is used in vari@BES-R AWG
algorithms as a measure of where the radiativeecénit a given cloud is
located, allowing for the algorithm to look at thgectral information at an
interior pixel within the same cloud while avoiditige spectral
information offered by pixels with a very weak atbradiative signal. A
generalized definition of the LRC is that, for &e pixel, it is the pixel
location, in the direction of the gradient vectgopn which the gradient
reverses or when the input value is greater thaguoal to the gradient
stop value is found, whichever occurs first.

Overall, this use of spatial information allows gomore spatially and
physically consistent product. This concept i® @&sgplained in Pavolonis
(2010).
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The gradient vector points from low to high pixefghe input, such that
the vector is perpendicular to isolines of the inyalue. This concept is
best illustrated with a figure. Figure 1, whiclofs Isyopd11/m), is the
actual gradient vector field, thinned for the sakelarity. As can be
seen, the vectors in this image point from clougeetdwards the optically
thicker interior of the cloud. This allows onedmnsult the spectral
information at an interior pixel within the samewd in order to avoid
using the spectral information offered by pixelshaa very weak cloud
radiative signal.
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Grodient Filter/Cloud Ernissivity

Ny

Cloud Emissivity [ ]

[ik4] a2 0.3 0.5 0.7 a.6 1.0

Figure 39: Thegradient vector with respect to cloud emissivity at the
top of the troposphereis shown overlaid on a false color RGB image
(top) and the actual cloud emissivity image itself (bottom). Thetail of
thearrow indicatesthereference pixel location.
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While the above was a generalized description @fgttadient filter, we
next describe the method for calculating the LRt @radient vector).

The LRC subroutine (also known as the gradierdgriluses the following
inputs

1. The value on which the gradient is being calculated
(Grad_Input)

The number of elements in the current segment
The number of lines in the current segment

LRC Mask for the current segment

The minimum allowed input value (Min_Grad)

The maximum allowed input value (Max_Grid)

The gradient stop value (Grad_Stop)

Nooak~wd

The input values to the LRC routine are typicalther the 111m
troposphere emissivity, swropd 11/m), the nadir corrected 11m
troposphere emissivitgsiopo, nagi{114m) or the 111m brightness
temperature. A full list of the input values forchalgorithm is listed in
Table 1. The output for the LRC algorithm is asdois:

1. Array of element indices of the LRCs for the cutreegment
2. Array of line indices of the LRCs for the currergsent

The first thing that is done for a given segmendath is the computation
of the yes/no (1/0) LRC Mask. This mask simplyesavhat pixels the
LRC will be computed for. For each algorithm, thediiition for the LRC
mask criteria is defined in table 1.

The LRC routine loops over every line and elemealculating the LRC
for each pixel individually. For all valid pixelhe LRC algorithm
initially uses information from the surrounding &gls (i.e a 3x3 box
centered on the given pixel) to determine the timacf the gradient
vector. The number of pixels used is the samedch algorithm. The
validity of a given reference pixel (& is determined by the following
criteria

1. Does the pixel have a value greater than the mimrallowed
value (Min_Grad)?

2. Does the pixel have a value less than the maximlowed input
value (Max_Value)?

3. Is LRC mask is set to “Yes"?

If any of the above statements are false, the LR@ighm will simply
skip over that particular pixel. However, if alk#e statements are true,
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then the pixel is considered valid and the alganithill proceed to the
next step.

The next step in the gradient filter is the detaation of the initial
direction of the gradient. Initially, the gradigest value (Gs), which is a
local variable, set to a large number (99999) &eddirection is set to
missing. The gradient (fg) between the reference pixel{fpand the
neighboring pixel is calculated. This differenceigy calculated if the
neighboring pixel is greater than or equal to Minagband less than or
equal to Max_Grad. For each direction, {ff3s less than &, then G
is set to Gir. Gyirr IS calculated for each of the 8 surrounding pixaisl
the direction that has the smallest@s selected as the direction to look
for the local radiative center. If the directiorsest to missing, then the
LRC routine moves to the next pixel in the segme&his can only occur if
all the surrounding pixels are either smaller taad_Min or greater than
Grad_Max.

The directions of the gradient are specified infdll®wing manner:

Table 1. Definition of the directions used in the gradient filter.

Direction # Y direction X direction
1 Elem-1 Line+0
2 Elem-1 Line + 1
3 Elem+ 0 Line + 1
4 Elem+ 1 Line + 1
5 Elem +1 Line + 0
6 Elem +1 Line -1
7 Elem+ 0 Line -1
8 Elem-1 Line -1

One the direction of the gradient has been estadlisthe gradient filter
then looks out in the direction for one of six i conditions:

Al S

The test pixel is less than or equal to Min_Grad

The test pixel is greater than or equal to Max_Grad

The test pixel is greater than or equal to the stpe (Grad_Stop)
The test pixel is less than the reference pixel.

The gradient filter has reached the maximum nurobsteps to
look out

6. The test pixel is at the edge of the segment

Table 2 shows how the gradient determines theptest. For example, for
pixel 30,30 of a given segment, if the gradienédiion is #3, then the
gradient filter tests along (30, 30+n), where this current step being
tested. Once one of these conditions is met, tieediement number is
stored as the LRC for the given reference pixelgi@ally, the maximum
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number of steps that could be taken was set toH&@ever, a study done
by Michael Pavolonis (NOAA/NESDIS) showed that #werage number

of steps that are needed to find the LRC is less tr equal to 30, as can
be seen in figure 2.

10. CRTM

a. Datadescription

Description: Community radiative transfer model
Filename: N/A

Origin: NOAA / NESDIS

Size: N/A

Static/Dynamic: N/A

b. Interpolation description

A double linear interpolation is applied in theargolation of the
transmissitance and radiance profile, as well akersurface emissivity,
from four nearest neighbor NWP grid points to theeBite observation
point. There is no curvature effect. The weightsheffour points are
defined by the Latitude / Longitude difference betw neighbor NWP
grid points and the satellite observation poinhe Tveight is defined with
subroutine ValueToGrid_Coord:

NWP forecast data is in a regular grid.

Suppose:
Latitude and Longitude of the four points are:

(Latl, Lonl), (Latl, Lon2), (Lat2, Lonl), (Lat2, bd)
Satellite observation point is:

(Lat, Lon)

Define
alLat = (Lat — Latl) / (Lat2 — Latl)
alon = (Lon — Lonl) / (Lon2 — Lon1)

Then the weights at four points are:
wll = alat * aLon
w12 = alat* (1 —aLon)
w21 = (1 — alLat) * aLon
w22 = (1-aLat) * (1 — aLon)

Also define variable at the four points are:
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all, al2, a21, a22

Then the corresponding interpolated result at lgatelbservation point
(Lat, Lon) should be:

a(Lat, Lon) = (al1*wll + al2*wl2 + a21*w21 + a22%) / u
Where,

u=wll +wl2¥P1 + w22

c. CRTM calling procedurein the AIT framework

The NWP GFS pressure, temperature, moisture anteqaofiles start on
101 pressure levels.

They are converted to 100 layers in subroutine
Compute_Layer_Properties. The layer temperatunedsat two levels is
simply the average of the temperature on the twelse
layer_temperature(i) = (level_temperature(i) + letemperature(i+1))/2
While pressure, moisture and ozone are assumedggdmnential with
height.

hp = (log(p1)-log(p2))/(z1-z2)

p = p1* exp(z*hp)

Where p is layer pressure, moisture or ozone. peptesent level
pressure, moisture or ozone. z is the height ofatyer.

CRTM needs to be initialized before calling. Tregdbne in subroutine
Initialize_ OPTRAN. In this call, you tell CRTM whhcsatellite you will
run the model. The sensor name is passed througtida call
CRTM_Init. The sensor name is used to constriestdnsor specific
SpcCoeff and TauCoeff filenames containing the sy coefficient
data, i.e. seviri_m08.SpcCoeff.bin and seviri_ m@8Joeff.bin. The
sensor names have to match the coefficient fileasanyou will allocate
the output array, which is RTSolution, for the nianbf channels of the
satellite and the number of profiles. You alsoedle memory for the
CRTM Options, Atmosphere and RTSoluiton structtitere we allocate
the second RTSolution array for the second CRTMtoatalculate
derivatives for SST algorithm.

Before you call CRTM forward model, load the 109dapressure,
temperature, Moisture and ozone profiles and tHelé@el pressure
profile into the Atmosphere Structure. Set thesufot the two absorbers
(H20 and O3) to be MASS_MIXING_RATIO_UNITS and
VOLUME_MIXING_RATIO_UNITS respectively. Set the
Water_Coverage in Surface structure to be 100%dardo get surface
emissivity over water. Land surface emissivity vod using SEEBOR.
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Also set other variables in Surface data strucsueh as wind
speed/direction and surface temperature. Use NWRce temperature
for land and coastline, and OISST sea surface teahpe for water. Set
Sensor_Zenith_Angle and Source_Zenith_Angle in Ge#onstructure.
Call CRTM_Forward with normal NWP profiles to flR'TSolution, then
call CRTM_Forward again with moisture profile mplted by 1.05 to fill
RTSolution_SST. The subroutine for this step id CAPTRAN.

After calling CRTM forward model, loop through eagirannel to
calculate transmittance from each level to Top whdsphere (TOA).
What you get from RTSolution is layer optical defthget transmittance
Trans_Atm_CIr(1) = 1.0

Do Level = 2, TotalLevels
Layer_OD = RTSolution(ChnCounter, 1)%Layer_QCaiti Depth(Level
-1)
Layer_OD = Layer_ OD/
COS(CRTM%Grid%RTM(LonIndex,Latindex) &
%d(Virtual_ZenAngle_Ind#SatZenAng * DTOR)
Trans_Atm_Clr(Level) = EXP(-1 * Layer_OD) &
* Trans_Atm_Clr(Level - 1)
ENDDO
DTOR is degree to radius PI/180.
Radiance and cloud profiles are calculated in CIRRadiance_Prof
SUBROUTINE Clear_Radiance_Prof(Chnindex, TempPratjProf,
RadProf, &
CloudProf)
B1 = Planck_Rad_Fast(Chnindex, TempProf(1))
RadProf(1) = 0.0_SINGLE
CloudProf(1) = B1*TauProf(1)

DO Levellndex=2, NumLevels
B2 = Planck_Rad_Fast(Chnindex, TempProf(Ledslk))
dtrn = -(TauProf(Levellndex) - TauProf(Levelkdl))
RadProf(Levellndex) = RadProf(Levellndex-1) +
(B1+B2)/2.0_SINGLE * dtrn

CloudProf(Levellndex) = RadProf(Levellndex) +
B2*TauProf(Levellndex)

B1=B2
END DO
Transmittance, radiance and cloud profiles areutatied for both normal
CRTM structure and thé"2CRTM structure for SST.
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Call Clear_Radiance_TOA to get TOA clear-sky radeaand brightness
temperature.
SUBROUTINE Clear_Radiance_TOA(Option, Chnindex, Riaal
TauAtm, SfcTemp, &
SfcEmiss, Rad®@rrTemp_Clr, Rad_Down)
IF(Option == 1) THEN
IF(PRESENT(Rad_Down))THEN
RadClIr = RadAtm + (SfcEmiss * Planck_Rad_&ishindex,
SfcTemp) &
+ (1. - SfcEmiss) * Rad_Down) * TauAtm
ELSE
RadClIr = RadAtm + SfcEmiss * Planck_Rad_Fast(ndex,
SfcTemp) &
* TauAtm
ENDIF

CALL Planck_Temp(Chnindex, RadClIr, BrTtemp_ClIr)

ELSE

RadClr = 0.0

BrTemp_ClIr=0.0
ENDIF
In this subroutine, Rad_Down is optional, dependingf you want to
have a reflection part from downward radiance wy@n calculate the
clear-sky radiance. Notice that clear-sky radiaamoe brightness
temperature on NWP grid only calculated for nor@RITM structure not
the SST CRTM structure.

Also save the downward radiances from RTSolutiash RmSolution_SST
to CRTM_RadDown and CRTM_RadDown_SST. Save CRTMutated
surface emissivity to CRTM_SfcEmiss. The abovestp done in
subroutine CRTM_OPTRAN
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