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Abstract—The Moderate Resolution Imaging Spectrora-
diometer (MODIS) is one of five instruments aboard the Terra
Earth Observing System (EOS) platform launched in December
1999. After achieving final orbit, MODIS began earth observations
in late February 2000 and has been acquiring data since that
time. The instrument is also being flown on the Aqua spacecraft,
launched in May 2002. A comprehensive set of remote sensing
algorithms for cloud detection and the retrieval of cloud physical
and optical properties have been developed by members of the
MODIS atmosphere science team. The archived products from
these algorithms have applications in climate change studies,
climate modeling, numerical weather prediction, as well as
fundamental atmospheric research. In addition to an extensive
cloud mask, products include cloud-top properties (temperature,
pressure, effective emissivity), cloud thermodynamic phase, cloud
optical and microphysical parameters (optical thickness, effective
particle radius, water path), as well as derived statistics. We will
describe the various algorithms being used for the remote sensing
of cloud properties from MODIS data with an emphasis on the
pixel-level retrievals (referred to as Level-2 products), with 1-km
or 5-km spatial resolution at nadir. An example of each Level-2
cloud product from a common data granule (5 min of data) off
the coast of South America will be discussed. Future efforts will
also be mentioned. Relevant points related to the global gridded
statistics products (Level-3) are highlighted though additional
details are given in an accompanying paper in this issue.

Index Terms—Clouds, meteorology, remote sensing, satellite ap-
plications, terrestrial atmosphere.

I. INTRODUCTION

T HE Moderate Resolution Imaging Spectrometer
(MODIS), developed for the NASA Earth Observing

System (EOS) Terra and Aqua satellites, provides an unprece-
dented opportunity for earth remote sensing. In particular,
complete spectral coverage in key atmospheric bands has
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spurred the development of new spaceborne algorithms, while
moderate but global spatial coverage (1 km or better at nadir)
allows for the implementation of heritage algorithms at a higher
spatial resolution than has previously been possible.

The Terra spacecraft was launched on December 18, 1999,
with the first science data stream beginning on February 24,
2000. Since that time, many algorithms have undergone signif-
icant refinement and improvement. We report on the progress
to date on the core MODIS cloud algorithms and give exam-
ples from Terra. These products include cloud detection and
masking, cloud-top properties (pressure, temperature, effective
emissivity), thermodynamic phase, and optical and microphys-
ical properties (optical thickness, particle size, water path). The
challenge of these algorithms is in providing retrievals on a
global operational basis. That is, the algorithms are designed to
operate over all ecosystems and under a variety of atmospheric
conditions. The cloud products described in this paper are part
of a suite of MODIS atmosphere products that are summarized
in an accompanying paper in this issue [1]. The same cloud al-
gorithms we describe in this paper will be used for MODIS on
Aqua, launched in May 2002.

The salient features of the MODIS instrument have been
described by a number of authors [2]–[4]. Only the most relevant
characteristics will be mentioned in this paper. MODIS is a
36-channel whiskbroom scanning radiometer. The channels
(referred to as “bands” in the MODIS nomenclature) are
distributed between 0.415 and 14.235m in four focal plane
assemblies, with nadir spatial resolutions of 250 m (two bands),
500 m (five bands), and 1000 m (29 bands). The 250-m bands
are centered at 0.65 and 0.86m with the 500-m bands at
0.47, 0.56, 1.24, 1.63, and 2.13m. Each band’s spectral
response is determined by an interference filter overlying a
detector array imaging a 10-km along-track scene for each
scan (i.e., 40, 20, and 10 element arrays for the 250, 500,
and 1000-m bands, respectively). MODIS has several onboard
instruments for in-orbit radiometric and spectral characterization
[5], [6]. Of particular importance to the cloud optical and
microphysical algorithms, which are fundamentally based on
solar reflectance values and not radiance, is a solar diffuser panel
for reflectance calibration up through the 2.1-m MODIS band
and an accompanying diffuser stability monitor for assessing
the stability of the diffuser up to 1 m.

MODIS scans a swath width sufficient for providing global
coverage every two days from a polar-orbiting, sun-syn-
chronous platform at an altitude of 705 km. While Terra is in a
descending orbit with an equatorial crossing of 1030 local solar
time, Aqua is in an ascending orbit with a 1330 local crossing
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TABLE I
SUMMARY OF MODIS PIXEL-LEVEL (LEVEL-2) CLOUD PRODUCTS ANDTHEIR CURRENT DEPENDENCIES. * TERRA DESIGNATION (AQUA IDs ARE MYD35,

MYD06, ETC.); NSIDC NISEAND/OR NCEP SEA ICE CONCENTRATION; NCEP GDAS SIX-HOUR DATASET; NCEP REYNOLDS

BLENDED SST PRODUCT; AGGREGATION of MODIS ECOSYSTEMCLASSIFICATION PRODUCT (MOD12) WITH MODIS DIFFUSE SKY

SURFACE ALBEDO PRODUCT (MOD43). SEE TEXT FOR FURTHER DETAILS

time. The three-hour offset between morning and afternoon
orbits allows for some characterization of diurnal patterns.

With the exception of a 250-m cloud mask, all cloud prod-
ucts are at a scale of 1 or 5 km. Though archived at their native
resolution, bands with subkilometer resolution are also aggre-
gated into 1-km equivalent pixels, then combined with the 29
1-km bands and archived in a common file. This calibrated file
(designated as Level-1B [6]), with a 1-km equivalent spatial res-
olution for all bands, is the basic input for the 1-km and 5-km
cloud algorithms. All MODIS atmosphere products are archived
into two categories: pixel-level retrievals (referred to as Level–2
products) and global gridded statistics at a latitude and longitude
resolution of 1 (Level–3 products). The Level-3 products are
temporally aggregated into daily, eight-day, and monthly files
containing a comprehensive set of statistics and probability dis-
tributions (marginal and joint).

This paper is intended as an overview of the Level-2 cloud
products (Section II). We will emphasize the MODIS cloud
mask, used to discriminate clear-sky pixels from clouds, and
retrievals of cloud optical and microphysical properties from
solar reflectance measurements, specifically cloud optical thick-
ness and particle effective radius for both liquid water and ice
clouds. Additional cloud properties derived from thermal in-
frared bands, including cloud-top pressure, temperature, emis-
sivity, and thermodynamic phase, will also be described. An ex-
ample of each Level-2 product will be shown for a common
MODIS data granule (5 min of orbit data) off the coast of Peru
and Chile in July 2001. Details of the common atmospheric
Level-3 product design are described in a companion paper [1]
along with examples for the cloud products. In Section III we
summarize relevant Level-3 issues.

II. PIXEL-LEVEL CLOUD PRODUCTS

We begin with a discussion of the MODIS cloud mask,
which serves as the primary ancillary input to the other algo-
rithms (Table I). We then proceed to cloud-top properties and
thermodynamic phase. Results from each of these algorithms
are required by the optical and microphysical product, which
is discussed last. A granule of Terra MODIS data (July 18,
2001, 1530 UTC) is used as a common example for each
product. A true-color composite image of the granule is shown
in Fig. 1. The image shows extensive marine stratocumulus
boundary layer clouds off the coasts of Peru and Chile. This
stratocumulus regime is similar in nature to those off the west
coasts of California and Namibia/Angola. In each case, the
stratocumulus is caused by cool upwelling ocean water asso-
ciated with coastal currents and the presence of high-pressure
subsidence aloft [7]. Land-based clouds are evident in the
image as well, overlying a wide variety of surfaces, including
coastal deserts, high-altitude ecosystems, and low-land rain
forests. The bright feature in southwest Bolivia (20.5 S, 67 W)
is not a cloud but the high-altitude Uyuni Salt Flat (3700 m),
one of the largest salt pans in the world. The pan is not correctly
identified by either the cloud mask or the MODIS ecosystem
product (used for surface albedo characterization as discussed
in Section II-D.2).

MODIS data are stored in the Hierarchical Data Format
(HDF) (cf., hdf.ncsa.uiuc.edu). Within this HDF file, each
product has an associated Science Data Set (SDS) name. For
example, the cloud-top pressure product is given the SDS name
“Cloud_Top_Pressure”, and for Terra is stored in the HDF data
designation file “MOD06_L2” (which contains all Level-2
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Fig. 1. True-color composite of a granule of Terra MODIS data from July 18, 2001, 1530 UTC. The image shows widespread boundary layer stratocumulus
clouds off the coasts of Peru and Chile, associated with cool upwelling water along the Humboldt current.

cloud-top property and optical/microphysical retrieval SDS’s).
Similarly, cloud mask results are found in the “MOD35_L2”
HDF file (see Table I). Aqua products are designated with an
“MYD” prefix. These ubiquitous HDF identification names are
needed in accessing the archived products and are referred to in
the literature as well. Both MOD06 and MOD35 Level-2 files
contain geometry and geolocation data for every fifth pixel. A
summary of file formats and specifications for all MODIS at-
mosphere products can be found atmodis-atmos.gsfc.nasa.gov.

A. Cloud Detection and Masking

The MODIS cloud mask uses a variety of cloud detection
tests to indicate a level of confidence that MODIS is observing a
clear-sky scene. Produced globally day and night, at a 1-km pixel
resolution, the cloud mask algorithm uses as many as 20 of the
MODIS 36 spectral bands to maximize reliable cloud detection.
A mask derived from the two 250-m resolution bands (0.65 and
0.86 m) in combination with the 1-km cloud mask results is
also produced and archived, but will not be discussed here.

The cloud mask essentially assesses the likelihood of a pixel
being obstructed by clouds. As cloud cover can occupy a pixel to
varying extents, the MODIS cloud mask is designed to allow for
varying degrees of clear-sky confidence, i.e., it provides more
information than a simple yes/no decision. To assist users in
interpreting the results, the cloud mask consists of 48 bits of

output per pixel that includes information on individual cloud
test results, the processing path, and ancillary information (e.g.,
land/sea tag). In addition, the first eight bits of the cloud mask
provide a summary useful for most applications. Further, the
first two bits of the mask summarize the results from all indi-
vidual tests by classifying cloud contamination in every pixel
of data as eitherconfident clear, probably clear,uncertain/prob-
ably cloudy, or cloudy.

The MODIS cloud mask algorithm identifies several concep-
tual domains according to surface type and solar illumination in-
cluding land, water, snow/ice, desert, and coast for both day and
night. Once a pixel is assigned to a particular domain (defining
an algorithm path), a series of threshold tests attempt to detect
the presence of clouds, or optically thick aerosol, in the instru-
ment field of view (FOV). Each cloud detection test returns a
confidence level that the pixel is clear ranging in value from one
(high confidence clear) to zero (low confidence clear). There are
several types of tests, with detection of different cloud condi-
tions relying on a different combination of tests. Tests capable of
detecting similar cloud conditions are grouped together. While
these groups are arranged so that independence between them
is maximized, few, if any, spectral tests are completely indepen-
dent. As described in [8], a minimum confidence is determined
for each group as follows:

(1)
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Fig. 2. The overall assessment from the MODIS cloud mask for the image of Fig. 1 as given by the first two bits of the mask.

where is the confidence level of an individual spectral test,
is the number of tests in a given group,is the group index,

and is the number of groups (e.g., 5). The final cloud mask
confidence is then determined from the product of results
for each group,

(2)

This approach is clear-sky conservative in the sense that if any
test is highly confident that the scene is cloudy , the
final clear-sky confidence is 0. The four confidence levels in-
cluded in the cloud mask output are: 1)confident clear

; 2) probably clear ; 3) uncertain/probably
cloudy ; and 4)cloudy . These out-
comes constitute the first two bits of the mask. Note that the
result gives the confidence, or lack thereof, in the existence of
a clear pixel and not the confidence in the presence of an over-
cast cloudy pixel. As such, thecloudyoutcome can alternately
be labeled asnot clear(i.e., high confidence in an obstruction
in the FOV). The distinction is important for subsequent cloud
retrievals as will be discussed in Section II-D.

An image corresponding to these four outcomes is shown
in Fig. 2 for the MODIS granule of Fig. 1. Most of the scene
is assessed as beingconfident clearor cloudy. The relatively
small proportion ofuncertain/probably cloudypixels generally
lie near cloud edges as might be expected, and more frequently
for land pixels due to reduced certainty in surface characteris-

tics. Pixels designated asprobably cleartend to be small isolated
regions over land, away from cloud edges.

A number of ancillary sources are used in processing the
cloud mask (Table I). For surface snow and ice, these include the
Near Real-Time Ice and Snow Extent (NISE) [9] product from
the National Snow and Ice Data Center, and the NOAA National
Centers for Environmental Prediction (NCEP) 0.5resolution
sea ice concentration product [10].

Cloud masking is inherently more difficult over nonvege-
tated surfaces, transitional areas between desert and vegetated
surfaces, high-elevation regions (e.g., mountains, Antarctica
plateau), in sunglint regions, and nighttime masking in the pres-
ence of strong surface temperature inversions. Improvements
to the mask have been made to correct for the high-elevation
problem and are being developed for the others issues as well.
Future efforts will also address ecosystem-specific improve-
ments, improved discrimination for boundary layer cumulus
clouds, and the nighttime algorithm.

B. Cloud Top Properties: Pressure, Temperature, Effective
Emissivity

The CO slicing technique to infer cloud-top pressure and ef-
fective cloud amount or emissivity (product of cloud fraction
and cloud emissivity at 11 m) has been discussed in detail
in [11] and [12]. The method takes advantage of differing par-
tial absorption in several of the MODIS infrared bands located
within the broad 15-m CO absorption region, with each band
being sensitive to a different level in the atmosphere. Clouds
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Fig. 3. (a) Cloud-top pressure and (b) temperature retrievals for the image of Fig. 1.

appear in the CO-band images according to their level in the
atmosphere. Low clouds will not appear at all in the high-ab-
sorptions bands, while high clouds appear in all bands. By mea-
suring upwelling infrared radiation from the earth-atmosphere
system in several of the MODIS CObands simultaneously, it is
possible to infer the cloud-top pressure independently of the ef-
fective cloud amount. The COslicing technique has the ability
to retrieve cloud pressure and effective cloud amount for opaque
or nonopaque mid- to high-level clouds [11]. Cloud height accu-
racy increases as the observed cloud signal (the clear sky minus
the measured radiance) increases for a FOV. For clouds at pres-
sures greater than 700 hPa (i.e., close to the surface), the cloud
signal decreases, thereby precluding application of the method.
For low-level clouds, the infrared window 11-m band temper-
ature is used to determine a cloud-top temperature assuming the
cloud is optically thick, and a cloud-top pressure is assigned by
comparing the measured brightness temperature to the NCEP
Global Data Assimilation System (GDAS) temperature profile
[13].

Retrievals are derived from ratios of differences in radi-
ances between cloudy and clear-sky regions at two nearby
wavelengths. Error analyses for the method are provided in
[14]–[16]. The method has been used in operational processing
of GOES (Geostationary Operational Environmental Satellite)
and HIRS (High resolution Infrared Radiometer Sounder) data,
and has been found to have accuracies of approximately 50 hPa
for clouds at heights above 3 km (approximately 700 hPa).

With the four MODIS sounding channels and the 11-m
window band, it is possible to determine a number of separate
cloud-top pressures and effective cloud amounts. In MODIS
operational processing, cloud-top pressures are calculated for

the following ratio pairs: 14.2 m/13.9 m; 13.9 m/13.6 m,
13.6 m/13.3 m, 13.9 m/13.3 m, and 13.3 m/11 m.
The emission and absorption of the cloud are assumed to be
identical in the spectral band pairs. Previous studies have not
included the 13.3-m/11- m-band pair, but its use is restricted
to ice cloud only. The most representative cloud pressure is
chosen by minimizing the difference between the observed
cloud signal and the cloud signal calculated from a forward
radiative transfer model [11].

The fundamental COslicing retrievals are pressure and ef-
fective emissivity applied to a 5 5 pixel scene (5-km spatial
scale at nadir). The algorithm currently uses modeled/assimi-
lated analyses from the GDAS gridded meteorological profile
product (1 , six hours instantaneous spatial/temporal resolu-
tion) [13], and the NCEP Reynolds Blended Sea Surface Tem-
perature (SST) product [17]. The required clear-sky radiances
are calculated from this dataset. Once the cloud-top pressure
is determined for a given 5 5 scene, cloud-top temperature
may readily be determined from the corresponding temperature
profile. The MODIS cloud mask is used by the cloud-top prop-
erty algorithm (Table I). Of the 25 pixels, at least four must be
flagged asprobably cloudyor cloudyby the cloud mask. The
algorithm is run for both day and night observations.

The cloud-top pressure and temperature retrievals for the
granule of Fig. 1 are shown in Fig. 3(a) and (b). Marine stratocu-
mulus cloud tops are relatively warm and low ( hPa,

K). Higher/colder clouds are seen to the south,
with especially strong convective activity over the Amazonian
basin toward the northeast ( hPa, K in
the convective core). One may note that the cloud altitude
decreases as the marine stratus cloud fraction decreases. For
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Fig. 4. Two methods for inferring cloud thermodynamic phase. (b) Results from the bispectral IR algorithm (8.5- and 11-�m MODIS bands). The logic of the
“decision tree” in (a) is based on results from individual cloud mask tests, the IR and SWIR phase algorithms, and cloud-top temperature retrievals. The decision
tree inference is on a 1-km scale while the IR retrieval is at 5 km. The speckled appearance near the scan edge of the IR retrieval image is an artifact of insufficient
interpolation to 1-km scales.

these low-level clouds, the 11-m brightness temperatures are
used to infer cloud temperature under the assumption that the
cloud is opaque, as stated earlier in this section. This is a case
where the low cloud is likely nonopaque within the 55-km
region, resulting in a positive cloud-top temperature bias.

Future cloud-top retrieval efforts will include estimation of
clear-sky radiance biases and corrections. Given a best estimate
of the atmospheric state (from a global analysis or a forecast
model), it is found that forward calculations of the radiances
are different from those actually observed. The differences can
be attributed to MODIS calibration errors (including knowledge
of spectral response functions), inaccuracies in the estimation
of the atmospheric state, or inadequacy in the forward model.
Regardless of the cause, when comparing differences of clear
(calculated) and cloudy (observed) radiances to infer cloud-top
pressures with the COslicing algorithm, it is necessary to ad-
just for the radiance bias between calculated and observed ra-
diances. This should be done using the clear-sky radiance com-
posite from the last several days to assure good global coverage.
To date these composites have not been available in a timely
fashion, so radiance bias adjustments are still pending.

C. Cloud Thermodynamic Phase

There are currently three inferences of cloud phase archived
in the MODIS cloud product (archived into the same product
ID designation; see Table I). First, a bispectral infrared (IR) al-
gorithm uses the inherent difference in water and ice optical
constants (SDS “Cloud_Phase_Infrared”). A second algorithm
is based on optical constant differences between water and ice

in selected shortwave IR (SWIR) bands (1.6, 2.1m). Finally,
a logic-based “decision tree” that uses results from individual
cloud mask tests (those containing both height-based and op-
tical constant information) as well as IR, SWIR, and cloud-top
temperature retrievals was developed specifically for the optical
thickness and microphysical retrieval algorithm (to be discussed
further in Section II-D). Results from the latter two phase al-
gorithms are not stored as an SDS but are part of the 1-km
pixel-level QA (see Section II-D.1). We discuss the IR-based
bispectral algorithm in this section: the decision tree logic will
be discussed in Section II-D.1.

The basis for the inference of cloud phase from the 8.52-
and 11- m bands is the difference of microphysical and op-
tical properties between water droplets and ice crystals [18],
[19]. Radiative transfer simulations (following [19], [20]) indi-
cate that the brightness temperature difference between the 8.5-
and 11- m bands (hereafter denoted as – ) tends
to be positive for ice clouds that have a visible optical thickness
greater than approximately one. Water clouds of relatively high
optical thickness tend to exhibit negative – values
less than 2 K. The calculations showed that the –
values are quite sensitive to atmospheric absorption, especially
water vapor. The BTD value for lower clouds tends to become
more negative as the water vapor loading increases, and also
as the surface emittance at 8.5m decreases. While a rela-
tively small effect, multiple scattering was included in radia-
tive transfer simulations of – . As with any IR tech-
nique, the – approach can be used for both daytime
and nighttime retrievals.
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The IR phase retrieval is shown in Fig. 4(b). The algorithm
is currently being run at a 5-km scale (average of 55 pixels)
but is being considered as a 1-km product. It is being run on
both day and night observations. As with cloud-top properties,
four of the 25 pixels must be flagged by the cloud mask asprob-
ably cloudyor cloudyfor the retrieval to proceed. Possible out-
comes are:uncertain phase,mixed phase,ice, or liquid water.
The marine stratus region is classified as being mostly com-
posed of water at cloud-top, while areas of convection in the
upper- and lower-right portions of the image are classified as
being ice. In the lower-right region, however, there is some indi-
cation that cirrus is spreading to the west from the area of active
generation over land. Inspection of various spectral bands (e.g.,
1.38- m band with strong water vapor absorption obscuring low
clouds) tends to reinforce the idea that the cirrus is overlying a
water cloud stratus deck. This raises the issue of how multilay-
ered clouds can cause confusion for retrieval methods that as-
sume a single cloud layer within any individual FOV. A case in
point occurs in the region near (25 S, 76 W), where there is
some flagging of high clouds by the cloud-top property algo-
rithm [Fig. 3(a)] but not over an area as extensive as that indi-
cated by Fig. 4(b). In this region, spectral imagery indicates that
optically thin cirrus is present over the boundary layer cloud.
The cloud phase classification generally returns anuncertainor
mixed phasein this situation.

There are several outstanding issues. For example, phase dis-
crimination for optically thin cirrus remains problematic. Con-
siderable effort is underway to improve the performance of the
IR phase algorithm when optically thin ice clouds are present,
regardless of surface type or solar illumination conditions. An-
other issue is the determination of the most prevalent cloud
phase when the cloud-top temperature ranges from 233–273 K.
In this temperature range, a mixture of both liquid and ice par-
ticles may be present. As supercooled water drops are prevalent
over large areas in both hemispheres at higher latitudes, this is
an important area that needs further investigation. An effort is
underway to supplement the IR-based method with visible and
near-infrared bands during daytime viewing conditions to im-
prove the phase classification under these conditions.

D. Cloud Optical and Microphysical Properties

Cloud optical thickness (vertical integration of extinction
over cloud physical thickness) and particle size are important in
the radiative characterization and parameterization of clouds. In
particular, it is the effective radius (defined as ratio of the third
moment of size distribution to the second moment) that is the
relevant weighting over the cloud particle size distribution for
radiative transfer calculations. The retrieval of both quantities
(hereafter simply referred to as a cloud retrieval) from simulta-
neous cloud reflectance measurements in various solar bands
has been well studied in both theory and practice [21]–[28].
Useful spectral bands include window regions in the visible
and near-infrared (allowing for conservative photon scattering
with water particles), as well as the 1.6- and 2.1-m shortwave
infrared (SWIR) bands and the 3.7-m midwave infrared
band (MWIR) windows (progressively more absorption with
increasing wavelength). While each of the three SWIR/MWIR
bands is useful for particle size retrievals, an incomplete set

has been available for satellite observations prior to MODIS.
For example, the widely used Advanced Very High Resolution
Radiometer (AVHRR) on the NOAA polar orbiters is limited to
a 3.7- m band for cloud particle size retrievals [22], [25], [26].
A similar situation has existed for airborne imagery with the
exception of the MODIS Airborne Simulator [27], [28] flown
on the NASA high-altitude ER-2 aircraft.

All MODIS cloud microphysical and optical property
retrievals are at 1 km. The retrievals are based on library calcu-
lations of plane-parallel homogeneous clouds overlying a black
surface in the absence of an atmosphere. Separate libraries
exist for liquid water and ice clouds, the latter consisting of 12
size distributions composed of four habits (aggregates, bullet
rosettes, hollow columns, and plates) with the fraction of each
habit depending on particle size. For example, the majority of
large ice particles are assumed to be rosettes and aggregates.
The habits are based on in situ observations from the FIRE-II
experiment. Scattering calculations were made using the
techniques of Yang and Liou [29], [30]. Surface albedo effects
and corrections for nonunity atmospheric transmittance are
accounted for on a pixel-by-pixel basis. Further detail follows.

1) To Retrieve or Not to Retrieve (and If So, What
Phase?): In general, it is more straightforward to determine
that a pixel is clear of clouds than it is to assess the likelihood of
the opposite situation, i.e., that a pixel is completely overcast.
It is the latter information that is needed for the cloud retrievals
discussed in this section, while the MODIS cloud mask pro-
vides the former. Anot clearoutcome given by the first two bits
of the mask does not necessarily mean that a pixel is suitable
for a retrieval of optical thickness and particle size since the
algorithm assumes an overcast scene. Note that the 5-km scale
cloud-top property retrievals discussed in Section II-B were not
as sensitive to this issue as the algorithm inherently accounts
for nonunity cloud fraction within the 5-km scene through the
effective emissivity parameter.

Two preliminary pieces of information are required by the
algorithm: 1) An assessment of whether a pixel is suitable for
performing a cloud retrieval (i.e., overcast), and 2) an estimate
for the appropriate thermodynamic phase of the cloud. With
regard to phase, it is recognized that multilayer clouds of dif-
ferent phases or mixed phase clouds are not only possible, but
common. Therefore, since only a single phase is considered in
the algorithm, the appropriate phase depends on the spectral
bands being used. For example, a wavelength with little absorp-
tion (e.g., in the visible) may penetrate a thin cirrus layer to a
lower level water cloud and contain information predominantly
characteristic of water droplets. Alternatively, a more absorbing
wavelength for ice (e.g., 3.7m) may show predominantly ice
particle scattering characteristics.

A logical decision tree was developed to address both of the
above needs. The decision tree is based on individual cloud
mask tests coupled with IR, SWIR, and cloud-top temperature
retrievals. The decision tree logic is modified according to
the general underlying surface ecosystem (ocean, land, desert,
coastal, snow/ice). For all ecosystems, only pixels with the
cloud mask’s two highest confidence cloudy bits are considered
for processing. We discuss the remaining decision tree logic
through an example.
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Over the ocean, a combination of two cloud mask tests
(1.38- m reflectance and BT11-BT3.7) are used to initially
decide whether a cloudy pixel consists of liquid water. Small
1.38- m reflectance is indicative of low cloud while water
clouds will be more reflective at 3.7m relative to ice clouds
that have greater particle absorption at that wavelength. The
tests are therefore a combination of altitude and particle index
of refraction (3.7 m). If both tests suggest the liquid water
phase, then the pixel is flagged as such. Otherwise, the water
phase is ruled out with the remaining possibilities being ice
or uncertain phase. When the 1.38-m test is not run (over
high-altitude land regions including Greenland, Antarctica,
and mountainous regions), only the BT11-BT3.7 test is used.
Two remaining cloud mask tests are evaluated, making use
of the 6.7- m water vapor band and the 1.38-m band. If
either indicates a high cloud, then the pixel is flagged as ice;
otherwise the phase is considered uncertain.

Whenever this initial application of cloud mask tests yields
an uncertain phase, the result of the IR phase retrieval is used
instead. An uncertain designation in the IR retrieval is left
alone; mixed phase is changed to ice. Two additional tests are
then applied to all pixels. The SWIR phase retrieval, using
reflectance ratios of the 1.6- and/or 2.1-m band reflectance to
the 0.67- m band, is applied first. Reflectance ratios greater
or smaller than a predetermined range of values indicate water
and ice, respectively, and previous assignments from the cloud
mask and IR phase algorithm are overwritten accordingly.
Pixels with intermediate reflectance ratios are unchanged.
Finally, cloud-top temperature is used as a final check; pixels
with values less than 233 K are set to ice, those greater than
273 K are set to water. Due to inherent biases in the logic, any
remaining uncertain phase pixels are processed as water.

A difficult situation arising with water surfaces is the pos-
sibility of sunglint contamination. The cloud mask algorithm
defines the potential geometric suglint region as being within
36 of the specular direction; the actual glint geometry will de-
pend on surface wind speed and geometry. Within this potential
glint region, cloud mask spectral reflectance tests are modified
to minimize clear-sky sunglint observations from being erro-
neously flagged as cloud. In keeping with the clear-sky conser-
vative design of the mask, the emphasis is in accurately identi-
fying clear pixels and not overcast pixels. As a result, the ability
to unambiguously identify cloudy pixels relative to pixels away
from sunglint is reduced. In practice, it was found that use of the
two highest confidence cloudy bits in the decision tree caused
sunglint in large regions of the tropics (e.g., Indian Ocean) to be
processed as clouds. Restricting the retrieval choice to only the
highest confidence cloudy bit improved the situation, but at the
expense of eliminating cloudy pixels in other sunglint regions.
The current implementation of the algorithm uses this more con-
servative approach for observations within the sunglint geom-
etry. A modification to the cloud mask in the glint region, where
test thresholds are a function of angle away from the specular
direction, is being implemented into the latest production ver-
sion of the mask.

The decision tree phase inference is shown in Fig. 4(a). There
is general agreement with the IR algorithm, though less cloud is
flagged as uncertain as a result of the SWIR ratio tests. In par-

ticular, the thin cirrus overlying the lower stratocumulus water
cloud is now flagged as liquid, indicating that the cirrus had rel-
atively little effect on the SWIR reflectance. As previously men-
tioned, the concept of a single unambiguous phase for mixed-
phase or multilevel clouds is problematic and is likely to de-
pend on the spectral band considered. So while liquid water is
deemed a more appropriate choice for the SWIR-based retrieval,
a thermal emission technique might correctly consider this re-
gion to be ice or uncertain. The geometric sunglint region in
this data granule is at the northern extreme (not over water) and
therefore not a factor.

The decision tree phase inference is archived as part of the
pixel-level runtime Quality Assessment (QA) information.
The QA constitutes a separate Science Data Set (SDS) within
the MOD06_L2 HDF data file (Section II). The QA asso-
ciated with the 1-km cloud optical/microphysical portion of
MOD06 is named “Quality_Assurance_1km”; likewise, QA
associated with the 5-km cloud-top properties product are in
the “Quality_Assurance_5km” SDS. QA runtime flags include
product quality as well as processing path information. The
phase used in the processing of each pixel is reported in the
“Quality_Assurance_1km” SDS.

2) Surface Albedo:Cloud reflectance over land may be sig-
nificantly affected by the underlying surface albedo, which is
highly variable spectrally and with surface type. The MODIS
surface spectral BRDF/albedo product MOD43 [31] provides
16-day 1-km composites of clear-sky observations for both
bidirectional reflectance and albedo (solar illumination and
diffuse sky) in most MODIS solar bands used in the cloud
retrieval algorithm (exception being the 3.7-m band). The
diffuse sky albedo is relevant to the cloud retrieval problem.
While a continuous yearly product was being processed, it
was decided to take a single 16-day dataset (from end of
November 2000) and aggregate by land cover type to deter-
mine to what extent ecosystem could be used as a predictor
of spectral albedo. The MODIS land cover product MOD12
provides a global 1-km IGBP (International Geosphere-Bio-
sphere Programme) land cover classification map for such a
study [32]. A tundra ecosystem, not included in the IGBP clas-
sification, was added for the study [33]. Separate aggregations
were performed by latitude band (tropical, midlatitude, high
latitude). Global analysis showed the dispersion in albedo for
any given ecosystem to generally be less than 20% (i.e., the
ratio of the standard deviation to the mean). A seasonal cycle
was derived from hemispheric differences with the assump-
tion that albedos were characteristic of wintertime/summertime
values in either hemisphere. For example, southern hemisphere
(summertime) spectral albedos for a particular ecosystem were
assigned to the same northern hemisphere ecosystem during the
northern hemisphere summertime. A sinusoidal fit between the
summer/winter extremes was made to complete the seasonal
cycle. During operational processing, snow and ice masking
is provided by the National Snow and Ice Data Center’s Near
real-time Ice and Snow Extent (NISE) product [9] with assigned
spectral albedos provided from a variety of field measurements
[34].

Fig. 5 shows the major ecosystems for the granule being
discussed, along with the 1.6-m diffuse sky albedo for
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Fig. 5. Ecosystem designation (left panel) determined primarily from MODIS observations (MOD12 product). The ecosystem-based diffuse sky surface albedo
for the 1.6-�m MODIS band (right panel) is derived from aggregation of the MODIS albedo product (MOD43) by ecosystem. The derived albedo is only being
shown for those pixels where optical and microphysical retrievals are attempted.

those pixels processed by the cloud retrieval algorithm. The
east-west change in albedo over the Andes in the southern
part of the image is because the region was flagged as having
snow/ice by the NISE product and not due to an ecosystem
change. The larger albedos in the image are associated with
vegetation cover (grasslands/savanna over central Boliva being
the largest). Albedos of 0.2 to 0.4 (common) can significantly
increase above-cloud reflectance measurements and subsequent
retrievals. As an example, consider a liquid water cloud with
an optical thickness of 10 and effective radius 10m. For a
nadir view and solar zenith angle similar to the granule data,
a 1.6- m surface albedo of 0.2 (e.g., “evergreen broadleaf
forest,” Fig. 5) results in about a 10% relative increase in the
above-cloud reflectance compared with an ocean surface; a
surface albedo of 0.4 results in about a 20% increase. Note that
the Uyuni Salt Flat in not delineated in the ecosystem map.

3) Atmospheric Corrections:For a strictly absorbing atmos-
phere, the cloud-top reflectance (i.e., in the absence of an atmos-
phere) is where is the measured
reflectance at the top of the atmosphere andis the round-trip
or two-way band-averaged transmittance that includes the solar
path to cloud top (zenith angle of) and reflection back toward
the satellite . The SWIR/MWIR MODIS bands used in the
cloud retrieval algorithm (Table I) can have appreciable water
vapor absorption. Water 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 , where is the above-cloud precipitable

water and the cloud-top pressure. Absorption by trace gases
may also be important and will similarly depend on.

A library of band-averaged transmittances was calculated
using MODTRAN4 [35] for a variety of cloud moisture and
temperature profiles, combinations of and , 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 transmittance library is used
in conjunction with the MODIS cloud-top pressure product
(Section II-B) and integrated water amounts calculated from
NCEP GDAS. For the 0.65-m 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 is
implemented using an iterative method [36] that is applied after
the absorption correction.

In-cloud gaseous absorption decreases the apparent cloud
particle single scattering albedo. This effect on warm and
low water cloud effective radius retrievals is estimated [37]
to result in errors of about 3.5 when using the 1.6-m
band to about 2.0 for the 2.1- and 3.7-m bands (nearly
independent of actual effective radius). The size error increases
with the concentration of water vapor and other gases active
in these bands so the effect for cold and high clouds would
be less. Ice particles generally have smaller single scattering
albedos than water droplets and are therefore less sensitive to
gaseous absorption. The maximum expected submicron errors
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Fig. 6. Two-way band-averaged transmittance for four MODIS bands used in the optical/microphysical retrievals of Figs. 7 and 8 (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, cf. Fig. 3(a)].

(e.g., 0.2 m for a 10- m water droplet retrieved with the
2.1- m band) are ignored. The effect of gaseous absorption
beneath the cloud can be approximated by a reduction in the
specified surface albedo if the cloud-base height is known and
is associated with a single layer cloud system; in the absence of
such information this effect is currently ignored.

Two-way spectral transmittances for the granule under dis-
cussion are shown in Fig. 6 (unmapped projection) along with
the above-cloud column water and cloud-top pressure fields.
Absorption in the 0.65-m band is primarily a result of rel-
atively uniform stratospheric ozone; view angle (swath-sym-

metric) 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 pat-
tern that is a function of cloud height and modeled moisture pro-
files as well as geometry. Note that in some areas of the stratocu-
mulus, the 2.1-m transmittance can be as low as0.9 which
means correcting the measured satellite reflectance by the factor

( 10 increase).
The 3.7- m band signal includes emitted radiation as well

as solar reflectance. The cloud-top temperature product is used
to account for the cloud emission component. Atmospheric
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Fig. 7. (a) Cloud optical thickness and (b) effective particle radius retrievals for the image of Fig. 1, with separate color bars for liquid water and ice clouds.
Retrievals use the MODIS 2.1-�m band in conjunction with the 0.65-�m band (over land) and the 0.86-�m band (over water).

emission in the 3.7-m band can be important for low clouds
underlying a wet atmosphere (on the order of 10% of the
solar reflectance component for an optically thick water cloud
with an effective radius of 10 m). This atmospheric emis-
sion is approximated by a single homogeneous layer having
a temperature equal to the above-cloud water-vapor-weighted
mean temperature (derived from NCEP water and temperature
profiles and the cloud-top pressure product), and an emissivity
equal to the above-cloud path absorption in the band (obtained
from the transmittance library as previously described). For
a variety of cloud-top pressures, water amounts, and profiles,
this generally gives atmospheric emission within 20% of exact
calculations.

4) Retrievals: The optical thickness and effective radius re-
trievals are derived from use of a MODIS water-absorbing band
(1.6, 2.1, 3.7 m) in conjunction with one of the nonabsorbing
bands (0.65, 0.86, 1.2m); the latter primarily provide optical
thickness information while absorbing bands contain strong par-
ticle size information. The nonabsorbing band is chosen to min-
imize the underlying surface reflectance; the 0.65-, 0.86-, and
1.2- m bands are chosen for land, ocean and ice/snow surfaces,
respectively. With this choice, three different retrievals are made
with the selected nonabsorbing band and each of the absorbing
bands. The default retrieval of optical thickness, effective radius,
and water path (proportional to the product of the two) uses the
2.1- m band combination. Particle size retrieved from combina-
tions with the 1.6- and 3.7-m bands are reported as differences
in retrieved effective radius relative to the 2.1-m band. The op-
tical thicknesses resulting from the three separate retrievals are

similar as they are derived primarily from the common nonab-
sorbing band that has little sensitivity to particle size.

Fig. 7(a) and (b) shows the 2.1-m default retrieval with sep-
arate color bars for the water and ice phases [Fig. 4(a)]. The
stratocumulus water clouds are optically thick20 in places,
though the convective ice cloud to the north has an optical thick-
ness in excess of 70 in its core. The broken stratocumulus
show small optical thickness (1–3) and effective radius in the
maximum size range allowable by the water libraries (maximum
of up to 30 m). This low optical thickness and large effective
radius is indicative of subpixel cloudiness where clear regions
on a subpixel scale reduce the reflectance of what is assumed to
be an overcast pixel. A 30-m retrieval is interpreted as a failed
retrieval (e.g., incorrect phase, subpixel cloud, etc.) and the pixel
is assigned a fill (null) value for both effective radius and optical
thickness. Effective radius retrievals in the 20- m range are
likely problematic as well and as such are given less weighting
in global aggregations (see Section III). Elsewhere, the more
uniform cloud deck shows reasonable effective radii of around
10 m or less through much of the region. The range of effec-
tive radii for the ice cloud models lie between 7 and 60m. In
the northern convection, particle sizes are seen to be relatively
small ( 15–20 m) compared with the surrounding ice cloud

25–30 m.
Fig. 8 shows the effective radius difference images. For the

liquid water stratocumulus region, differences
are generally within 1 m but are often biased slightly nega-
tive (yellow colors) as expected from parcel theory [38] and
in agreement with stratocumulus retrievals from aircraft [27],
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Fig. 8. Differences in retrieved effective particle radius (micrometer) using the 1.6- and 3.7-�m bands relative to a size retrieval using the 2.1-�m band (Fig. 7(b)).

[28]. In contrast, the differences are slightly pos-
itive for the same region, though typically less than 1m (ob-
scured by gray coloration); these differences are somewhat less
than the micrometer or so positive differences expected from
theory (and in contrast to larger than expected positive differ-
ences in the cited aircraft retrievals). The broken stratocumulus
region shows substantial negative differences for
and many failures in the 1.6-m band size retrievals (both fill
values and pixels for which no retrieval was attempted are im-
aged as black). Large differences (positive and negative) are
seen for in the same region. For the thick ice cloud,

differences are negative while dif-
ferences are positive and large.

The discussion leading to this example granule retrieval
highlights the difficulties and, in particular, the need for ancil-
lary information required for global cloud retrievals. While the
example demonstrates progress made toward that end, areas
of the algorithm requiring further investigation include the
identification of subpixel cloudiness and improvements to ice
cloud models (e.g., representative models for a greater variety
of cloud types and geographic locations). Current efforts are
investigating the use of different spectral band combinations
[28], and transitioning from the ecosystem-derived surface
albedo map to one based on seasonal MODIS albedo retrievals.

III. GLOBAL-LEVEL CLOUD PRODUCTS

Pixel-level retrievals have a variety of uses including case
study and validation efforts. However, global aggregation in
both space and time are essential for the development of cloud

parameterizations and climate change studies. The Level-3 ag-
gregation of pixel-level (Level-2) retrievals is discussed in a
companion paper [1]. We will mention just a few unique aspects
of the cloud aggregations.

All MODIS atmosphere products (SDSs) are aggregated at a
1 spatial resolution on a daily, eight-day, and monthly basis.
Aggregations include a variety of statistical information (mean,
standard deviation, max/min occurrences) and histograms (mar-
ginal and joint). As an example, the optical thickness SDS ag-
gregated provides logarithmic mean and standard deviation in
addition to linear statistics. The aggregation is given separately
for water, ice, and uncertain/mixed phase retrievals. An optical
thickness histogram is generated for the water and ice phases.
Joint histograms of optical thickness versus effective radius,
cloud-top temperature, and effective emissivity are provided for
the water and ice phases separately. Similarly, effective radius is
binned against cloud-top temperature and effective emissivity.

As discussed in the example from Section II-D-IV, portions
of the retrieval space for water clouds (small optical thickness
and/or larger effective radius) are, at best, very sensitive to
measurement and modeling error, and at worst, indicative of
problem retrievals. As such, two separate L3 global aggrega-
tions are calculated—unweighted and QA-weighted. For the
latter, aretrieval QAinteger (0 to 3) is assigned to each retrieval
and used as the weighting. As both small optical thickness and
large particle retrievals are reasonable for ice clouds, these
retrievals are given full weighting except when the effective
radius retrieval is at the limit of the library space (6 and
60 m).

There is no direct aggregation of the MODIS cloud mask
results (aggregation is only made for Level-2 SDSs). However,
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there are two sources of cloud fraction available in the Level-3
data file. The cloud-top properties portion of the Level-3
file provides an SDS called “Cloud_Fraction_Infrared” (i.e.,
derived from the CO IR algorithm) which is an aggregation
of the Level-2 MOD06 SDS “Cloud_Fraction.” This fraction
is simply the counts ofcloudyandprobably cloudyoutcomes
observed during the processing of the cloud-top algorithm. As
such, it provides a cloud mask fraction calculation for the two
highest confidence cloud bits in the mask. Though the cloud-top
properties algorithm is only run when four of the 25 pixels
being analyzed at any one time are found to becloudy/probably
cloudy, the Cloud_Fraction SDS is populated for all 55
pixel groupings. There are also separate day and night cloud
fractions SDSs as cloud extent can have a significant diurnal
cycle. Further, there is an expected increase in the daytime
cloud mask accuracy due to additional information in the solar
spectral tests.

The optical/microphysical retrievals also provide a cloud
fraction. These are referred to, for example, as “Cloud_Frac-
tion_Water” for the liquid water phase (fraction of ice,
uncertain/mixed, and all phases are also provided). These
are the number of successful optical/microphysical retrievals
normalized by the total number of available pixels (clear and
cloudy). However, pixels associated with a failed retrieval out-
come during processing are not counted in the normalization as
they often represent those pixels that could have been catego-
rized as either clear for cloudy. This fraction is not necessarily
the same as the one based on a cloud maskcloudy/probably
cloudyoutcome (e.g., in sunglint, the current decision tree only
allows retrievals for the highest confidence cloud mask bit).
Further, this fraction is only available for daytime observations.

IV. SUMMARY

This paper has presented an overview of the core pixel-level
(Level-2) MODIS operational cloud products. The products
consist of a cloud mask for detection of clear skies, cloud-top
properties (temperature, pressure, effective emissivity), cloud
thermodynamic phase, and cloud optical thickness and mi-
crophysical properties (effective radius, water path). An
accompanying paper in this issue [1] discusses the global
gridded Level-3 datasets. We have highlighted the main fea-
tures of the algorithms, including retrieval issues and future
efforts, via an example data granule (5 min of MODIS data)
off the coasts of Peru and Chile. While the example and
discussion have featured Terra MODIS, the same algorithms
will be applied to Aqua MODIS data. The cloud algorithms
have been periodically updated and modified as Terra analysis
proceeded. The status of the algorithms and example products
described in this paper are valid for the so-called “collection
004” production runs which began in November 2002 for both
Terra and Aqua MODIS.

In the course of the discussion, we examined in detail the
cloud product pixel-level retrievals over a large-scale region
(approximately 2000 2330 km). At the highest available
resolution, and without benefit of temporal or spatial averaging,
these retrievals demonstrate where we have confidence in
the results as well as areas requiring more attention. Features

apparent in pixel-level retrieval are not necessarily noticeable
in Level-3 or climatological datasets, where random errors
may cancel and biases are difficult to discern. Validation of the
cloud products, though not discussed in this paper, has been
a high priority among the MODIS cloud team members and
will continue into the Aqua time frame. A summary document
of MODIS atmosphere validation activities is available at
modis-atmos.gsfc.nasa.gov/reference_atbd.html.

Further details, documentation, example data products, and
Level-3 operational imagery can be found at the MODIS atmos-
phere Web site (modis-atmos.gsfc.nasa.gov).
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