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ABSTRACT

Cloud overlapping has been a major issue in climate studies owing to a lack of reliable information
available over both oceans and land. This study presents the first near-global retrieval and analysis of
single-layer and overlapped cloud vertical structures and their optical properties retrieved by applying a
new method to the Moderate Resolution Imaging Spectroradiometer (MODIS) data. Taking full advantage
of the MODIS multiple channels, the method can differentiate cirrus overlapping lower water clouds from
single-layer clouds. Based on newly retrieved cloud products using daytime Terra/MODIS 5-km overcast
measurements sampled in January, April, July, and October 2001, global statistics of the frequency of
occurrence, cloud-top pressure/temperature (Pc/Tc), visible optical depth (�VIS), and infrared emissivity (�)
are presented and discussed. Of all overcast scenes identified over land (ocean), the MODIS data show 61%
(52%) high clouds (Pc � 500 hPa), 39% (48%) lower clouds (Pc � 500 hPa), and an extremely low
occurrence (�4%) of Pc between 500 and 600 hPa. A distinct bimodal distribution of Pc is found and peaks
at �275 and �725 hPa for high and low clouds, thus leaving a minimum in cloud in the middle troposphere.
Out of the 61% (52%) of high clouds identified by MODIS, retrievals reveal that 41% (35%) are thin cirrus
clouds (� � 0.85 and Pc � 500 hPa) and the remaining 20% (17%) are thick high clouds (� � 0.85). Out
of the 41% (35%) of thin cirrus, 29% (27%) are found to overlap with lower water clouds and 12% (8%)
are single-layer cirrus. Total low-cloud amount (single-layer plus overlapped) out of all overcast scenes is
thus 68% (39% � 29%) over land and 75% (48% � 27%) over ocean, which is greater than the cloud
amounts reported by the MODIS and the International Satellite Cloud Climatology Project (ISCCP). Both
retrieved overlapping and nonoverlapping cirrus clouds show similar mean �VIS of �1.5 and mean � of �0.5.
The optical properties of single-layer cirrus and single-layer water clouds agree well with the MODIS
standard retrievals. Because the MODIS retrievals do not differentiate between cirrus and lower water
clouds in overlap situations, large discrepancies are found for emissivity, cloud-top height, and optical depth
for high cirrus overlapping lower water clouds.

1. Introduction

Clouds influence the earth’s radiation budget by 1)
reflecting solar radiation back to space and 2) trapping
longwave radiation in the earth–atmosphere system.
Unlike many low clouds that have a cooling effect on
solar radiation through reflection, high thin cirrus

clouds reflect only a small amount of solar radiation
and prevent a large quantity of longwave radiation
from leaving the earth–atmosphere system (Liou 1986).
They usually exert a net radiative heating on the system
rather than cooling, as other types of clouds do (Ra-
maswamy and Ramanathan 1989; Hartmann et al.
1992). The horizontal coverage of cirrus clouds and
their vertical distribution in the upper atmosphere are
also linked to atmospheric circulation and the water
cycle (Stephens et al. 1990).

To gain a better understanding of the earth’s radia-
tion budget and to improve weather and climate mod-
eling, it is essential to accurately identify these cirrus
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clouds and determine their optical properties. Surface
observations from ships rarely report cirrus clouds ex-
isting alone (Warren et al. 1985). When low clouds are
present, it is almost impossible to observe cirrus cloud
height and optical properties. Indirect inference from
global radiosonde water vapor profile data also indi-
cates that �40% of all cloud observations consist of
multilayer clouds (Poore et al. 1995; Wang et al. 2000).
Extremely low water vapor amounts in the upper at-
mosphere can incur large uncertainties in determining
cirrus clouds. Active sensors like airborne lidar (Sassen
1991; Platt et al. 1994; Clothiaux et al. 2000) and sur-
face-based radar (Mace and Benson-Troth 2002) can
more effectively determine multilayer clouds, but are
limited to a few ground locations.

Satellite remote sensing is the only means of observ-
ing cloud and other climate variables on a global scale,
an objective addressed by the International Satellite
Cloud Climatology Project (ISCCP) (Rossow and
Schiffer 1991, 1999). However, there is a dearth of in-
formation concerning the global climatology of cloud
vertical structure and cirrus cloud properties. This is
because the commonly used visible (VIS) and infrared
(IR) measurements made by weather satellites (�4–8
km at nadir resolution) are often overwhelmed by
thicker/lower water clouds. For example, ISCCP imple-
ments the bispectral method, which uses a VIS channel
(�0.6 �m) for the cloud optical depth retrieval and an
IR channel (�11 �m) for the cloud-top height retrieval.
The ISCCP data are much more reliable in depicting
horizontal distributions of column-integrated cloud
amounts and optical depths than in probing the vertical
distribution of cloud layers, especially when thin cirrus
clouds are encountered. Thin cirrus clouds have faint
signals that are difficult to detect in both the VIS and
IR channels. When cirrus overlaps thicker low cloud,
the 11-�m brightness temperature represents the bulk
emission from the much warmer low cloud. On the
other hand, the very cold temperature of cirrus cloud
can lower the total thermal radiance so that the inferred
cloud-top temperature may be significantly colder than
the real temperature of the lower cloud but warmer
than the real temperature of the higher cirrus cloud. As
such an intermediately warm midlevel cloud would be
inferred. This leads to the general underestimation of
high cloud amounts in ISCCP data (Jin et al. 1996) and
the problematic retrieval of optical depth for either of
the overlapped cirrus or lower water clouds. Consider-
ing the frequent occurrence of overlapped clouds, cau-
tion is warranted when using the layered-cloud statistics
as reported in the ISCCP (Rossow and Schiffer 1991,
1999; Jin et al. 1996) or any other cloud data retrieved

from VIS–IR radiances for model validation and com-
parison (Zhang et al. 2005).

Another cirrus cloud climatology was inferred from
the High-resolution Infrared Radiometer Sounder
(HIRS) data on board the National Oceanic and At-
mospheric Administration (NOAA) polar-orbiting sat-
ellite (Wylie et al. 1994; Wylie and Menzel 1999). The
HIRS analyses employed several infrared channels
near the 15-�m CO2 absorbing band and used a tech-
nique known as the CO2-slicing method to determine
cirrus cloud-top altitude. Effective cirrus cloud
amounts were estimated from the 11-�m channel. It
was reported that high-level transmissive clouds cov-
ered more than 30% of the globe and more than 50% of
the tropical regions on a monthly mean basis. While the
HIRS is sensitive in detecting cirrus clouds, it does not
detect low clouds obscured by the cirrus clouds. An-
other major uncertainty is associated with the large
field of view of the HIRS pixel (�20 km at nadir reso-
lution).

A few experimental techniques for cloud overlap de-
tection have been proposed for application to the Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
Airborne Simulator (MAS) data (Baum and Spinhirne
2000), the Advanced Very High Resolution Radiom-
eter (AVHRR) data (Baum et al. 1995, 1997; Ou et al.
1996), and the National Polar-orbiting Operational En-
vironment Satellite System (NPOESS) data (Pavolonis
and Heidinger 2004). These techniques are primarily
concerned with the identification of multilayer scenes
rather than the determination of cloud optical proper-
ties for the differentiated layers. Other satellite tech-
niques have been proposed for retrieving multilayer
clouds over ocean environments using a combination of
microwave, visible, and infrared imager data (Sheu et
al. 1997; Lin et al. 1998; Ho et al. 2003). The large
variability of surface emissivity over land limits their
application over oceans. Only the radiative effective
heights of optically thick clouds can be determined
from these techniques.

The MODIS provides unprecedented measurements
at many more spectral channels and at high spatial reso-
lution (King et al. 2003). The MODIS standard product
provides much better information on cirrus cloud-top
heights using the CO2-slicing method (Platnick et al.
2003). Because the MODIS retrieval method assumes a
single-layer cloud it does not provide information con-
cerning the presence of a lower cloud layer beneath the
cirrus cloud layer so no effort is made to separate the
total column-integrated cloud optical depth in terms of
high and low clouds. In this study, we apply a new
retrieval method developed by Chang and Li (2005)
to 1 yr of MODIS data in order to obtain gross but
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distinct climatologies of 1) the frequency distributions
of cirrus-overlapping-water clouds and single-layer
clouds and 2) their corresponding cloud-top altitudes,
optical depths, and cirrus cloud emissivities. These are
retrieved from the Terra/MODIS level-1B 1-km VIS
and IR radiance data, together with the MODIS level-2
cloud mask (Ackerman et al. 1998) and cloud-top prop-
erty products (Menzel et al. 2002; Platnick et al. 2003).
We classify clouds into different categories based on
cloud-top pressure (Pc), visible optical depth (�VIS), 11-
�m-high cloud emissivity (�hc), and overlapping infor-
mation. The frequency of occurrence and retrieved op-
tical properties for each cloud category are analyzed
and compared for January, April, July, and October
2001.

Section 2 describes the MODIS data and the retrieval
method. Section 3 presents the determination of differ-
ent cloud categories and analyses of near-global cloud
amounts, vertical structures, and optical properties.
Section 4 compares the retrieved properties with the
current MODIS product and the concluding remarks
are given in section 5.

2. Data and methodology

a. MODIS data

The MODIS imager is the principal instrument de-
ployed on two National Aeronautics and Space Admin-
istration (NASA) Earth Observing System (EOS) sat-
ellites: Terra and Aqua. The imager has 36 onboard
calibrated channels/bands (0.415–14.24 �m) (Barnes
et al. 1998) at spatial resolutions of 250 m at nadir for
two visible channels (bands 1 and 2), 500 m for five
near-infrared channels (bands 3–7), and 1 km for bands
8–36. Global observations commenced in February
2000 for Terra and in June 2002 for Aqua. The data
used in this study are 1-km aggregated radiance data
(MOD021KM) from one visible (0.65 or 0.86 �m) and
one infrared (11 �m) channel. Key additional variables
employed are the MODIS-retrieved CO2-slicing-based
altitude (Pc) and ambient temperature of the cirrus
cloud (Tc) (Menzel et al. 2002; Platnick et al. 2003).

For cloud detection, this study relies on the MODIS
level-2 cloud mask product generated by the MODIS
cloud/clear-sky discrimination algorithm (Ackerman et
al. 1998). The MODIS cloud-discriminating algorithm
is in essence a series of cloud spectral tests applied to as
many as 20 of the 36 MODIS channels, depending on
surface scene types and solar illumination conditions.
Four categories of cloud probability, namely, confi-
dence clear, probably clear, probably cloudy, and
cloudy, are identified at two spatial resolutions: 1-km
and 5-km (5 � 5 pixels) scales. In this study, only 5-km

overcast scenes where all of the 5 � 5 1-km pixels are
identified as probably cloudy or cloudy are retrieved.

The MODIS Pc and Tc products are currently re-
trieved on a 5-km basis using two different approaches
(Menzel et al. 2002; Platnick et al. 2003). If the CO2-
slicing method retrieves a Pc less than 700 hPa, the
CO2-slicing-retrieved Pc is used; otherwise, the cloud-
top altitudes are inferred from the 11-�m brightness
temperature. The CO2-slicing method utilizes four MO-
DIS infrared bands found in the CO2 partial absorption
regions, that is, band 33 (13.34 �m), band 34 (13.64
�m), band 35 (13.94 �m), and band 36 (14.24 �m). The
method is considered to be effective in detecting thin
cirrus clouds. It has been previously applied to the Vis-
ible Infrared Spin Scan-Radiometer (VISSR) Atmo-
spheric Sounder (VAS) data (Wylie and Menzel 1989;
Menzel et al. 1992) and HIRS data (Wylie et al. 1994;
Wylie and Menzel 1999) and has demonstrated accura-
cies generally within 	50 hPa for the retrieved high-
cloud Pc.

For clouds with Pc � 700 hPa, the CO2-slicing
method loses its sensitivity and effectiveness so MODIS
relies on the 11-�m observed radiance to infer the low-
cloud Tc. In this case, water vapor absorption/emission
at 11 �m can affect the low-cloud Tc, but the effect is
generally small because the relative humidity above the
cloud layer is usually small. Under moist conditions, the
11-�m retrieved Tc can have biased errors of a few
degrees. Once the Tc is retrieved, the Pc corresponding
to the low cloud is inverted by comparing the profiles of
Pc and Tc obtained from the National Centers for En-
vironmental Prediction (NCEP) Global Data Assimila-
tion System (Derber et al. 1991). A similar Pc-to-Tc
inversion is also applied to the Pc (�700 hPa) deter-
mined by the CO2-slicing method.

b. Overlapped retrieval algorithm

As mentioned earlier, the current MODIS product
only provides the location of the tops of the highest
cloud viewable from space, which poses a problem for
overlapping clouds. To overcome this limitation, we ap-
ply the algorithm of Chang and Li (2005) to determine
the existence of overlapped cirrus and water clouds and
to retrieve their individual optical properties. The
method is based on combined information from the
multispectral CO2-slicing channels (13.3, 13.6, 13.9, and
14.2 �m) and conventional VIS and IR window chan-
nels. By taking full advantage of the MODIS products,
our algorithm utilizes four essential pieces of informa-
tion: 1) a high-cloud Pc/Tc (�500 hPa) estimated from
the CO2-slicing retrieval; 2) a low-cloud Pc/Tc (�500
hPa) estimated from the mean of nearby low-cloud
Pc/Tc; 3) a high-cloud optical depth (�
VIS) estimated
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