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Abstract

The Cloud Retrieval Group at Goddard Space Flight Center (GSFC) has been re-
sponsible for the following activities:

1.

Level-2 algorithm delivery, testing, analysis, and maintenance of the opti-
cal and microphysical retrieval component of MODO06. The product in-
cludes cloud thermodynamic phase, optical thickness, effective particle
radius, and integrated water path.

The recent design and delivery of an Atmosphere Level-2 Joint Product
(MODATML2, ~3 MB per daytime granule), containing a subset of
MOD35, MOD04, MODO05, MOD06, and MODO07 science data sets, and
with spatial subsetting of 1 km data sets.

Design, coding, delivery, testing, analysis, and maintenance of the joint
Atmospheres Level-3 daily, eight-day, and monthly MODO08 products.

Design and maintenance of the joint Atmosphere Web Site, including
quicklook imagery and extensive documentation. This undertaking in-
cluded the development of visualization codes for generating Level-1B
true-color quicklook imagery of all daytime observation granules, as well
as all operational Level-3 files and daily high-resolution Level-3 files. A
visualization code for generating Level-2 quicklooks for a variety of the
Atmosphere products is being tested.

Documentation on behalf of the MODIS Atmosphere team, including the
team Validation plan and Quality Assurance plan, as well as contributions
to EOS documents.

Development and support of the ER-2-based MODIS Airborne Simulator
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(MAS) used by the Atmosphere team (as well as the broader EOS com-
munity) for algorithm development and scientific investigations. This ef-
fort has been a joint activity with MODIS personnel at the University of
Wisconsin. Instrument maintenance and calibration (since the late “90s)
has been the responsibility of the NASA Ames Airborne Sensor Facility,
but the Level-1b data analysis software was originally developed by the
MODIS cloud retrieval group.

7. Dissemination of information to the science community regarding
MODO06, MODO08, and the MODIS Atmosphere Team products and activi-
ties via numerous conferences and science team meetings. 34 peer re-
viewed publications have resulted from these efforts, as well as 4 papers
submitted or accepted for publication and 4 other publications that in-
clude the cloud retrieval algorithm theoretical basis document and
MODIS Atmosphere Quality Assurance and Validation Plans.

I. Level-2 Optical and Microphysical Products (MODO06)
A.  Summary of Operational Code Through Collection 004

Cloud optical thickness is defined as the vertical integration of extinction over
the cloud physical thickness. For water clouds composed of spherical particles,
effective particle size is defined as the ratio of the third moment to the second
moment of the particle size distribution. The definition of effective particle size
for ice clouds is made more difficult because ice particles tend to be nonspherical.
For ice clouds, the effective particle size is proportional to the ratio of the total
volume to the projected area of the ice particles for a given size and habit distri-
bution.

The simultaneous retrieval of optical thickness and effective particle size derived
from cloud reflectance measurements in solar band atmospheric windows is well
known (Nakajima and King 1990). MODIS retrievals are performed using a band
that is practically non-absorbing for bulk water/ice (0.65, 0.86, or 1.24 ym) com-
bined with three longer wavelength bands where bulk water/ice has significant
absorption (1.64, 2.13, and 3.75 ym). Three separate effective sizes are provided
in MODO6 corresponding to each of these absorbing bands. The 3.7 ym band in-
cludes a significant thermal emission component in addition to the solar reflec-
tance component. The 2.1 ym band retrieval of effective particle size is consid-
ered the default value for Level-3 aggregations, which is discussed later in this
report. MODIS is the first imager to take measurements in each of these bands
simultaneously.

In order to derive cloud optical and microphysical properties from satellite
(Terra or Aqua), it is necessary to perform the following steps: (1) identify the
probability of a given pixel being cloud contaminated, (2) determine the likely
phase of the cloud to be analyzed, and (3) derive the cloud optical and micro-
physical properties (such as optical thickness, effective radius, cloud top altitude,



etc.).

The MODIS cloud mask algorithm (developed and maintained by Steve Acker-
man and Paul Menzel, University of Wisconsin) determines whether a given
view of the earth surface is unobstructed by clouds or optically thick aerosol, and
whether any clear scene is contaminated by shadow. The algorithm is divided
into ten conceptual domains according to surface type (land, water, polar,
coastal, and desert) and solar illumination (daytime and nighttime) [cf. Acker-
man et al. 1998; King et al. 1998].

Once the cloud mask has been run for all pixels in a scene, it is necessary to in-
terpret the results for application of the cloud retrieval code that follows (see be-
low). The first part of the thermodynamic phase decision tree is focused on
identifying whether a cloud mask determination has been obtained for a given
pixel and, if so, we check whether the pixel was observed during daytime or
nighttime conditions. Next, we read the ecosystem classification bits in the cloud
mask to determine which of the five ecosystems the pixel was acquired over.
The ecosystem dataset applies to the static ecosystem of land vs. water, and is
used for subsequent tests based on whether the ecosystem is ocean, land,
snow /ice, coastal, or desert.

Figure 1 shows the cloud mask tests that are run for pixels over ocean surfaces to
determine whether the pixel contains clear sky, water cloud, ice cloud, or clouds
of undetermined phase. If the scene is classified as cloudy or probably cloudy,
then the tests available over ocean surfaces are run individually to estimate the
thermodynamic phase of clouds in the scene. As there are limited tests available
from the cloud mask, and the thresholds are set, it is possible that ambiguous
phase identification still results from these cloud mask results. This was indeed
the consequence of this algorithm in the early (collection 3) processing of MODIS
data worldwide, in which approximately 1/3 of the cloudy pixels were identified
as water clouds, 1/3 as ice clouds, and 1/3 as clouds of undetermined phase
(processed as water clouds).

Following the cloud mask phase tests, the current (collection 4) algorithm runs a
number of additional tests aimed at increasing the confidence in the cloud ther-
modynamic phase and reducing the potentially large number of undetermined
phase determinations. The first such test is a bispectral threshold algorithm
based on the brightness temperature difference between 8.4 and 10.7 ym. This is
a simplified and robust modification of the trispectral phase algorithm first de-
scribed by Strabala et al. (1994), which in turn is based on the difference in opti-
cal properties between water droplets and ice crystals, as described by Baum et
al. (2000b). This test is run for all cloudy pixels for which the cloud mask tests
led to an undetermined phase. Following this test all cloudy pixels are subjected
to additional tests of the reflectance ratio between the shortwave bands at 2.1 and
1.6 ym and a visible, nonabsorbing band at 0.66 ym.
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Figure 1. Cloud mask tests for an initial determination of the presence of water clouds, ice clouds,
and clear sky over ocean surfaces during the daytime.

Following the identification of the cloudy pixel as water or ice cloud, we next
determine the cloud top properties (cloud top pressure and cloud top tempera-
ture), an algorithm applied to MODIS data and based on the CO; slicing method
described by Menzel et al. (2002). Given the cloud top pressure, we estimate the
total column precipitable water above the cloud pixel from ancillary input from
the NCEP model (and have also done some tests using Goddard’s Global Mod-
eling and Assimilation Office model) and estimate the atmospheric transmission
for the relevant MODIS bands for all gaseous attenuation above the clouds.

For a strictly absorbing atmosphere, the cloud-top reflectance (i.e., in the absence
of an atmosphere) is Rc = RToa/#(14,10) where Rtoa is the measured reflectance
at the top of the atmosphere and ¢ is the round-trip or two-way band-averaged
transmittance that includes the solar path to cloud top (zenith angle of 6p) and
reflection back towards the satellite (0). The SWIR/MWIR MODIS bands used in
the cloud retrieval algorithm can have appreciable water vapor absorption. Wa-
ter vapor transmittance in these window bands is primarily dependent on the
integrated amount of vapor above-cloud and not on the details of the moisture
distribution. In other words, the transmittance function can be approximated as
t(u,uo,pow(pc)), where w is the above-cloud precipitable water and p. the cloud-
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top pressure. Absorption by trace gases may also be important and will similarly
depend on pc.

A library of band-averaged transmittances was calculated using MODTRAN4
(Berk et al., 1998) for a variety of cloud moisture and temperature profiles, com-
binations of 8y and 6 and selected pressure heights. Mean transmittances and
standard deviations for the profiles were catalogued. Typically, the dispersion
was on the order of a few percent or less making such a library suitable for cloud
retrieval atmospheric corrections. In the cloud retrieval algorithm, the transmit-
tance library is used in conjunction with the MODIS cloud-top pressure product
and integrated water amounts calculated from NCEP GDAS. For the 0.65 ym
band (only used for clouds over land), Rayleigh scattering can be important
modifier of radiation for thin clouds and for thick clouds at large solar and
viewing angles. A Rayleigh correction for this band for this band is implemented
using an iterative method (Wang and King, 1997) that is applied after the ab-
sorption correction.

Two-way spectral transmittances for an example Terra granule off Peru are
shown in Figure 2 (unmapped projection) along with the above-cloud column
water and cloud-top pressure fields. Absorption in the 0.65 ym band is primarily
a result of relatively uniform stratospheric ozone; view angle (swath-symmetric)
and solar zenith angle variations are seen. All other bands have appreciable
water vapor absorption that increases with band central-wavelength. The result
is a transmittance pattern that is a function of cloud height and modeled mois-
ture profiles as well as geometry. Note that in some areas of the stratocumulus,
the 2.1 ym transmittance can be as low as ~0.9 which means correcting the meas-
ured satellite reflectance by the factor 0.90-1 (> 10% increase).

After having corrected the upwelling radiance from the cloudy pixels by trans-
mission losses above the cloud, the next step is to estimate the surface reflectance
below the cloud at the six MODIS bands used in the cloud optical property re-
trieval. For collection 4 processing, we use the IGBP land cover classification
scheme at 1 km resolution globally (data product MOD12Q1) and derive rela-
tionships between the ‘white sky’ (diffuse) albedo derived from MODIS atmos-
pherically corrected spectral radiances on a 16 day time period (data product
MOD43B3).

Figure 3 shows the white sky albedo map for global land surfaces at 1.64 ym for
July 2001 (based on collection 3 data). At the present time (collection 4), these
high resolution albedo data are related to ecosystem, which is used as a proxy,
and we use a sinusoidal variation of albedo over the 12 month season with no
seasonal variation in the tropical belt between 20°N and 20°S but a sinusoidal
seasonal cycle poleward of 30° in both hemispheres. These surface spectral al-
bedos will be replaced in collection 5 processing with a seasonal filled-in surface
albedo data product, described by Moody et al. (2004).
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Figure 2. Two-way band-averaged transmittance for four MODIS bands used in the opti-
cal/microphysical retrievals (set of four panels to the left). The transmittance routine
requires the integrated above-cloud water amount (upper right panel), which is, in turn,
derived from model moisture profile data and the cloud-top pressure field (lower right).

Having determined the underlying surface albedo at the corresponding MODIS
bands under cloudy sky conditions, the cloud retrieval algorithm described by
Nakajima and King (1990) is applied to these data, where we have made use of
different table look-up libraries for liquid water and ice cloud reflectance based
on the thermodynamic phase identified for the cloudy pixel. These light scat-
tering properties for ice crystals with different sizes and habits were performed
by Ping Yang based on a combination of the improved geometric optics method
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Figure 3. Spatially complete white sky albedo at 0.86 um for for the 16-day periods of (a) January
1-16, (b) April 3-18, (c) July 12-27, and (d) September 30-October 14, 2001 (Moody et al.
2004).

(GOM2) and the finite different time domain (FDTD) technique (Yang and Liou,
1996a,b). FDTD is applied to size parameter smaller than 20 whereas GOM2 is
employed for size parameters larger than 20. The remote sensing retrievals are
based on library calculations of plane parallel homogeneous clouds overlying a
black surface in the absence of an atmosphere. Separate libraries have been built
for water and ice clouds; currently no separate library exists for mixed phase
clouds. The bulk scattering properties for the ice clouds used by Ping Yang are
based on mixtures of hexagonal plates, columns, bullet rosettes, and aggregates
(Baum et al. 2000a) and a set of particle size distributions developed from mid-
latitude cirrus field campaigns.

Figure 4 shows an example of the cloud optical thickness and effective radius re-
trievals using collection 4 algorithms for a daytime granule of Terra-MODIS data
over the Western Pacific Ocean near the Kamchatka Peninsula on 10 August 2001
at 00:25 UTC (King et al. 2003a). The cloud optical thickness image in (a) shows
extensive cloud cover over the Sea of Okhotsk, including mid-level and upper-
level ice clouds, whereas the Bering Sea to the east of the Peninsula contains ex-
tensive marine stratocumulus clouds with numerous ship tracks in the south-
eastern portion of the image. The optically thick marine stratocumulus to the
east of the Peninsula are identified as water clouds with optical thicknesses
1(0.65 um) up to ~25. The optically thick ice clouds over the Sea of Okhotsk and
around the southern portion of the Kamchatka Peninsula have cloud optical
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Figure 4. Cloud properties over the western Pacific Ocean off the Kamchatka Peninsula on
August 10, 2001, based on Terra/MODIS data. Panel (a) is the cloud optical thickness of
one MODIS granule, showing marine stratocumulus clouds with ship tracks as well as
upper level ice clouds. Panel (d) shows the cloud effective radius derived from all
cloudy pixels, where we have used a separate color bar to denote clouds processed as
ice and water clouds (King et al. 2003a).

thicknesses approaching 40. The ship tracks are not easily identified in the cloud
optical thickness image shown here, but they result in reduced effective radii in
the microphysical retrievals shown in (b). Finally, the cloud top pressure for the
cloud-filled pixels(not shown here), show that the water clouds lie predomi-
nantly between 700 and 850 hPa, whereas the optically thick ice clouds over the
Sea of Okhotsk lie at altitudes above the 500 hPa level.

For operational processing, snow and ice cover is provided by the NISE product;
when snow or ice is present, and spectral albedos are provided from field meas-
urements. Further details regarding the MODIS optical and microphysical re-
trieval algorithm are described in Platnick et al. (2003).

Table 1 summarizes the cloud optical properties algorithm as currently run in

TABLE 1. MOD06 Cloud Optical Properties Software

Software Module Source Lines Comments Total
Science algorithm (computation and

phase determination) 3,032 1,988 5,020
Ancillary package (water vapor, tem-

perature, surface albedo, etc.) 3,925 3,907 7,832
System code (data input/output, QA,

metadata, etc.) 2,385 2,014 4,399

Total 9,342 7,909 17,251




TABLE 2. Pending Cloud Optical Properties Enhancements and Improvements

Pending Software Enhancements and Improvements

Add a 1.6 ym vs. 2.1/3.7 um retrieval algorithm for liquid water clouds over snow and
sea ice surfaces (Terra only), as described by Platnick et al. (2001)

Improve the ice crystal models used in the global retrieval algorithm based in part on
CRYSTAL-FACE and other in situ datasets

Improve and examine multi-layer cloud detection and retrievals

Implement improved seasonal and spectral surface albedo maps based on an annual
model that incorporates greenup, maturity, senescence, and dormancy cycles of
terrestrial vegetation

Improve and otherwise enhance uncertainty and QA analysis, based in part on model
sensitivities and view angle dependencies

production. It is part of PGE06 and the output field is stored as part of data
product MODO6 (Terra) and MYDO06 (Aqua). Of the 9,342 lines of science source
code, approximately half are written in Fortran 77 and the other half in Fortran
90. At the end of this contract period, the entire algorithm had been rewritten in
Fortran 90 which is both more efficient, easier to maintain, and faster. This For-
tran 90 version will be inserted into production, along with additional science
updates, for collection 5 processing in late summer 2004.

Although considerable improvements have been made in the science accuracy,
reliability, and phase discrimination routines in this very sophisticated software
program generation executive, Table 2 summarizes science items still remaining
for future enhancements and improvements in the foreseeable future.

There are currently three inferences of cloud phase found in the MODO06 cloud
product: a bispectral IR algorithm stored as a separate Science Data Set (SDS) and
a decision tree algorithm that includes cloud mask results as well as the IR and
SWIR tests. The latter phase retrieval is stored in the MODIS “Qual-
ity_Assurance_lkm” output SDS and not as an individual SDS, a fact that has
caused some confusion among users of this product. The decision tree algorithm
gives the phase that was used in the subsequent optical and microphysical re-
trieval. The current IR phase algorithm is at a 5 km spatial resolution, while the
other two are at 1 km. In collection 5, a 1 km SDS with the phase determination
used in the cloud optical properties algorithm will be explicitly included in the
output file to reduce community misinterpretation of results.

B. Research Activities and Collection 005 Efforts

A number of research activities are being targeted for collection 005 deliveries in
summer 2004. A brief summary of these efforts is given below.

1. Improved Spectral Surface Albedo Maps and Value-added Albedo Products

As previously mentioned, the optical and microphysical retrieval algorithm re-
quires surface albedo in visible and SWIR bands as the boundary condition for
cloud radiative transfer modeling over land. Previously, a single 16-day com-
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posite of spectral albedo from the operational MODA43 product was available, re-
quiring questionable assumptions on seasonal changes. A year’s worth of
MODA43 16-day spectral albedo composites have been archived in the GES DAAC
since the last major optical and microphysical algorithm software delivery. With
these data, a complete yearly surface spectral albedo map is now available for
use in the next production collection (cf. Figure 3). Cloud and seasonal snow
cover, however, curtail retrievals to approximately half the global land surfaces
on an annual equal-angle basis, precluding MODA43 albedo products from direct
assimilation into the optical and microphysical production environment.

A temporal interpolation technique has been developed to fill missing data in the
operational albedo product by imposing pixel-level and local regional ecosys-
tem-dependent phenological behavior onto retrieved pixel temporal data in such
a way as to maintain pixel-level spatial and spectral detail (Moody et al., 2004).
The resulting value-added product provides spatially complete surface albedo
maps and statistics for both direct and diffuse illuminations. Data are stored on
one-minute and coarser resolution equal-angle grids for the first seven MODIS
wavelengths (0.47 ym through 2.13 ym) and for three broadband wavelengths
(0.3-0.7 um, 0.3-5.0 um and 0.7-5.0 um).

2. Quantitative Estimation of Pixel-level Uncertainties

A methodology for assessing pixel level uncertainty for cloud optical thickness
and effective particle radius has been developed and is in the process of being
tested on global MODIS data. The uncertainties are based on chain rule (Jaco-
bian) derivative calculations using existing cloud reflectance libraries. While
limited to plane-parallel clouds (i.e., 3-D cloud geometry uncertainty is not as-
sessed), it does provide a base uncertainty. To date, components of the uncer-
tainty include instrument calibration, atmospheric corrections, and surface spec-
tral albedo maps. An example is shown in Fig. 5.

3. Multilayer/phase Cloud Detection

An algorithm for detecting multi-layer and multi-phase cloudy pixels was devel-
oped and tested over a variety of surfaces (land, ocean, sea ice, snow); assess-
ment for use in collection 5 is ongoing. The algorithm has two parts. First, it
determines above-cloud precipitable water (PW) differences between the opera-
tional MODO06 method (using cloud top pressure heights and GDAS profiles) and
a 0.94 uym algorithm developed for determining above-cloud column water vapor
amount; the difference is normalized by the column PW as given by GDAS and a
threshold is chosen. A large normalized PW difference indicates a multi-
layer/phase situation (cirrus overlying a water cloud) where the MODO06 opti-
cal/microphysical retrieval algorithm chose to treat the scene as if it were com-
posed of a single layer ice cloud, but where a water cloud signal is likely a sig-
nificant component to the VIS/SWIR bands used for the MODO6 retrievals. A
second test looks at disagreements between the MODO06 bi-spectral IR cloud
phase algorithm (8.5 and 11 ym) and the chosen phase for the retrieval (includes
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Figure 5. Cloud optical thickness (t) and uncertainty in <, and (b) effective radius (re) and un-
certainty in re, for a MODIS Terra granule off the coast of Peru and Chile on July 18,
2001.

SWIR tests and cloud mask test results). A disagreement typically indicates a
multi-layer cloud situation where the MODO06 retrieved the scene as if it was
composed of a single layer water cloud, but where IR bands detected an ice
cloud signature. The multi-layer/phase detection method doesn't require addi-
tional radiative transfer libraries. An example image is shown in Fig. 6.

C. Level-2 Lessons Learned

* The global cloud optical properties retrieval algorithm developed from expe-
rience based on multispectral airborne datasets over selected environmental
conditions, and AVHRR-based experience using somewhat different, and
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Figure 6. Example pixel-level multi-level / phase detection results for MODIS Terra, November
20, 2002, for a granule in the Antarctic Ocean. The boundary between open ocean and
sea ice is indicated in the RGB composite (left panel). A positive multilevel cloud re-
sult (right panel) is indicated by red, white, or blue colors (see color bar for details); re-
sults appear insensitive to the presence of sea ice.

spectrally much broader, bands. Adapting these concepts and experiences to
a robust global analysis system was exceedingly challenging.

* Extensive experience from field experiments in the Arctic ocean and nearby
tundra of northern Alaska led to adapting a 1.24 ym band to the cloud optical
thickness over snow and sea ice surfaces to enhance contrast. This had never
been done before. Further work using the 1.6 and 2.1 ym bands for simulta-
neous retrieval of cloud optical thickness and effective radius over snow and
sea ice surfaces developed from airborne MAS observations (Platnick et al.
2001, King et al. 2004) shows promise, but has not yet been incorporated into
global processing. This has also never been done before, and is most encour-

aging.

* Development of a Rayleigh correction algorithm over ocean surfaces is new,
and subtle, and appears to work beneficially. This came about through air-
borne field campaign observations with the MAS.

* Software requirements and standards, including metadata, QA, HDF-EOS,
and the like led to considerable angst and development starts and restarts,
but ended up providing a very robust processing environment.

* Continuity in integration software team was crucial, and the long-term in-
volvement of Rich Hucek on the MODIS Data Support Team to interface with
the production system and integrate software into production was exceed-
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ingly valuable. Furthermore, when the MODIS Adaptive Processing System
(MODAPS) incorporated Linux clusters into the production environment, in
addition to SGI workstations, SDST, and especially Rich Hucek, ported the
SGI-based software to work flawlessly under Linux. The development team
could not test this, since this team possessed no Linux workstations.

* Visualization tools to diagnose processing paths (water, ice clouds, surface
types, Rayleigh tests, atmospheric correction, etc.) enabled ready diagnosis of
conditions under which the algorithm was operating as designed, and condi-
tions that required further analysis.

II. Level-2 Joint Atmosphere Product (MODATML?2)

The post-launch MODIS Atmosphere Level 2 Joint Product contains a subset of
key parameters taken from the standard at-launch Level-2 products: Aerosol,
Water Vapor, Cloud, Profile, and Cloud Mask. The new Joint Atmosphere prod-
uct was designed to be small enough to minimize data transfer and storage re-
quirements, yet robust enough to be useful to a significant number of MODIS
data users. Scientific data sets (SDSs) contained within the Joint Atmosphere
product cover a full set of high-interest parameters produced by the MODIS At-
mosphere team, and are stored at 5 km and 10 km (at nadir) spatial resolutions.
There are two MODIS L2 Joint Atmosphere data product filess MODATML2,
containing data collected from the Terra platform; and MYDATML2, containing
data collected from the Aqua platform. Both of these products began production
on October 14th 2003. The first available data are for day 285 (October 12, 2003)
for Aqua and day 286 (October 13, 2003) for Terra.

A few limitations were introduced into the Joint Product to reduce the file size.
First, some parameters that were stored at 1-km resolution in their original
(source) Level 2 product file were subsampled to 5 km in the Joint product.
These include the cloud mask, cloud optical thickness, cloud effective radius,
cloud quality assurance (includes cloud phase information), cirrus reflectance,
and the precipitable water (near IR) parameters. Second, geolocation arrays that
were stored as 4-byte floating-point real numbers in the original (source) product
file were compressed to 2-byte scaled integers (sacrificing only 0.001° of geoloca-
tion accuracy). Finally, only a limited set of Quality Assurance (QA) arrays were
included, and only for parameters where they were absolutely crucial for data
use/ interpretation. These drawbacks were considered acceptable in the context
of the overall goal of this project: to create a small and user-friendly Level 2 HDF
file of key MODIS Atmosphere SDSs such that a full day of data could be stored
on a CD (< 700 MB).

Table 3 summarizes the Science Data Sets (SDSs) contained in the Level-2 Joint
Atmosphere Product, which consists of SDSs at a resolution of 5 km for many
data sets and 10 km for the aerosol data sets. With this design, 144 daytime
granules, defined as a 5 minute, or 2300 x 2000 km section of data, would be ap-
proximately 2.7 MB each, with each of the 144 nighttime granules being 1.1 MB.
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TABLE 3. Science Data Sets of the new MODIS Level-2 Joint Atmosphere Product

SDS Size (kB)
Science Data Set Daytime Nighttime
Global Attributes 75 75
Cloud mask (1* byte) 109 109
Cloud optical thickness 219
Cloud effective radius 219
Cloud top pressure 219 219
Cloud phase daytime 109
Cirrus reflectance 219
Cloud quality assurance (optical properties) 109
Precipitable water (near infrared clear sky) 219
Precipitable water (thermal infrared) 219 219
Latitude (5 km) 219 219
Longitude (5 km) 219 219
Aerosol optical thickness 54
Aerosol optical thickness ratio (fine mode to total) 54
Aerosol solution index for small particles (ocean) 54
Aerosol solution index for large particles (ocean) 54
Aerosol quality assurance 54
Latitude (10 km) 54
Longitude (10 km) 54
Solar zenith angle (10 km) 54
Zenith angle (10 km) 54
Relative azimuth angle (10 km) 54
Total size (kB) 2694 1060

With this design, a whole day’s worth of data would be no larger than ~528 MB
and could fit on a CD for easy distribution.

Figure 8 shows a visualization of effective radius of all water and ice clouds re-
trieved for October 28, 2003 based on Terra/MODIS observations. The vertical
scale is based on the cloud top pressure and is used to stretch the height of the
clouds. The transparency is based on cloud optical thickness, and the colors are
the effective radius of water and ice clouds separately. Note that the water
clouds tend to be low in altitude whereas the ice clouds are higher in the atmos-
phere. This visualization is a perspective from the Pacific Ocean with Australia
identified in the lower left portion of the image.

III. Level-3 Joint Atmosphere Products (MODO08)
A. Overview

There are six Level-3 atmosphere products covering three time intervals (daily,
eight-day, and monthly) and two instrument platforms (Terra and Aqua). The
Earth science data type (ESDT) name, used as the hierarchical data format (HDF) file-
name prefix for each product, is derived from the source platform (MODO08 for
Terra and MYDOS8 for Aqua) and time interval (D3 for daily, E3 for eight-day,
and M3 for monthly).
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Figure 7. Cloud effective radius derived from the daily joint atmosphere product on October 28,
2003, based on Terra/MODIS data. Cloud top pressure is used to scale the vertical ex-
tent of the clouds, transparency to delineate cloud optical thickness, and the color bars
to denote the effective radius of ice clouds and water clouds separately (based on visu-
alization by Reto Stockli).

These Level-3 products contain statistics derived from four Level-2 atmosphere
products: aerosol, precipitable water, cloud, and atmospheric profiles. The daily
Level-3 product contains roughly 600 statistical datasets that are derived from
approximately 80 scientific parameters from the four Level-2 products noted
above. The 8-day and monthly Level-3 products are somewhat larger in size
than the daily product, comprising roughly 800 statistical datasets.

Statistics are sorted into 1° grid boxes on an equal-angle global projection. The
set of statistics computed for each parameter depends on the parameter being
considered, and might include: simple statistics (mean, minimum, maximum,
standard deviation), parameters of normal and log-normal distributions, fraction
of pixels that satisfy general cloud conditions (e.g., cloudy or clear), histograms
of the distribution within each grid box, histograms of the confidence placed in
each measurement, and histograms and/or regressions derived from comparing
one science parameter to another. Any of the Level-3 statistics noted above may
be computed for a subset of Level-2 pixels that satisfy some condition (e.g., lig-
uid water or ice clouds). Level-3 statistics are computed by sub-sampling Level-
2 data at the resolution of the internal Level-2 (input file) geolocation. This sub-
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Figure 8. Global distribution of cloud optical thickness (upper panel) and effective radius (lower
panel) of liquid water clouds derived from MODIS measurements on the Terra plat-
form for April 2003. These results represent the QA-weighted (most confident solu-
tions weighted more heavily).

sampling only impacts the few Level-2 parameters that have their data stored on
a grid that is finer than the stored geolocation (cirrus detection and cloud optical
properties only).

Figure 8 shows monthly mean values of cloud optical thickness and effective ra-
dius of liquid water clouds for April 2003, derived from MODIS observations on
the Terra satellite. The cloud optical thickness is lower in the Intertropical Con-
vergence Zone because clouds in this region are invariably topped by ice clouds
and are hence retrieved as ice cloud properties. The effective radius, shown in
the lower pane of Fig. 8, is noticeably larger in the southern Hemisphere than the
Northern Hemisphere, and also larger over the oceans than the land, reflecting,
at least in part, the larger concentration of aerosol particles over the land that
lead to larger numbers of smaller drops than maritime clouds.

Figure 9 shows a joint histogram of cloud optical thickness and effective radius
derived from the MODIS Level-3 joint atmosphere product for June 2003 for a
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Figure 9. Histogram of the joint probability of cloud optical thickness and effective radius de-
rived from the Level-3 joint atmosphere product for June 200e for a region off the coast
of California bounded by 32°-40°N and 117°-125°W. All liquid water cloud retrievals
over ocean in this latitude-longitude box have been aggregated. The grid pattern re-
flects the bin boundaries in this Level-3 data product.

region off the coast of California bounded by 32°-40°N and 117°-125°W. All lig-
uid water cloud retrievals over ocean in this latitude-longitude box have been
aggregated, and the grid pattern reflects the bin boundaries in this Level-3 data
product.

The joint histogram on the left was obtained from Terra/MODIS observations in
the morning (around 10:30 AM local time) and the histogram on the right was
obtained from Aqua/MODIS observations in the afternoon (around 1:30 PM lo-
cal time). As is common for marine stratocumulus clouds, they are optically
thicker and hence brighter in the morning, burning off and decreasing in water
content in the early afternoon. The mode optical thickness of these boundary
layer clouds was around 15 in the morning and perhaps 12 in the afternoon, but
there are more optically thick clouds present in the morning.

The effective droplet radius was not much different in the morning than the af-
ternoon, being around 9 ym in both cases. This is characteristic of marine strato-
cumulus clouds in other regions of the world (e.g., Namibia/ Angola and Peru)
where the droplet size is not much different in the morning from the afternoon.

Joint histograms and marginal probability density functions are new with
MODIS, and have never been constructed in prior satellite projects. They are
hence of great relevance to studies of global climate and of value to climate
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TABLE 4. MODO08 Level-3 Joint Atmosphere Product Software

Process Products Source Lines  File Spec Com- Total
(language) Input Lines ments Lines
(language)
Low-Res Tile 5° latitude tile 21,819 10,354 5,040 37,213
pre-processor
Low-Res Daily MODO08_D3 18,899 10,366 1,000 30,265
MYDO08_D3
Low-Res Eight-day =~ MODO08_E3 26,947 14,519 3,397 44 863
MYDO08_E3
Low-Res Monthly MODO08_M3 26,947 14,519 3,397 44 863
MYDO08_M3
High-Res Tile 5° latitude tile 12,517 4,598 5,461 22,576
pre-processor
High-Res Daily MODO08D3H 4,343 1,319 1,196 6,858
MYDO08D3H
Total 111,472 55,675 19,492 186,639

model investigations.

Table 4 summarizes the Level-3 atmosphere algorithm software as currently run
in production. These algorithms are executed in program executable (PGE) 69 and
56 (tile and daily for both low and high-resolution), PGE70 (eight-day), and
PGE57 (monthly). Of the 111,472 lines of Level-3 source code, approximately
60% are written in Fortran 90 and 40% are written in Fortran 77. The 55,675 lines
of Level-3 file specs are written in the Common Data Language (CDL) format.

The MODIS Atmosphere Level-3 software was cleverly designed to be flexible
enough to handle the varied and complex HDF product requirements, yet
streamlined enough to minimize the potential error frequency and maintenance
requirements.

Statistics are sorted into 1° x 1° cells on an equal-angle grid that spans a 24-hour
(0000 to 2400 UTC) interval and then summarized over the globe. It should be
noted that browse images are available in both the native equal-angle (lat-lon)
grid as well as an equal-area (Hammer-Aitoff) grid. A high-resolution (0.1° grid)
daily code of selected Atmosphere Level-2 SDSs is run in the operational envi-
ronment; quicklook imagery is posted to the MODIS Atmosphere Web site but
the file is not archived. An overview paper on the collection 4 MODIS Atmos-
phere’s Level-3 products was published in the TGRS Aqua special issue (King et
al. 2003a).

B. Level-3 Lessons Learned

* The development of the Level-3 algorithm was never proposed, but accepted
as additional duties during the MODIS contract period. Its development
started at the end of 1996 for a Terra launch 3 years hence. The original
brainstorm of this algorithm was the design element that required that no
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computations be done in this code, that everything had to be done in Level-2,
and the output was dictated largely by the file spec. Any change in the file
spec would propagate directly into Level-3 aggregation. The development
team consisted of 2 post-docs and one scientific programmer (Paul Hubanks),
who also developed and maintains the MODIS-Atmosphere Web Site (see
below). Because of the sophisticated nature of its design, these codes can now
be maintained with one person only.

* Level-3 products and visualizations are valuable to the Science Team and
outside community for evaluating the quality and content of their algorithms.

* A design that put all atmosphere products into a single Level-3 file, and could
be run from granules in zones, made the production environment very effi-
cient and had very low operational memory overhead (in contrast to the
MODIS Land and Ocean designs).

IV. MODIS Atmosphere Web Site
A. Qverview

The MODIS atmosphere web site modis-atmos.gsfc.nasa.gov contains a wealth of
information for the user of MODIS data. This information includes:

O Images
> Level-1b daytime granules for all Terra and Aqua scenes
> Level-3 daily, eight-day, and monthly images
> Level-2 atmosphere images for every daytime granule on selected
‘golden days’
Validation activities and links
References
> Presentations (PowerPoint, with movies)
> Publications (pdf)
» Algorithm Theoretical Basis Documents (ATBDs)
> Validation and Quality Assurance Plans
Q Tools
» Granule locator tools
> Spatial and dataset subsetting
» Visualization and analysis
Q Data product information
> Data availability calendar
PGE modification history and known problems
Format and content
Grids and mapping
Acquiring data

00

>
>
>
>

Table 5 shows the number of images and image volume produced and posted to
the Web site every day for both Terra and Aqua data using automated perl



TABLE 5. MODIS Atmosphere Web Site Image Production

20

Number of Images

Image Volume (MB)

Terra
Level-1B 340/day 43
Level-3 Daily 1600/ day 39
Level-3 Eight-day 2200/ eight-days 64
Level-3 Monthly 2200/ month 64
Level-3 Daily (high resolution) 32/day 22

Aqua
Level-1B 340/day 43
Level-3 Daily 1600/ day 39
Level-3 Eight-day 2200/ eight-days 64
Level-3 Monthly 2200/ month 64
Level-3 Daily (high resolution) 32/day 22
Total (per day) 4641 228

scripts.

Figure 10 shows a screen shot of the Level-1b true color images page for Terra on
March 29, 2004. From this screen a user can click on one of the maps to deter-
mine what 5 min UTC time the Terra satellite was over a region of interest, and
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Figure 10. Level-1b true color images of every daytime granule for Terra on March 29, 2004.
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Figure 11.Level-3 daily browse images of cloud optical thickness for Terra on December 2003. In
addition to the QA-weighted mean optical properties, one can select the minimum,
maximum, standard deviation, and mean and standard deviation using java rollovers.

then select the image below that corresponds to that UTC time. These thumb-
nails blow up when selected to show a higher resolution version of the granule of
interest.

In addition to the Level-1b browse images for all Terra and Aqua daytime gran-
ules, we also provide quicklook images of all Level-3 daily, eight day, monthly,
and high-resolution (0.1° x 0.1°) images for both Terra and Aqua. Figure 11
shows a screen shot of the Level-3 monthly quicklook images page of MODIS
cloud optical properties derived from Terra data on December 2003. In addition
to QA-weighted mean cloud optical properties, we also provide the minimum,
maximum, QA-weighted standard deviation, and mean and standard deviation
for each time period using roll-over java applets.

Finally, to enable a user to readily determine not only what data have been ana-
lyzed, but also the status of the version used to process these data, we provide a
data availability calendar (cf. Figure 12). The color code of the entry by satellite
and month denote the status of the validation (provisional yellow and validated
at various stages in green). In addition, the red numbers on each of the entries
reflect the PGE version number used to process the data. At the bottom of the
table there is a red button that contains the details of the PGE version so a user
can easily determine the nature of any changes or updates that have occurred in
processing the data.

At the end of this contract, the MODIS atmosphere web site uses 131 GB of disk
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Aqua. The validation status is color coded, and the version used to produce the data is
contained in the PGE version number (e.g., 4.3.2). A link to the PGE software changes
and updates are contained in the red ‘PGE details’ at the bottom of the calendar.

space, and consists of 1.9 million files (images and html pages). This is a tremen-
dous undertaking, but it provided for the benefit not only of the external scien-
tific community wishing to find out the documentation, data production status,
and imagery, but it is also vital for the algorithm developers in the MODIS at-
mosphere group to view the production and quality status of their algorithms.

B. Web Site Lessons Learned

* At the beginning of this contract period, the World Wide Web did not exist
except on very few unix-based workstations. Its widespread growth and
availability has greatly enhanced the ability to communicate algorithm de-
tails, documentation, visualization and data-access tools, and publications of
note.
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* Careful attention to web design and display is valuable for aiding comments
and feedback from the broader scientific community on the quality and im-
portance of the data products.

* An access point for data extraction and visualization tools, as well as data or-
dering tools, makes acceptance and use by the scientific community much
more rapid than would otherwise be possible.

V. MODIS-related Field Campaigns and Validation Efforts
A. Level-2 Related Validation Activities

The cloud retrieval group has developed and utilized airborne scanning radi-
ometers for algorithm development and field validation activities. These have
included the development and utilization of the Cloud Absorption Radiometer
(CAR; King et al. 1986) and MODIS Airborne Simulator (MAS; King et al. 1996).
The MAS was developed under this contract for the express purpose of obtaining
real airborne multispectral images of the Earth’s atmosphere and surface to aid
in the development of algorithm for the processing of MODIS data, once
launched.

The cloud retrieval group has been involved in numerous field campaigns dur-
ing the duration of this contract, including the following (*MAS + ER-2 flight sci-
entist role, & CAR instrument studies). These campaigns have consisted of the
following experiments:

ASTEX* (North Atlantic Sc clouds, summer 1992)

SCAR-A (Western Atlantic, summer 1993)

MAST* (Ship Tracks off coast of California, summer 1994)

ARMCAS* (Arctic clouds, summer 1995)

SCAR-B (Fires/smoke in Amazon basin, summer 1995)

SUCCESS (Cirrus clouds over Midwestern U.S., spring 1996)

TARFOX (Aerosols off east coast of U.S., summer 1996)

FIRE-ACE/SHEBA*, & (Arctic cloud studies, summer 1998)

SAFARI 2000*,%& (Fire/smoke in southern Africa, Namibian stratocumulus
clouds, summer 2000)

CLAMS (Chesapeake Bay, summer 2001)

CRYSTAL-FACE* (Deep convection in vicinity of southern Florida, summer
2002)

These studies have fallen into several distinct scientific investigations, examples
of which are given below.

B. Bidirectional Reflectance Properties of Clouds and Surfaces

The cloud retrieval group has developed and utilized the Airborne Cloud Ab-
sorption Radiometer to acquire BRDF measurements of the ocean, sea ice, snow,
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2000 ft.

Figure 13. Schematic illustration of a clockwise circular flight track for measuring surface bidirec-
tional reflectance from nadir to the horizon as we as much of the transmittance pattern
from near zenith to the horizon (adapted from King 1992).

tundra, savanna (cerrado, mopane, miombo), smoke, vegetation, desert (Saudi
Arabia, salt pans in Botswana and Namibia), and clouds between 0.5 and 2.3 ym.
These measurements involve flights onboard the University of Washington C-
131A or CV-580, and date from observations over the Kuwait oil fire smoke and
nearby Saudi Arabian Desert and Persian Gulf in 1991 (King 1992), and extend to
the more recent CLAMS experiment over ocean surfaces with sunglint (Gatebe et
al. 2004).

Figure 13 shows a typical flight pattern whereby the aircraft, with the CAR in the
nosecone, ﬂight a clockwise circular pattern above the surface or cloud repeat-
edly, drifting with the wind, and scan the underlying surface and much or the
transmitted solar radiation from above, and made radiometric observations
about every 1° in azimuth and better than 1° in zenith angle with the CAR’s in-
stantaneous field-of-view of 1°. Often, multiple circular orbits are averaged to-
gether to smooth out the reflected solar radiation signal.

Figure 14 shows selected examples of the bidirectional reflectance observed over
selected terrestrial surfaces, including Namibian stratus with a rainbow and
glory the Etosha Pan, Namibia, and savanna vegetation at Skukuza, South Africa
(Gatebe et al. 2003), and ocean reflectance with sunglint off the Virginia coast in
the western Atlantic (Gatebe et al. 2004).

C. Remote Sensing of Cloud Optical and Microphysical Properties

The cloud retrieval group developed the MODIS Airborne Simulator in collabo-
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Figure 14. Bidirectional reflectance of various natural surfaces observed by the CAR mounted on
the University of Washington CV-580 research aircraft. These observations have all
been atmospherically corrected, and include Namibian stratus clouds and the Etosha
salt pans of Africa, savanna vegetation in South Africa, and ocean reflectance with
sunglint over the western Atlantic Ocean off Virginia, US.

ration with the University of Wisconsin (Paul Menzel, Chris Moeller, Liam
Gumley) and Ames Research Center (Jeff Myers, Pat Grant, Mike Fitzgerald),
which first flew, in an abbreviation form, on the NASA ER-2 aircraft in 1991
during FIRE II cirrus experiment (King et al. 1996).

Three airborne field campaigns have been especially beneficial for testing and
developing algorithms and satellite validation strategies.

1. FIRE-ACE

The FIRE Arctic Cloud Experiment, or FIRE-ACE, was conducted in the Arctic
between April and July 1998, with the component of interest to the MODIS sci-
ence team being confined to a 5 week period consisting of the University of
Washington CV-580 along with a 3 week period of high-altitude ER-2 overflights
(cf. Curry et al. 2000 for further details). In addition, the ER-2 participated as the
upper level aircraft from May 18-June 6, with the MAS, CLS, HIS, a multispectral
along-track scanning radiometer (AirMISR), a Microwave Imaging Radiometer
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Figure 15. Cloud optical thickness and effective radius derived from MAS retrievals for strati-
form water and ice cloud over a sea ice surface (north of Barrow AK). Two versions
(different band combinations) of the retrieval algorithm are shown (King et al. 2004).

(MIR), a Solar Spectral Flux Radiometer (SSFR), and an Advanced Microwave
Precipitation Radiometer (AMPR). All of these ER-2 sensors are of interest to
Goddard Space Flight Center (Michael King, Si-Chee Tsay, Steve Platnick), as
well as the CAR on the CV-580 and numerous in situ microphysics probes that
were invaluable in accessing the accuracy of cloud retrievals of the microphysical
and radiative properties of Arctic stratus clouds over a bright (sea ice) surface.

This valuable data set was used by the University of Wisconsin group for testing
the cloud mask algorithm for readiness at-launch. The suite of measurements
made during FIRE ACE and subsequent collaborative analyses provide a means
to validate current and future satellite remote sensing methods and products
(cloud optical thickness 1, effective radius re, single scattering albedo wp), the
cloud mask, and precipitable water.

Figure 15 shows retrievals of cloud optical thickness and effective radius derived
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Figure 16. MAS retrievals of cloud optical thickness and effective radius for part of one ER-2 flight
line along the coast of Namibia on 11 September 2000. Analyses such as these will be
compared with collocated MODIS analyses and in situ microphysical retrievals.

using two different retrieval algorithms, the pair on the left being the closest to
the currently operating MODIS retrieval algorithm, and the pair on the right a
new algorithm, first developed based on airborne measurements obtained by the
MAS during FIRE-ACE (Platnick et al. 2001), for use when the underlying sur-
face has very high surface albedo in the visible wavelength region, as it does over
sea ice.

2. SAFARI 2000

ER-2 and in situ microphysical measurements were obtained throughout south-
ern Africa during SAFARI 2000 (King et al. 2003b) of biomass burning aerosol,
land surface, fires, and marine stratocumulus clouds off the west coast of Na-
mibia. It served as the first MODIS validation activity for water cloud optical
and microphysical retrievals after the launch of Terra.

Figure 16 illustrates an example of the determination of cloud optical thickness
and effective radius using the research 1.6/2.1 um retrieval algorithm described
by Platnick et al. (2001) as applied to MAS data collected during SAFARI 2000 off
Namibia. On this day the Terra satellite overflew the NNE/SSW flight track
shown on the MODIS image on the right, but the vast majority of this flight track
was clear sky. The in situ microphysical measurements were obtained by the
United Kingdom C-130, which was making repeated vertical profiles through the
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Figure 17.A CRYSTAL-FACE MAS retrieval from July 23, 2002. Convective cores (larger optical
thickness) in the middle and top of the image are correlated with small particle sizes.
Failed retrievals (black regions) in the optically thick parts of the cloud correspond to re-

flectances outside the library space.

cloud layer along the flight track that was analyzed in this figure. This was a
relatively thin cloud for which the MAS retrieval yielded a mean cloud optical
thickness t. = 3.8 £ 0.85 and a cloud effective radius 7. = 5.9 + 1.3 ym.

Analyses such as these, using data already acquired from airborne field valida-
tion campaigns like SAFARI 2000, have been examined to intercompare (i)
MODIS retrievals with in situ microphysical retrievals, (ii) MODIS and MAS re-
trievals using nearly the same algorithm, and (iii) MAS retrievals with in situ mi-
crophysical retrievals. The different spatial resolution of MAS (50 m at nadir)
contrasts greatly with the satellite retrievals using 1 km pixels, so point-by-point
intercomparisons are not practical.

3. CRYSTAL-FACE

The CRYSTAL-FACE field campaign during July 2002 sought to understand the
life cycle and radiative properties of anvil cirrus and involved six aircraft, 2
ground sites, and several hundred scientists. It served as the first MODIS vali-
dation activity for ice cloud optical and microphysical retrievals.
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The initial work with the CRYSTAL-FACE MAS data set focused on assessment
of the cloud mask and thermodynamic phase algorithms. As part of this con-
tract, a Fortran 90 version of the MODIS retrieval code for use in processing
MAS. A number of selected flight tracks of MAS data from the CRYSTAL-FACE
were processed with the MAS cloud mask, thermodynamic phase, and optical

thickness and effective radius code. Figure 17 shows an example of this retrieval
for July 23, 2002.

MODIS images from both Terra and Aqua have been processed and visualized
for all flight days and distributed to interested investigators on the CRYSTAL-
FACE science team.
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