Level-3 COSP Cloud Properties (MCD0O6COSP_L3)
Combined Terra & Aqua MODIS Global Gridded Product for Climate Studies

User Guide

Cloud Mask Fraction: Mean

\ . e o 2
""":- ﬁ i -

Combined Terra & Aqua MODIS

_ Cloud Mask Fraction: Mean (none) _
S W s O |
0.00 012 024 036 048 060 072 0.84 0.96
Data Min = 0.00, Max = 1.00, Mean = 0.65

MODIS Standard Atmosphere Level-3 MCD0O6COSP
(Combined L3 MODIS Terra & MODIS Aqua)
Global Gridded Products for Daily (D3) and Monthly (M3)

User Guide

L3 MCDOG6COSP User Guide, Version 1.6, 6 August 2020

PAUL HUBANKS!, ROBERT PINCUS2, STEVEN PLATNICK3, KERRY MEYER3

1 Adnet Systems, Lanham, MD

2 Cooperative Institute for Research in Environmental Sciences (CIRES), University of Colorado, Boulder, CO
3 Earth Sciences Division, NASA Goddard Space Flight Center, Greenbelt, MD



TABLE OF CONTENTS

1.0. TRErOAUCHION c.viiiiiiieietcces ettt 1
101, BACKGIOUNA oo eeeeeeeseeeeeeeeeesesseesesessseseeeseseesseseereesesesss e 1

1.0.2. Level-3 (L3) Atmosphere Data Production & Archive .......cccecevveveincnnaene 2

1.0.3. Definition of "Level" ...cccooiiiiiiiiieiiiisieeeeeeeeeee e 2

1.0.4. Scope of this DOCUMENT ...c.evuiriiiiiiniiiiiiircccce e 2

1.1. L3 MCDOGCOSP File Characteristics ........coueurueruerieenenueieinieneeeeienneeeenieneeneas 3
1.1.1. File FOIMAt cooveiiieiieiieiieie ettt ettt s sae e ennan 3

1.1.2. RESOIUTION 11iviiiiiiiieiieiieieet ettt ettt ettt ettt saeeae e saeeaeesaens 3

1.1.3. Filename CONVENTION ...c..ccvveeeuieeeiieeiieeieeeieeeee e e eeree et eeveeeaeereeeaneennees 4

11,4, VErsioning ...ccccccevieuirieiiinieiiiiieinieciecteieesteteteteieet et 5

1.1.5. Start Date of Data Record......cocoveiminiiiiiiniiniiinicicccecscece 7

1.2. L3 MCDOGCOSP File MELIICS weevvreuiemieienieniiniiniieiieiieieiesiesieeie et tesee e 8
1.2.1. Group (Parameter) & Variable (Statistic) Metrics .......cocevveerinenenencnnenne 8

1.2.2. NetCDF4 File SIZES .evivviviiriieieieierieeiesieeitetetee ettt 8

1.3. L3 MCDOG6COSP Definition of "Day" ......ccevviirieiniiiiiiiinieiiccieiccneiene 8
1.3.1. Time Stamping of L2 Granules .........cccceeiviiiininiiiniiiniiiniiincicieicees 8

1.3.2. Definition of "Day” for L3 MODIS Standard Products (MODO08) ........ 9

1.3.3. Definition of "Day” for L3 COSP Products (MCDO6COSP) ................ 10

2.00 GEAAING.cerreereeeeere e eeeeeeeeeesseeesseesesseeseee e sesess e seeseesseessesesesssesssseeeeseesse 12
3.0, SAMPLING coviiiiiiiiiciiicc e 21
3.1. The Decision to Sample L2 Data ....ccccevveuiinieinieininicinicciccicccececeenenes 21

3.2. Sampling Technique for L3 COSP MODIS .....c.ccooiviiiniiiniiiiniiieciiceeane 21
3.2.1. Modification to Avoid Dead MODIS Aqua Detectors ......c.cceveuerueuennne 21

4.0. Computation of L3 Daily StatiStics.......ccuvveuerurueinieinieiniiiiinieinieciecesicciecieveenes 24
4.1. Aggregation Of STALISTICS ...euveveuirieuiieiiieieiiricicietcteeee ettt 24



4.2. Types of Statistics COMPULEd....c..euiruiriiuiriirriieiieiiicieenetetet et 25

4.2.1. Statistics Computed by Yori (The L3 Processing System) .......ccccccueueueneee 25

4.2.2. Details on the Math Behind Yori ....cccocooviiiiiiiiiiie, 26

4.2.2.1. Computation of Sum, Sum_Squares, and Pixel_Counts..........c....... 26

4.2.2.2. Computation of Mean and Standard_Deviation ........ccccoeeveercnnen. 28

4.2.3. Statistics Computed by Manual Set-up in Pre-Yori.c.cocooveveincicincnnennne 28

4.2.3.1. Cloud Fraction from Cloud Mask.......c.cccouveiririenneiniciniceneene. 29

4.2.3.2. Cloud Retrieval Fraction from Cloud Optical Properties ................. 31

4.2.3.3. Logarithm StatiStics........cecuvueuiririeiniiiniiieinieiicicieceseeeeeeenes 35

5.0. Computation of L3 Monthly StatiStics ........cccevuerieirinieriiininiinercccreceeseene 38
6.0. Reading and Unpacking NetCDF4 File Dat@.eereeeervooceerrssscerssssesessseresssesesssnee 40
6.1. Descaling the SDS data......ccociviiiiiniiiiiiiiiiiiicicccecee 40

6.2. Definitions of local attributes..........cccccveiiiiiiiiiiiiiiie 41
6.2.1. Local attributes used in L3 COSP files........ccccoevviiiiiiiiiniiiiiiicccne 41

7.0. Complete Group and Variable Inventory of L3 COSP.......cccccoveiviiininiiniiiiicee. 43
7.1. Mapping Parameter Names fréteritage 08 _L3to L3 COSP....................... 46

8.0. Important Notes, Caveats, and Things to Consider in L3 COSP ........cccevveviinnnene. 47
8.1. Cloud Mask Cloud Fraction Pixel Counts: MODO08 vs. COSP ........ccccvvueunneee. 47

8.2. Monthly Cloud Top Property Weighting: MODO8 vs. COSP .........ccccoeueuennnene 47

8.3. Simple Statistics Most Users can Ignore .......c.coeeveveinieinieeniniciniecnineieeeneaenes 48

8.4. Pixel_Count Array Initialization: MODO8 vs. COSP ....ccoccvvivieniiiniiiincncee 48

8.5. Histogram Bin Boundary definitions: MODO08 vs. COSP.......ccocccvevvviinieinnenene. 49

8.6. Screening occasionally bad 12 CER data < 4.0 voveoeervooocereesseeresssessesseesssssen 50

8.7. Quick Review of Day/Night Cutoffs .......cccooveuiviniiiniiiniiiniiiiiicieccnne 50

8.8. File format tweaks to improve interaction with Visualization Tools..................... 51

8.9. Internal Structure Change between COSP NetCDF4 & MODO08 HDF4........... 53
8.10. Data Types of Variables within the L3 COSP NetCDF4 file..........ccocoeueueunenene 53

ii



8.11. Bug in 06_L2 Cloud Top Propertialgorithmimpacts L3 Pixel Counts........ 54

9.0. Using the Atmosphere-Imager Web Site .......cceciviiviiininiiiiiiniiiciiiceecccee 56
10.0. Interpretation of Data: Frequently Asked Questions .........cccevevvuinieiiincniiininennene. 60
10.1. How do cloud mask & optical properties ‘cloud fractions’ differ? ...................... 60
10.1.1. Cloud Fraction from Cloud Mask.......cccceoeriininiiiniiiiieeeeee 60

10.1.2. Cloud Fraction from Cloud Optical Property Retrievals ...........coeueue.e. 61

10.1.3. Formula to recover the total number of cloudy (true) pixels.................... 61

10.2. Cloud Optical Property Retrieval “Flavor” or “Type” used (3.7 microns) .......... 62
10.3. Meaning of Undetermined and Total (Combined) Cloud Phases. ..................... 63
10.4. Meaning of Partly Cloudy (PCL) Cloud Optical Property parameters .. ............ 63
10.5. Meaning of Low, Mid, and High aggregations in Cloud Mask Fraction .. ......... 63
10.6. Joint Histogram bin boundaries that exceed the data valid range .. .................... 64
10.7. Best way to display 2D joint histogram data .. .......cccceeviiiiiiiiiiiiiiiin 65
11,0, REFEIEICES weeuvientiiieiieieeie ettt ettt ettt sttt et e st et e enaesseenseeneenseenee 71
Appendix A: Joint Histogram Parameters & Bin Boundaries ........ccccceoeviniiinincnininenne. 72
Appendix B: Monthly Mean Images from a Sample L3 COSP file .....cccoccoveivinicininnenee. 75
Appendix C: File Specification for L3 COSP (MCDO06COSP) NetCDF4 files ................. 88

iii



1.0. Introduction

1.0.1. Background

NASA ushered in a new generation of global imager observations of the Earth with MODIS
on the EOS Terra and Aqua missions. MODIS provides unique spectral capability relative to
carlier global imagers, allowing for the retrieval of geophysical parameters key to understanding
changes in the Earth’s land surface, ocean, and atmosphere. To date, these imagers have proved
remarkably successful, exceeding their design lives to produce 20-year (Terra) and 18-year
(Aqua) climate data records that are expected to continue into the early (possibly mid) 2020s.

To advance research on detecting climate trends, including those related to clouds, a new
project began development: Levei3 Atmosphere fo€FMIP (Cloud Feedback Model
Intercomparison ProjeddbservatiorSmulator Packager COSP.

MODIS observations provide a valuable source of information for understanding errors in
climate models. Retrievals of particle size, in particular, offer a unique view of cloud-aerosol
interactions. A “MODIS simulator”, part of the COSP package, facilitates the comparison of
models and observations by producing synthetic MODIS observations from climate model
integrations. Output from the MODIS simulator is part of the formal request for data in the
current generation of intercomparison projects (CMIPG6). The MODIS request is consistent with
similar requests from other platforms and minimizes data volumes, but the output requested
unfortunately does not map easily onto standard MODIS Level-3 monthly products.

Thus a new dataset (MCDO6COSP) was devised, which is described fully in this User
Guide. This new dataset, which combines MODIS Terra (MODO06_1.2) and MODIS Aqua
(MYDO06_L2) cloud mask, cloud top, and cloud optical retrieval data over daily and monthly
timeframes, provides a set of custom cloud-related parameters, using specific dataset definitions,
for better comparison with climate model output. This new dataset is provided in the Network
Common Data Format Version 4 (NetCDF4) -- a data format widely used by the climate

modeling community.



1.0.2. Level-3 (L3) Atmosphere Data Production & Archive

Level-3 (L3) COSP Atmosphere data users should note that the inputs to COSP are the
MODIS Standard L2 cloud products, MODO06_L2 (Terra MODIS) & MYDO06_L2 (Aqua
MODIS). These 06_L2 cloud products have been in production since 2000 and 2002
respectively. However, do note that the L3 COSP product generation requires the MODIS
platform overlap periods from both Terra- and Aqua-MODIS (July 2002 to present).

Starting sometime in the year 2020, this new L3 COSP product (MCDO6COSP) for the
entire 18-year data record (of MODIS platform overlap) will be archived and made available

from the LAADS DAAC distribution facility:  https://ladsweb.modaps.cosdis.nasa.gov

1.0.3. Definition of “Level”

A quick definition of the “Level” term for those not familiar. The “Level” terminology is
used to denote broad categories of satellite data products. Level-0 (LO) denotes raw spectral
channel counts, Level-1B (L1B) denotes calibrated and geolocated radiances, Level-2 (L2) de-
notes orbital-swath science products, typically organized into files with only several minutes of
data, and finally Level-3 (L3) denotes global-gridded science products, most commonly com-

piled on longer time frames like daily or monthly.

1.0.4. Scope of this Document

This document describes the Atmosphere Level-3 (L3) COSP product (MCDO6COSP).
Topics covered include computational approaches and scenarios, subsampling and gridding
characteristics, caveats to be aware of, similarities and dis-similarities to the MODIS Standard L3
Products (MODO08 and MYDO08) that are stored separately for Aqua and Terra, and finally a

breakdown of the parameters and statistics computed in this new L3 product.


https://ladsweb.modaps.eosdis.nasa.gov/

1.1. L3 MCDO6COSP File Characteristics

There are two L3 COSP Cloud products (See Table 1) derived by combining two instru-
ment/platform data streams (L2 MODIS Terra & L2 MODIS Aqua) at two temporal
timeframes (daily & monthly). L3 Daily COSP products are tagged D3, which is short for L3
Daily. L3 Monthly COSP products are tagged M3, which is short for L3 Monthly.

The acronym MCDOG6COSP (used at the beginning of the L3 COSP filename) is a combi-
nation of the inputs to the product MODO06 + MYDO0G6; and the output format COSP. To sim-
plify the first part of the acronym, the letter C (that stands for combined platform) was substi-
tuted for the O (Terra platform) or A (Aqua platform) in the 2™ character position.

L3 Daily (D3) COSP products, represented by the violet parallelogram in the center of fig-
ure below, are derived by combining L2 Standard Terra MODIS Cloud Data (MODO06_L2)
and 1.2 Standard Aqua MODIS data (MYDO06_L2). L3 Monthly (M3) COSP products, repre-
sented by the violet parallelogram on the far RHS of the figure below, are derived directly from
the L3 Daily (D3) COSP products only. Monthly (M3) products never read L2 data, only the
Daily (D3) products read L2 directly. Table 1 outlines the data processing flow for L3 COSP:

Processing Flow (inputs and outputs) of Level-3 MCD06COSP

MODO06_L2

o= w 4 .-MCDUGCOSP i MCDO6COSP
Processin [‘) w Processin E‘}
—_— w Code - D3 Daily Code . M3 Monthly
MYDO6_L2
Data COSP Standard D3 Output COSP Standard M3 Output
Combined Platform Daily Combined Platform Monthly

MODIS Standard L2 Inputs NetCDF4 Format NetCDF4 Format

Separate Platform Granules
HD4 Format

Table 1. MCDO6COSP Processing Flow from L2 to L3 Products

1.1.1. File Format
One of the changes made in the newer COSP Atmosphere Products (as compared with the
older MODIS Standard (Heritage) Atmosphere Products), is the new COSP Atmosphere prod-
ucts are in NetCDF4 format, instead of the older HDF4 format used for MODIS Standard
3



products.

There are some differences in the how data contained within these files are organized when
comparing NetCDF4 L3 COSP format vs. the older HDF4 1.3 MODIS Standard format -- the
primary one being that L3 COSP NetCDF4 files are organized into (broad) Groups (e.g.,
Cloud_Top_Pressure) -- and statistics are stored as Variables under that Group (e.g., Mean,
Standard_Deviation, Pixel_Counts, etc.). In the HDF4 L3 MODIS Standard products, statis-
tics were stored in individual (stand-alone) Scientific Data Sets (SDSs) where the parameter

name and statistic type were combined in advance into a single structure

(Cloud_Top_Pressure_Mean).

1.1.2. Resolution

The statistics in L3 COSP files are at 1x1° resolution on a rectangular lat-lon global map.
This means that all L3 statistics have an array size of 360 columns by 180 rows (360x180), with
each L3 grid cell representing one degree of latitude and longitude.

Note that for the inputs to L3 COSP, each Level-2 atmospheric parameter is retrieved at a
spatial resolution determined by the single field of view (FOV) of the key spectral bands of the
instrument required to perform the retrieval. Resolutions of L2 MODIS Standard Cloud-related
science products are at either 1x1 km (Cloud Optical Properties) or 5x5 km (Cloud Top Proper-
ties) for both MODIS Terra and MODIS Aqua. L3 Atmospheric parameters are computed at

1x1° spatial resolution.

1.1.3.  Filename Convention
Level-3 (L3) COSP Atmosphere Product NetCDF4 files are named using a standardized
convention as displayed below in Table 2. Note that for the sample NetCDF4 filename shown:
1 The first part of the new standardized Product Prefix is the Product Type
(MCDO06COSPD).
1 The second part is the Level (D3 for Daily or M3 for Monthly).
1 The third part is the Inscrument (MODIS).



1 The fourth part would normally be the Satellite Platform, however since these COSP
products contain data combined from both MODIS platforms, the specific platform
name was dropped.

1 The DDD in the date denotes the Day of Year (001-366).

1 All times are UTC time, not local time.

L3 COSP Filename Format Convention:

MCD0O6COSP_D3_MODIS.A2014033.061.2019339183100.nc

Product Type Instrument ‘ Filenamg (File) File Format
(MCDOGCOSP) (MODIS) Version (NetCDF4)
LE'-I-'E| Data Acquisition Date p 4 s
. (YYYYDDD) roduction Date Time

(D3 = Daily L3) (¥YYYDDDHHMMSS)
(M3 = Monthly L3)

Table 2. The File Naming Convention for the L3 COSP Product

1.1.4. Versioning: The relationship between Filename (File) Version and Data Version

We can discuss versions in two primary ways: a filename version, which is part of the
NetCDF4 filename (e.g., 061) shown in Table 2; and a data or collection version, which is a
more conventional method of versioning (e.g., Collection 6.1), which is generally used in written
or verbal communications by the Science Algorithm Teams and in publications.

Note that the first publicly released version of L3 MCDO6COSP, processed in late 2019, is
assigned a data version of Collection 6.1, and is tagged 061 in the filename (see filename version
in Table 2).

This Collection 6.1 or 061 versioning tag for L3 MCDO6COSP matches the version of the
06_L2 input (either MODO0G6_L2 or MYDO06_L2), which was reprocessed as Collection 6.1 be-
tween October 2017 and March 2018 for the entire data record of the two MODIS platforms.

A specific version of data generally stays "current"” (is distributed) for anywhere from 1 to as

many as 10 years. When reprocessing with an updated MCDO6COSP algorithm version is un-



dertaken, or when a new version of inputs becomes available, the previous version of data often
continues to be distributed while a new version is being processed and distributed. Hence, in
some instances in the future, users may encounter two versions of MCDO6COSP data in the
public archive. Users should always attempt to acquire and use the latest version. Currently in
year 2020, only Collection 6.1 L3 MCDO6COSP data is available, which corresponds to the
latest available 06_1.2 Collection used as input.

Finally, while most users may think of versions typically incrementing by one (001 to 002)
when reprocessing is undertaken -- versions can sometimes increment by point one (denoting a
more minor update) which leads to unusual increments in the filename version: 001 to 011 (due
to the unusual 3-digit filename version convention of the LAADS DAAC, which distributes
COSP data). The related (parallel) data version, used by the Science Algorithm Teams, will al-
ways follow a more logical (easier to interpret) pattern: v1.0 to v1.1 to v2.0.

During the processing of a particular version, an attempt is made to use the same science al-
gorithm, sometimes known as the Product Generation Executive (PGE). However, occasionally
several new PGE's (algorithm updates) are released during a particular data version to fix minor
bugs or make improvements to the data. For bug fixes, if the bug is not serious, forward pro-
cessing will continue with the newly corrected PGE, while old previously processed data (which
was produced with an older version algorithm (PGE)) are left in the archive.

When enough changes or improvements are made to a science algorithm, the entire data
version, which for Standard MODIS was called a Collection, is typically reprocessed and then
tagged & distributed as a new version (for example, going from Collection 6.0 (006) to Collec-
tion 6.1 (061)). Preparation to go to a new version can be a major effort that can take anywhere
from a few months to a year or more to prepare and complete.

Note that issues, anomalies, and problems in the Cloud Product for Collection 6.1
(06_L2), which is the input to the L3 COSP Product, are outlined in the Data Issues section of
the Atmosphere Imager website as they are discovered

https://atmosphere-imager.gsfc.nasa.gov/issues/cloud



1.1.5. Start Date for the COSP Products Data Record

The start date for MCDO6COSP product data record is year 2002 and day of year 185
(4 July 2002) -- and the data record continues into the present day, or until either MODIS Ter-
ra or MODIS Aqua instrument data becomes unviable due to instrument aging.

This first day of the data record corresponds to the first date when both MODIS Terra
and MODIS Aqua data became available -- with MODIS Aqua being the limiting dataset given
Aqua’s later launch date.

The first Daily (D3) file, in temporal sequence, of the entire data record, has a data date
of 2002-185 (4 July 2002). The first Monthly (M3) file in temporal sequence has a data date of
2002-182 (1 July 2002), since monthly files are always tagged with a day of year as the 1% day of
the month being processed -- that being said, the first day of the actual data input into the July
2002 monthly (M3) file is 4 July 2002, so the first three days of July 2002 are missing in the

monthly file.

1.2 L3 COSP File Metrics

1.2.1. Group (Parameter) and Variable (Statistic) Metrics

The current version (Collection 6.1) of the L3 MCDO6COSP Global Product (both Daily
and Monthly) contains 114 Variables (Statistics) that are computed for 23 Scientific Groups (Pa-
rameters) derived from Level-2 MODIS Standard Products MODO06_1.2 and MYDO06_L2 (the
MODIS Standard L2 Cloud Product for both Terra MODIS and Aqua MODIS).

All L3 statistics are sorted into 1x1° cells on an equal-angle global grid (see section 2.0). A
number of statistical summaries are computed for each of these L3 parameters, depending on the
parameter being considered.

Statistics for a given L2 parameter or measurement might include:

1 Simple (Mean, Standard_Deviation, Pixel_Count, Sum, and Sum_Squares) statistics

1 Parameters of log-normal distributions



1 Fraction of pixels that satisfy some condition (e.g., liquid water clouds, ice clouds)
1 Joint Histograms derived from comparing one science parameter to another, statistics

may be computed for a subset that satisfies some condition.

1.2.2.  File Sizes for NetCDF4 Daily and Monthly files

For the current 6.1 Collection version of L3 MCDO6COSP Product Files, the Daily (D3)
NetCDF4 file is around 32 MB in size, the Monthly (M3) NetCDF4 file is around 44 MB in
size. These files used standard packing tools to reduce the file sizes as much as possible to aid

users in downloading and storing data.

1.3. L3 COSP Definition of “Day™ Time span of the Daily Product
The issue of how to define a single day of data in a Dalily file is more complex than one
might initially think; but before we delve into this topic, le’s first review how L2 granules are

time stamped.

1.3.1. Time Stamping of L2 Files

The 06_L2 input data granules (input to L3 Daily MCDO6COSP) are always time-stamped
using Coordinated Universal Time. Coordinated Universal Time is International Atomic Time
(TAI) with leap seconds added at irregular intervals to compensate for the Earth’s slowing rota-
tion. These added leap seconds allow Coordinated Universal Time (UTC) to track the mean so-
lar time at the Royal Observatory, Greenwich (GMT).

Coordinated Universal Time is abbreviated UTC. The reason for this seemingly unusual
abbreviation is the International Telecommunication Union wanted Coordinated Universal
Time to have a single abbreviation in all languages. English speakers and French speakers each
wanted the initials of their respective language terms to be used internationally: “CUT” for coor-
dinated universal time in English, and “TUC” for temps universel coordonné in French. This re-

sulted in the final compromise (which likely pleased no one) of using “UTC.”


http://en.wikipedia.org/wiki/Leap_second
http://en.wikipedia.org/wiki/French_language

Each 06_L2 MODIS granule (stored in a single HDF4 file) contains 5 minutes of data.
The time stamp (which is part of the 06_L2 HDF4 file name) shows the start minute of the data
collection time period. For example, a 06_L2 MODIS granule (contained within a single
HDF4 file) might have a time stamp of 1430. This means the start time of data acquisition was
14:30:00 UTC and the end time was 14:34:59 UTC. The subsequent HDF4 granule would

have a time stamp of 1435, which corresponds to an acquisition start time of 14:35:00 UTC.

1.3.2. Definition of “Day” for MODIS Standard Products (MOD0S_D3)

In MODIS Standard L3, in Collection 5.1 and earlier, the method to define a “Day” was
using a simple 0000 to 2400 UTC period. However, some users complained that this definition
led to an unusual pattern of orbital gaps and overlaps (gaps and overlaps on alternating days)
near the International Date Line for day, and near the Greenwich Meridian for night. There-
fore, starting in Collection 6.0, the definition of “day” was adjusted such that L2 files with time
stamps that extended outside of the 24-hour (0000 to 2400 UTC) day were utilized in order to
potentially remedy this shortcoming.

In this correction, as much as 3 hours before the start or after the end of a UTC day is in-
cluded in the L2 data. Then L3 longitudinal map boundaries (the International Dateline for
day, and the Greenwich Meridian for night) were used to chop off unnecessary pieces of super-
fluous data, making a cleaner more well-behaved boundary with no (or at least fewer) orbital
gaps and overlaps. For more details and visuals on this method, refer to online documentation at:
https://atmosphere-imager.gsfc.nasa.gov/Definition_of_Day_Four_Panel

This modification in the MODIS Standard Products for Collection 6 (and later) was
termed the “Definition of Day Correction for MODIS C6”

Because of this correction, in the MODIS Standard Collection 6.0 and 6.1 data, one will
rarely see large data gaps or data observed (at mid latitudes) nearly 24 hours apart being mixed
together in the same geographic region.

Unfortunately, it was later discovered that this “Definition of Day Correction” technique

9



that was implemented for MODIS Standard L3 data, left (in some very specific post-processing
scenarios) a visible artifact around the daily global “seams” of the individual days, which were
focused around the meridian where the day or night boundary ended or began. And further, it
was found that this artifact did not get averaged out over long time periods (annual) aggregations
for those very specific cases. One SDS (Scientific Data Set) in particular (Cloud Fraction from
Cloud Mask) appeared very sensitive to this issue. The specific scenario that was problematic
was when combined Day+Night, and also combined platform (Aqua+Terra) data was merged,
but only for Cloud Fraction from Cloud Mask (in the set of SDSs that were studied). It was
theorized that the reason that cloud fractions appeared to be more susceptible to this issue, was
cloud fractions included clear-data (pixels), while most other L3 SDSs do not, making the rela-
tive range of fraction data larger (spanning the full 0% to 100% valid range). Other post-
processed MODIS Standard L3 SDSs that did not share this combination of (post-processed)
aggregation characteristics: (i) Day+Night, (ii) Terra+Aqua, and (iii) Includes Clear Sky Pixels,

did not appear to be affected (or at least not affected very significantly).

1.3.3. Definition of “Day” for L3 Daily COSP Products (MCDOGCOSP_D3)

Since the monthly COSP data was deemed the most useful to do climate studies using
monthly data, how we define a single-data-day became less of a factor, since the determination of
that single-data-day will average out or smear out over a month. Also, since COSP data is a
combination of Terra MODIS and Aqua MODIS data, two platforms with differing orbital ge-
ometries, it was thought that using a complex definition of day correction would add unneces-
sary complication. A final benefit is the simpler definition of a single-data-day, which is much
easier to describe and document. Simpler is often better.

Because of these factors, we decided to revert back to the simpler and easier to describe
method of defining a single day of data in the COSP products, as a straight-forward 0000 to
2400 UTC period. See Table 3. This simpler (more traditional) definition was also used in
MODIS Standard L3 products prior to Collection 6 -- and in the latest Continuity Atmosphere

10



products. See Table 3.

MODIS Std Atm | MODIS Std Atm Continuity Atm COSP Atm

Level-3 (L3) Definiti f D.
cvel-3 (13) Definition of Day < Collection 5.1 > Collection 6.0 > Version 1 > Version 1

Standard Definition of Day
L2 granule times included in a D3 file, (o} o} 6
span 00:00:00 to 23:59:59 exactly

Definition of Day Correction

L2 granule times included in a D3 file, o)
may start before 00:00:00 or end after
23:59:59

Table 3. Users should note the change in the Definition of Day in the Daily Products when comparing Col-
lection 6.0 or later MODIS Standard L3 (MODO08_D3, MYD08_D3) with L3 COSP
(MCD06COSP_D3). L2 Granules included in a MODIS Standard D3 Product with the Defini-
tion of Day Correction applied, may start up to 3 hours before 00:00:00 UTC or end 3 hours after
23:59:59 UTC, and then be truncated using specific longitudinal boundaries (International Date
Line or Greenwich Meridian) creating “cleaner” edges. We realized that a procedure similar to this
was too unwieldy to define clearly in L3 Continuity products or in L3 COSP products given the
data from different platforms and orbital geometries being interpreted.

Whether or not this simpler definition of day for L3 Continuity and L3 COSP data may produce

post-processing artifacts (that remain detectable even at longer-term time intervals), as
experienced with a few selected SDSs in L3 MODIS Standard data using Collection 6 definition

of day correction, has not been studied yet.
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2.0. Gridding

All COSP Atmosphere L3 statistics are stored on an equal-angle latitude-longitude grid.
The grid cells on this projection are 1x1° in size, which means the COSP Atmosphere L3 output
grid is always 360 pixels in width and 180 pixels in height. The left-most boundary of the grid
(or map) is located at 180° W longitude, the exact center is the Greenwich Meridian 0°, and the
right-most boundary of the grid (or map) is located at 180° E longitude. (See Figure 1).

2

Figure 1. A sample 1x1 degree latitude-longitude rectangular grid. Displayed here is the result of collect-
ing daily RGB Corrected Reflectance satellite data and calculating the per-pixel median over the
full year of 2018.

L3 grid cells are indexed (0,0), since indexing starts at 0 in NetCDF4 files, at the upper left
corner of the map and corresponds to a grid box with boundaries of 89° to 90°N latitude and
179° to 180°W longitude. L3 indexing increases as you move down and to the right on the map.

An example of a L3 COSP parameter mapped on this standard 1x1° latitude-longitude grid
is shown in Figure 2. Also shown in Figure 2 is a corresponding (matching) Corrected Reflec-

tance image to compare science algorithm results with real-world conditions (views).
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Cloud_Optical_Thickness_Total: Mean 01 Feb 2014

MODIS/AQUA  (From Worldvisw)

Figure 2. Top is a sample COSP Daily (D3) Cloud Optical Thickness (all clouds) image for combined
Terra and Aqua data shown in its native latitude-longitude projection format. Bottom is a corre-
sponding L3 global image of Corrected L1B Radiances (RGB:143), shown for the Aqua plat-

form only, for comparison.
The details of how L2 pixels get binned at L3 is important to understand, especially exactly
at the boundaries of 1x1° grid cells. The assignment of L2 pixels (to a L3 grid cell) that fall ex-
actly on a 1° L3 grid boundary is performed using the following convention: L2 pixels that fall

exactly on the first whole degree boundary 90°N (+90.0) latitude and 180°W (-180.0) longitude

are binned in the first L3 grid column and row (0,0). L2 pixels that fall exactly on the second
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whole degree boundary 89°N (+89.0) and 179°W (-179.0) are binned in second L3 grid column
and row (1,1). The exception to this logic occurs in the last L3 grid row (89°S to 90°S), which
contains both whole degree latitude boundary pixels (that fall on exactly -89.0 as well as -90.0).
There is no exception for the last L3 grid column or longitude (179°E to 180°E) since +180.0
and -180.0 represent the same physical location (these L2 pixels are binned in the first L3 grid
column).

An important property to note when considering L3 gridding occurs due to distortion in
the latitude-longitude (rectangular) map projection as one moves poleward. The actual (real-
world) size of each 1° x 1° grid box physically shrinks when moving from the equator toward the
pole due to the convergence of longitude lines on the globe (see Figure 3). At the equator each
1x1° grid cell is roughly 12,321 km? in size. At the pole each 1x1° grid cell is only 107 km? or

less than 1/100™ the size.

Figure 3.  Convergence of longitude lines produces shrinking 1x1° rectangular grid cells toward the poles.

Please note that there is also a variation of pixel size in L2 (input) products due to viewing
(scan angle) distortion. For example, in 1 km (nadir) resolution L2 data, the L2 pixels expand
due to view-angle distortion when moving from nadir towards the limb (high scan angles) of an

instrument scan (see Figures 4 and 5).
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Figure 5. Estimated growth of a 1-km resolution L2 pixel as a function of scan angle for the MODIS In-
strument.

This distortion of L2 input pixels means that there are fewer L2 pixels to average in the
computation of L3 daily statistics for L3 1x1° grid boxes on a Daily (D3) product map that cov-

er regions of high scan angles in the L2 orbital products, than for those that cover L2 orbital
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products computed closer to nadir view. For the Monthly (M3) products, this effect is averaged
out and is mitigated.

Also note that this “growth” of the L2 pixel also causes some pixel (scene) overlap at high
scan angles — meaning that the L2 pixels used to compute L3 daily statistics in these “orbit edge”
regions are not as statistically independent as those computed with near-nadir-view pixels. So
not only are there fewer L2 pixels to average at high MODIS scan angles, but they are less inde-
pendent.

A third impact, these high scan-angle L2 pixels may be less reliable in general as they are
viewed by the sensor through more atmosphere, which complicates the retrieval process.

A fourth impact is that they could have more inherent geolocation error depending on the
local terrain.

Figure 6 shows the predicted orbital track (white lines) for Terra MODIS (top) and Aqua
MODIS (bottom) for February 1, 2014. L3 gridding issues at the poles (due to very small (area-
wise) L3 grid boxes) are exacerbated by MODIS orbital tracks that go no further north or south
than roughly 82° — which means the pixels at the poles (90° latitude) are always viewed at higher
scan angles. Also, there are 16 overlapping orbits near 82° latitude (each one roughly 98 minutes
apart) that cause “time averaging” to occur for daily statistics, for each instrument, computed
poleward of about 77° (that is, in polar regions, statistics tend to be daily average statistics). In
contrast to those at mid-latitudes (that typically can be pinned down to within 20 minutes of a
MODIS instrument overpass), which means COSP statistics are averaged morning (Terra) and

afternoon (Aqua) snapshots at mid latitudes.
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Figure 6.  Predicted Terra MODIS orbit tracks (top), and Predicted Aqua MODIS orbit tracks (bottom),
for a particular day (February 1, 2014).

In order to help visualize a typical distribution of L2 pixel counts that are used to compute
L3 daily COSP statistics, a sample daily pixel count image is shown in Figure 7. This figure
shows the number of L2 pixels that typically go into the computation of statistics in each L3

1x1° grid cell for all (daytime only) Cloud Top Property statistics (1 km resolution at L2).
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Sensor Zenith Angle: Pixel Counts 01 Feb 2014

Combined Terra & Aqua MODIS MCD06COSP_D3_MODIS.A2014032.061.2019339183.nc

0.0 120.0 240.0 360.0 480.0 600.0 720.0 840.0 960.0
Data Min = 0.0, Max = 1249.0, Mean = 438.2

Figure 7. Global distribution of daily pixel counts for 1 Feb 2014 (i.e., the number of L2 data pixels per
1x1° L3 grid cell) for 1x1 km resolution (sampled at 5km) L2 input products (where no aggrega-
tion is performed, limiting pixels) for MODIS Aqua + MODIS Terra. Note that this is a day-
time only product. The date of this image is February 1, 2014 (same as the orbit track maps
shown in Figure 6). The overlapping orbit tracks around the International Date Line (see the
pattern breaks in that region) shows clearly the definition of day issue discussed in Section 1.3.

It is clear from Figure 7 that upwards of over 1000 L2 sampled pixels were used to com-
pute L3 statistics for this SDS near nadir (the bright red color at mid latitudes) -- but fewer than
100 L2 pixels were used near the edge of the combined platform scans (the purple color at mid
latitudes).

Note that the missing or orbital data gap regions on this daytime image are depicted in
gray color at the north polar region, where pixel counts are 0.

Pixel counts for MODIS, from each instrument, for 1km input data sampled at 5 km,
typically range from 0 to 484 (22 x 22) sampled pixels. The number 22 comes from 1 degree of
latitude or longitude being roughly 111 km at the equator, so there are typically 22 five-

kilometer samples that span that distance. ~ When you combine Terra MODIS and Aqua
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MODIS, that typical max value of 484 doubles to 968.

However, one-degree L3 grid cell pixel counts can exceed these expected (nominal) max-
imum pixel count numbers where overlapping orbits and near-nadir-views intersect (typically
around 82° north latitude in the Summer and 82° south latitude in the Winter). While the re-
duction of counts in the bottom few rows of latitudes (82°S to 90°S) in Figure 7 is due to count
reduction from increasing L2 view-angles (that make the L2 pixels larger) and therefore fewer fall
into a given (shrinking, due to Earth geometry) polar L3 1x1° grid cell, since one L2 pixel is only
assigned to one L3 grid cell in our mapping system.

So for the first and last few latitude bins (88° to 90° latitude), one has the dual drawback of
(i) very small (area-wise) L3 grid cells containing small populations of relatively large input L2
pixels that overlap spatially (due to view-angle distortion) in a single orbital pass; and (ii) multi-
ple orbital passes (up to 16 on a given day for MODIS) that take measurements of the region,
which causes the L3 Daily data to be more representative of a daily average instead of a single
overpass snapshot at the poles.

Users should note an important property of L3 gridding: in order to simplify the L3 opera-
tional production software, each L2 pixel is “located” or placed in the L3 grid cell where its cen-
ter latitude/longitude falls within the L3 grid cell. In cases where a larger (view-angle distorted)
L2 pixel actually covers (or intersects) more than one 1x1° L3 grid cell, (a situation that typically
occurs at high L2 scan angles located over higher latitudes), the L2 pixel is still only assigned
(placed) in the single L3 grid cell where the geolocated center point of the L2 pixel is located.
Although this shortcoming is relatively minor in the operational L3 software due to the relatively
large 1x1° L3 grid size and the much smaller L2 pixel size (750 m or 1km at nadir view), when
the code is used in “research mode” to produce products at higher resolution (0.25° or 0.1° for
example), it can produce unusual visual effects in the imagery where unnaturally appearing gaps
are introduced between adjacent L2 pixels, as illustrated in Figure 8.

Finally, note that most of these pixel count variation issues are mitigated in the Monthly

(M3) product since the orbital gap positions shift from day to day, which allows data from sub-
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sequent days to fill in the previous day’s gaps. This will tend to provide complete global cover-

age over these longer time periods.

Figure 8. A section of a L3 Cloud Top Temperature image, produced for L3 research purposes at 0.1° x
0.1° resolution, clearly showing the pixel binning limitation (depicted by the moiré pattern visi-
ble at the edges of orbits) in the L3 code for grid meshes finer than 1° (the grid resolution cur-

rently implemented in operations). This effect is mitigated in the L3 COSP product due to rela-
tively large 1x1 degree bin sizes.
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3.0. Sampling

3.1  The Decision to Sample L2 data for L3 Computation

MODIS Standard Level-2 (L2) Cloud Products always have geolocation arrays stored at
5km resolution, however data arrays can be stored at either 1km (cloud optical properties) or
5km (cloud top properties). Since the L3 grid size (1°) is so much larger than the L2 resolution
(1km and 5km), sampling the L2 input data to compute L3 statistics is always performed. The
main reason for this is to make the L3 computation faster. In addition, we found in a number of
studies (early on) for MODIS that sampling 1km L2 data at 5km had little effect on computed

L3 statistics, at the L3 operational grid resolution of 1x1°.
3.2 Sampling Technique for L3 MODIS Standard data

3.2.1. Sampling modification to avoid dead detectors for MODIS Aqua

A software modification was introduced in L3 MODIS Standard Collection 5 (and for-
ward) products, which offset slightly the L2 data point sampled (in the 5x5 km L2 space) and
was necessary to avoid dead Aqua MODIS detectors for some channels. This patch only im-
pacted L3 data that were derived from sampled L2 input (that is, where 1km L2 data was sam-
pled at 5km for L3 computations).

In MODIS Standard Collection 4 and earlier, 1km L2 products were sampled in the center
grid of the 5x5 km region. The center grid was considered the most representative of the entire

5x5 km region.

When MODIS Aqua suffered a -
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