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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 7erra/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 (7ys), 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 (e < 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 75 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
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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 wm) for the cloud optical depth retrieval and an
IR channel (~11 wm) 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-um 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 /ayered-cloud statistics
as reported in the ISCCP (Rossow and Schiffer 1991,
1999; Jin et al. 1996) or any other cloud data retrieved
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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-um CO, absorbing band and used a tech-
nique known as the CO,-slicing method to determine
cirrus cloud-top altitude. Effective cirrus cloud
amounts were estimated from the 11-um 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 CO,-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 (7y1g), 11-
pm-high cloud emissivity (g,,.), 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 pm) (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
(MODO021KM) from one visible (0.65 or 0.86 um) and
one infrared (11 wm) channel. Key additional variables
employed are the MODIS-retrieved CO,-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 X 5 pixels) scales. In this study, only 5-km
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overcast scenes where all of the 5 X 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 CO,-
slicing method retrieves a Pc less than 700 hPa, the
CO,-slicing-retrieved Pc is used; otherwise, the cloud-
top altitudes are inferred from the 11-um brightness
temperature. The CO,-slicing method utilizes four MO-
DIS infrared bands found in the CO, partial absorption
regions, that is, band 33 (13.34 pum), band 34 (13.64
pm), band 35 (13.94 wm), and band 36 (14.24 um). 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 CO,-slicing
method loses its sensitivity and effectiveness so MODIS
relies on the 11-um observed radiance to infer the low-
cloud Tc. In this case, water vapor absorption/emission
at 11 um 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-um 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 CO,-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 CO,-slicing channels (13.3, 13.6, 13.9, and
14.2 um) 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 CO,-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 (7g) estimated
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based on 11-wm emissivity; and 4) a total-column cloud
optical depth (7ys) estimated based on VIS reflectance
(0.65 wm for land and 0.86 wm for oceans).

The algorithm was applied to only high-altitude (Pc
< 500 hPa) thin cirrus clouds (gg < 0.85, equivalent to
Tyis < 4) to detect overlapping conditions. These con-
ditions define the cirrus clouds in this study that repre-
sent the majority of cirrostratus and cirrocumulus
clouds (Comstock and Sassen 2001; Sassen et al. 2003).
The algorithm begins with a comparison between v g
and 7yg. To estimate Tyg, @ parameterization scheme
is followed by first computing an effective IR emissivity
(e1r) (Menzel et al. 1992; Wylie et al. 1994):

R - Rclr

EIR © >
Rhc - Rclr

(1)

where R is the 11-um observed radiance, R, is the
computed equivalent blackbody radiance at high-cloud
Tc (from the CO,-slicing retrieval) and Ry, is the clear-
sky radiance at the 11-um channel. An IR optical depth
(mr) is derived from g (Platt and Stephens 1980; Min-
nis et al. 1990):

TR = — In(l — g1R), 2)

where w is the cosine of the satellite zenith angle. The
high-cloud VIS optical depth (7s) is obtained using
the ratio factor ¢ (Minnis et al. 1990; Rossow and
Schiffer 1999), which relates the cirrus optical depths at
the VIS and IR channels:

™is = §Tr- 3)

An observed mean value for & equal to 2.13, is adopted
for ice clouds following Minnis et al. (1993a) and Ros-
sow and Schiffer (1999); it is also equal to a theoretical
value for cloud models with hexagonal ice crystals (Ta-
kano and Liou 1989) and random fractal polycrystals
(Mishchenko et al. 1996).

Because the parameterized 4, is dictated by IR ra-
diative transfer for the cirrus cloud and the VIS-
retrieved Ty,g is dictated by the entire cloud column,
the IR-based v, is significantly smaller than 7 if the
cirrus cloud overlaps a low cloud. Figure 1a shows a
typical case of 7y,g against 7g retrievals for a cirrus
cloud layer overlapping stratus clouds observed on 2
April 2001 over a 50-km region in north-central Okla-
homa centered at the Southern Great Plains (SGP)
Central Facility site (36.6°N, 97.5°W) of the U.S. De-
partment of Energy Atmospheric Radiation Measure-
ment (ARM) Program. The overlapping structure was
confirmed by the ARM SGP ground-based measure-
ments obtained from the Active Remotely Sensed
Clouds Locations (ARSCL) product (Clothiaux et al.
2000). The differences between (g and Tyg seen in
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F1G. 1. Comparisons of 7yg and 75 for (a) overlapped cirrus
and stratus clouds observed on 2 Apr 2001 (1715 UTC) and (b)
single-layer cirrus clouds observed on 6 Mar 2001 (1735 UTC).
The data are extracted from a 50-km MODIS region centered at
the ARM SGP Central Facility site.

Fig. 1a are used to decide if a dual-layer overlapped
cloud model should be called upon to retrieve separate
optical properties for the cirrus and low-cloud layers.
Figure 1b shows a typical case of a single-layer cirrus
cloud (6 March 2001), that is, 75 = Tyis-

For an overlapped cloud case, the initial estimate of
err from Eq. (1) needs to be corrected for the emission
from the lower cloud (lc subscripts). This is achieved by
replacing R, with an adjusted radiance term, R':

R = 8lclelc + (1 - 8lc)leclr’ (4)

where R, is the computed low-cloud blackbody emis-
sion radiance at low-cloud Tc, and g, is the low-cloud
11-pm emissivity. The optical properties of the low
cloud were determined by assuming that the low clouds
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Dual-layer retrieval process:

Estimate 7, using
2-layer cloud VIS model

Tr=—p In(1—&,)

The = é:TIR

TR = Tc/&
&c= 1-exp(-zr /W)

Estimate &, by substituting
Eq.(5) into Eq.(1)

y

High3: thick |

|High1: single-layer| | High2: overlapped |

A
High3: thick

FI1G. 2. A schematic flowchart illustrating the retrieval algorithm.

detected nearby were from the same low-cloud system.
Within a maximum area of =125 km for a typical me-
soscale cloud system, neighboring low-cloud pixels
(with Pc > 500 hPa) were examined. If no single-layer
low cloud existed within this domain, no retrieval was
made for the overlapped cloud, even though 7,5 may
have been larger than m;g. Such cases that accounted
for ~5% of the 4-month’s worth of data were assumed
single-layer clouds.

When all three conditions are met, that is, Pc < 500
hPa, 1y1s > 715, and there exists neighboring low
cloud, a dual-layer cirrus-over-water cloud radiative
transfer model is applied to the VIS channel to retrieve
a low-cloud optical depth (7). Initially, the &;z-based
Tyis 15 used in the dual-layer cloud model. The best-fit
value of 7. is determined by adjusting 7. until the
model-computed VIS reflectance matches with the ob-
servation. From Eq. (3), 7. is converted to a low-cloud
Tir Dy using an empirical value of & = 2.56 for water
clouds (Minnis et al. 1993a; Rossow and Schiffer 1999).
The low-cloud emissivity ¢ is estimated from Eq. (2).

By substituting Eq. (4) into Eq. (1) for R, our nominal

high cloud ¢, is expressed as
_R-K
Ehe — Rhc — R’ .

clr>

®)

Likewise, our nominal high-cloud optical depth (7,.)
can be obtained from g, using Egs. (2) and (3). Be-
cause the retrievals of 7, and 7, are mutually depen-
dent, an iterative process is needed.

From the retrieved ;. and Pc, all high clouds with Pc
<500 hPa are classified into three categories: 1) Highl:
single-layer cirrus clouds, 2) High?2: cirrus overlapping
low clouds, and 3) High3: thick high clouds (g, = 0.85).
Figure 2 shows a flowchart illustrating our processing
paths for Highl, High2, and High3 clouds. The High3
category includes two processing paths with (rightmost
path) and without (leftmost path) the identification of
nearby low cloud. In either case, the High3 cloud is
considered as a single thick layer cloud with a total-
column 7yg. But in nature, some High3 clouds are
probably overlapped.
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TABLE 1. Cloud categories.

Highl Single-layer cirrus cloud
High2 Opverlapped cirrus cloud
High3 Thick high cloud

Mid Middle cloud

Lowl Single-layer low cloud
Low2 Overlapped low cloud

For all lower clouds with Pc = 500 hPa, no decision
was made regarding overlapping. They are separated
into a Lowl category for Pc > 600 hPa and an ad hoc
Mid category for 500 hPa = Pc = 600 hPa. Selection of
this interval for the Mid category was mainly to illus-
trate an extremely low occurrence of MODIS Pc falling
between 500 and 600 hPa as revealed in this study. The
zonal-mean percentage of the occurrence of Mid
clouds, which may be overlapped with cirrus or low
clouds, is equal to 1%-2% in low and midlatitudes.
Table 1 lists six cloud categories, namely, Highl, High2,
High3, Mid, Lowl, and Low2. The retrieved lower
clouds overlapped by High2 are hereafter referred to as
Low2.

c¢. Lookup tables and dual-layer radiative transfer
calculations

Our algorithm is implemented by means of lookup
tables in order to accelerate the processing of large
volumes of data. Lookup tables of radiances are ob-
tained from extensive radiative transfer simulations for
a two-layer cloud model with overlapped ice and water
clouds. Using various inputs of high-cloud and low-
cloud optical properties, the tables were generated by
running a 32-stream adding-doubling code (Chang and
Li 2002). The input values are for high clouds 7,, =
0.01,0.25,0.5, 1, 2, 3, and 5, and Pc = 100, 300, and 500
hPa and for low clouds 7. = 0.05,0.25, 1,2, 3,4, 6, 8, 12,
16, 24, 32, 40, 48, 56, 64, 80, and 100, and Pc = 500, 700,
900, and 1000 hPa. The atmosphere is divided into 10
vertical layers and each layer is 100 hPa thick. Both
high and low clouds are inserted at each Pc level as an
infinitesimal plane-parallel layer.

Our microphysical model for high clouds assumes an
ice cloud layer with a fixed effective radius of r, = 30
um and adopts the scattering phase functions of the
fractal ice polycrystal model (Macke 1993; Mishchenko
et al. 1996). This microphysical model for high clouds is
the same as the ISCCP ice cloud model (Rossow and
Schiffer 1999), as shown by a series of comparisons
against observational data (Minnis et al. 1993b; Francis
1995; Descloitres et al. 1998). For example, Descloitres
et al. (1998) show that the observed angular distribu-
tions of the visible reflectances from cirrus clouds agree
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within a few percent with calculations based on the
fractal-polycrystal scattering phase functions. The opti-
cal refractive indices used for ice clouds are 1.332 +
1.672 X 10~% for 0.65 wm and 1.329 + 3.290 X 107 for
0.86 wm (Warren 1984). Our microphysical model for
low clouds assumes a fixed droplet effective radius of 7,
= 10 wm and adopts Mie scattering phase functions,
again the same as the ISCCP water cloud model. The
optical refractive indices used for water clouds are
1.332 + 1.672 X 10~ % for 0.65 wm and 1.329 + 3.290 X
10~ 7i for 0.86 um (Hale and Querry 1973). The assump-
tions made concerning cloud microphysics may incur
uncertainties in the retrieved optical depths on the or-
der of 30%-50% for thin ice clouds (Rossow et al. 1989;
Minnis et al. 1993b) and on the order of 15%-25% for
thicker water clouds (Rossow et al. 1989).

Atmospheric transmittance and molecular scattering
are calculated using the MODTRAN-4 model with the
U.S. Standard Atmosphere, 1976 (COESA 1976) tem-
perature and humidity profiles (Berk et al. 1999). Sur-
face albedos over land were obtained from the bi-
monthly MODIS Filled Land Surface Albedo Product.
For oceanic scenes, the surface albedo is 0.05. No re-
trievals were attempted for regions of snow-/ice-cov-
ered surfaces (e.g., polar regions), sun-glint water, and
mountainous areas because of large uncertainties in the
surface properties. The snow/ice surface data are re-
ported by the National Snow and Ice Data Center’s
Near-real-time Ice and Snow Extent (Armstrong and
Brodzik 2001) and are included in the MODIS 1-km
Quality Assurance data (Platnick et al. 2003). Small
uncertainties (+=10%) in surface albedo and atmo-
spheric properties have little impact on the retrievals
when the total-column 7y,g is moderately large (>5).
Since the retrieval of high cloud 7, relies primarily on
the CO,-slicing and 11-um IR channels, uncertainties in
the surface albedo have little effect on its retrieval. The
uncertainties have more influence on the retrieved low-
cloud 7, because this retrieval primarily relies on the
VIS channel. For example, uncertainties of 3% in the
VIS reflectance can lead to uncertainties of ~1.0 in
moderate T retrievals. Uncertainties due to neglecting
the water vapor effects above the cloud at the 11-pum IR
channel can cause biases in the retrieved 7. and g, but
they are estimated to be no more than 10%.

3. Near-global cloud properties

a. Cloud amounts and 5-km overcast scenes

The MODIS data used in this study are from mea-
surements made by the Terra satellite (nominal over-
pass time 1030 local time) during January, April, July,
and October 2001. Global data were processed exclud-
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FiG. 3. Latitudinal variations of the zonal-mean total cloud amount (dotted), total 5-km overcast cloud amount (solid), and total
5-km overcast high-cloud (Pc < 500 hPa) amount (dashed) obtained in January, April, July, and October 2001.

ing polar winter regions and solar zenith angles greater
than 75°. The data are sampled every fourth day in each
month (i.e., day 2, 6, 10, 14, 18, 22, 26, and 30). Note
that operation of the Terra/MODIS instrument was in-
terrupted between mid-June and 2 July 2001, so data on
4 July was used instead of 2 July. Use of the sampled
data is necessary to reduce the data volume, while pro-
viding reasonable global cloud characteristics since syn-
optic weather systems transit on a time scale of ~4-7
days. There is a potential bias due to the diurnal varia-
tion of clouds.

Figure 3 shows the latitudinal variations of 1° zonal-
mean total cloud amount (dotted), total 5-km overcast
amount (solid), and total 5-km overcast high-cloud (Pc
< 500 hPa) amount (dashed) obtained from MODIS in
January, April, July, and October 2001. The near-global
monthly mean total cloud amounts are around 60%
with the lowest occurring in July (~57%) and the high-
est occurring in January (~61%). The corresponding
overcast total cloud amounts are about 45% (~48% in

January and ~42% in July). The smaller cloud amounts
in July are consistent with the results from ISCCP and
HIRS (cf. Table 2 in Jin et al. 1996), except that the
MODIS monthly mean total cloud amounts are gener-
ally smaller. The 5-km overcast cloud amount exhibits a
similar latitudinal variation to that of the total cloud
amount. The patterns of the latitudinal variations are
also similar to those derived from ISCCP and HIRS
(Rossow and Schiffer 1999; Jin et al. 1996).

Wylie et al. (1994) and Jin et al. (1996) reported that
the annual-mean total cloud amounts from HIRS were
equal to 76%-77%. Jin et al. (1996) and Rossow and
Schiffer (1999) reported an annual-mean total cloud
amount equal to 63% based on the previous version of
the ISCCP C-series dataset; the annual-mean total
cloud amount increases to 68% using the new ISCCP
D-series dataset. Stowe et al. (2002) and Jacobowitz
et al. (2003) compared monthly means from 10-yr
(1985-94) cloud climatologies compiled from ISCCP
data and the Clouds from AVHRR (CLAVR) dataset

TABLE 2. Absolute cloud amounts and relative percentage of Highl, High2, High3, Mid, and Low1 clouds obtained for over
ocean/land in January, April, July, and October 2001.

Jan 2001 Apr 2001 Jul 2001 Oct 2001 Mean
Absolute (%)
Highl 4.3/5.5 4.6/4.8 3.4/3.7 4.0/5.2 4.1/4.8
High2 12.3/14.0 14.3/12.6 9.9/9.0 12.8/12.7 12.3/12.1
High3 7.6/9.3 7.9/7.6 7.2/7.6 7.9/9.1 7.6/8.4
Mid 2.3/1.4 1.2/1.0 1.8/2.2 1.5/1.1 1.711.4
Lowl 22.4/13.6 18.8/14.0 20.4/16.2 20.6/14.5 20.6/14.6
Relative (%)
Highl 8.8/12.5 9.9/11.9 7.9/9.5 8.6/12.2 8.8/11.5
High2 25.2/32.0 30.5/31.5 23.3/23.4 27.2/29.8 26.6/29.2
High3 15.6/21.2 16.9/18.9 16.8/19.6 16.9/21.3 16.6/20.2
Mid 4.6/3.2 2.6/2.6 4.3/5.6 3.3/2.6 3.713.5
Lowl 45.8/31.1 40.1/35.1 47.7/42.0 44.0/34.1 44.4/35.6
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of the NOAA AVHRR Pathfinder Atmosphere Proj-
ect (PATMOS) and found rather constant 48%-52%
total cloud amounts. These differences are caused by
different cloud detection techniques used by the differ-
ent groups. For example, Stowe et al. (2002) suggest
that CLAVR tends to be more conservative in preserv-
ing the overcast radiances so a large portion of variable
cloudy pixels were classified as mixed pixels and were
assigned 50% cloud coverage. ISCCP tends to treat
them as completely overcast with 100% cloud coverage.
Our results imply that the MODIS total cloud amount
falls somewhere between the ISCCP and CLAVR total
cloud amounts. The HIRS monthly mean high-cloud
amounts reported by Wylie et al. (1994) and Jin et al.
(1996) are equal to 35%. The MODIS high-cloud
amount (all clouds with Pc < 500 hPa) is equal to 24%
for 5-km overcast pixels and 32% for all pixels. The
HIRS total cloud amounts may be overestimated due to
its much larger pixel size (~20 km at nadir).

Figure 4 shows the variations of the 1° zonal-mean
5-km overcast amounts for each of the five categories
(i.e., Highl, High2, High3, Lowl, and Mid) obtained
over ocean/land in April 2001. The patterns for other
months are similar except that they shift with the posi-
tion of the sun. Table 2 shows the global monthly means
of the five cloud categories in terms of absolute cloud
amount (upper rows) and relative percentage (lower
rows) out of the total 5-km overcast amounts for each
of the 4 months. Considerably more clouds are found
over oceans than over land. The two most dominant
categories are Lowl (single-layer low clouds) and
High2 (overlapped cirrus clouds). The overlapped
High2 clouds account for about 50% of total high
clouds and 30% of total overcast amounts. This result is
consistent with ship observations, which note that cirrus
clouds rarely occur alone over oceans (Warren et al.
1985). The true overlapped high-cloud amounts should
be even larger because a fraction of High3 may be over-
lapped but cannot be identified. In general, high clouds
occur most frequently over the ITCZ and midlatitudes
and less frequently in the subtropics. Tropical high
clouds are often associated with extensive anvil cirrus
clouds covering large spatial domains. At higher lati-
tudes, they are accompanied by storms and fronts, as
revealed from ground observations (e.g., Warren et al.
1985). There are more High3 clouds in low latitudes
due to tropical convection and in midlatitudes due to
mesoscale cyclones. Relatively more frequent high
clouds are found over land than over ocean, but the
total high-cloud amounts are similar (~25%).

Table 2 also reveals that there are fewer low clouds
(Lowl) than total high clouds (Highl + High2 +
High3), especially over land. This is because with sat-
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Fi1G. 4. Latitudinal variations of zonal-mean overcast cloud
amounts for Highl, High2, High3, Mid, and Lowl over (top)
ocean and (bottom) land obtained in April 2001.

ellite views from above the atmosphere, the presence of
high clouds can obscure lower clouds. In regions of
prevailing high clouds, all potential lower clouds would
be missed by a single-layer assumption, leading to un-
derestimated low-cloud amounts. Our overlapped re-
trievals of the High2 clouds “recover” a large fraction
of the overlapped Low2 clouds.

b. A bimodal distribution of cloud Pc vertical
structure

Figure 5 shows the monthly frequency distributions
of Pc, normalized to 100%, for all overcast clouds (solid
lines) obtained in April 2001. A distinct bimodal distri-
bution of Pc is seen with a demarcation at about 500
hPa. Almost identical bimodal Pc distributions are
found in the other 3 months (January, July, and Octo-
ber). To better display the cloud vertical structure, Fig.
5 plots the Pc distributions for 1) single-layer Lowl,
Mid, and Highl clouds (connected with the same
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FIG. 5. Normalized frequencies of Pc observations for all 5-km
overcast clouds (100%) (thick solid lines) and for Highl, Mid,
Lowl (connected with dashed lines), High2 (dashed lines with
circles), Low2 (dashed lines with triangles), and High3 (dash-
dotted) obtained over (top) ocean and (bottom) land in April
2001.

dashed curves); 2) overlapped High2 (dotted lines with
circles) and Low2 (dotted lines with triangles) clouds;
and 3) thick High3 (dash—dotted lines). Note that Low2
and High2 are from the same overlapped cloud con-
figuration; they have the same total frequency but dif-
ferent Pc. It should be pointed out that the bimodal Pc
distribution does not result from our dual-layer cloud
retrievals. As seen from Fig. 5, the MODIS standard
cloud-top product reveals the same bimodal distribu-
tion without the inclusion of our Low2 clouds. It is this
bimodal Pc distribution that forms the foundation of
our overlapped cloud retrieval algorithm.

The bimodal Pc distribution shows two maxima at
around 275 and 725 hPa corresponding to two typical
cloud types: 1) low-level boundary clouds, like stratus,
shallow cumulus, and stratocumulus (Kuettner 1971;
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Agee 1984), and 2) high-level clouds resulting from syn-
optic weather systems, like midlatitude fronts and cy-
clones and tropical storms and anvils (Starr and Cox
1985; Sheu et al. 1997). Also, there is a universal mini-
mum between 500 and 600 hPa. When including all
MODIS Pc data, that is, not limited to the 5-km over-
cast pixels, we found less than 4% of clouds having Pc
between 500 and 600 hPa. Since our algorithm cannot
retrieve more than two layers of clouds, the retrieved
low clouds may represent the average of all layers of
clouds beneath the cirrus. Resolving multilayer low
clouds is not possible at the moment unless ground-
based or spaceborne radar are used (Mace et al. 2001;
Stephens et al. 2002).

The occurrence of a minimum in Pc is similar to the
finding of minimum cloudiness from previous sounding
data obtained during the Tropical Ocean Global Atmo-
sphere Coupled Ocean—-Atmosphere Response Experi-
ment (TOGA COARE; Zuidema 1998). Comstock and
Jakob (2004) also revealed such dominant high- and low-
cloud regimes when comparing the ARM ground-based
ARSCL measurements with those predicted by the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF) model in the tropical western Pacific be-
tween April and November of 1999. In other studies
concerning the distribution of tropical convective
clouds, high-top clouds (>5 km) are divided into two
categories: cumulus congestus (<10 km) and deep cu-
mulonimbus (>10 km). This suggests the trimodal na-
ture of tropical cumulus cloud types if shallow cumulus
(cloud tops near 2 km) are included (Liu and Moncrieff
1998; Johnson et al. 1999). Unfortunately, MODIS can-
not differentiate between more than two layers of
clouds. On the other hand, the fact that the MODIS Pc
product representing the top of the highest clouds seen
from space has a clear bimodal distribution is a testi-
mony to the fact that the bimodal Pc distribution is
predominant on a global scale. Understanding this
ubiquitous vertical structure is important because cloud
vertical distribution influences the radiative and latent
heating profiles of the atmosphere, which in turn influ-
ences both small-scale and large-scale dynamics and the
atmospheric general circulation (Ramaswamy and Ra-
manathan 1989; Randall et al. 1989; Sherwood et al.
1994). More verification of the global cloud vertical
structure is thus required.

Figure 6 shows the monthly frequency distribution of
cloud optical depth (7y,s) for the single-layered and
overlapped cloud categories and their total. The bin
selections of the optical depth intervals follow the
ISCCP (Rossow and Schiffer 1999), that is, 0-1.3, 1.3
2.2,2.2-3.6, 3.6-5.8, 5.8-9.4, 9.4-14.8, 14.8-23, 23-36,
and 36-60. The mean Pc, Tc, and 7y, calculated for all
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F1G. 6. As in Fig. 5 but for normalized frequencies of 7y, ob-
servations for all 5-km overcast clouds (100%) (thick solid lines)
and for Low1 (thin solid lines), Low2 (dashed lines with triangles),
Highl (dashed), High2 (dashed lines with circles), and High3 +
Mid (dash—dotted).

months are given in Table 3. Clearly, cirrus clouds from
single-layer (High1) and overlapped (High2) categories
have the smallest 7,5 among all cloud types, with
means equal to ~1.5 and standard deviations equal to
~1.0. A large number of high-cloud 7,5 peak at ~1.0,
which is dominated by cirrus clouds that overlap with
low clouds. This result agrees with the earlier reports by
ship observers that cirrus clouds rarely occur alone over
the oceans (Warren et al. 1985). The distributions of
Lowl and Low2 1y, are much broader with similar
means (* standard deviations) of ~11 (£10) for Lowl
clouds and ~14 (*13) for Low2 clouds. It is also found
that High3 clouds have the largest mean 7,5 ~22 (stan-
dard deviations ~20) and Mid clouds (Pc = 500-600
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TABLE 3. Monthly mean Pc, Tc, and 7,5 for Highl, High2,
High3, Mid, Low1, and Low2 and monthly mean ¢, for Highl,
High2, and High3 obtained for ocean/land in each month. The last
column is the 4-month overall mean.

Jan 2001  Apr 2001 Jul 2001 Oct 2001  Mean
Pc (hPa)
Highl 285/253  262/263  289/293  283/262  280/268
High2 322/292  307/300  322/324  320/302  318/304
High3 285/252  265/261  276/280  271/254  274/262
Mid 556/558  555/558  556/557  555/558  556/558
Lowl 7571759 762/754  762/756  758/763  760/758
Low2 705/705  712/706  706/700  707/708  708/705
Tc (K)
Highl 229/225  226/226  233/234  230/228  230/228
High2 236/232  234/233 238240  236/235  236/235
High3 229/224  226/225  230/231  227/226  228/227
Mid 264/267  264/265  267/268  264/266  265/267
Lowl 278/280  278/278  280/281  278/280  279/280
Low2 276/277  276/276  278/278  276/278  277/277
Tvis
Highl 1.45/1.38 1.35/1.39 1.51/1.57 1.40/1.41 1.43/1.44
High2 1.60/1.47 1.40/1.40 1.63/1.67 1.55/1.54 1.54/1.52
High3 21.1/21.2  22.4/19.0 23.1/223 22.6/21.4 22.3/21.0
Mid 15.9/13.8 16.5/14.8 17.5/17.0 17.9/152 17.0/15.2
Lowl 10.8/10.1  10.7/10.6  10.4/10.8 11.1/10.6 10.8/10.5
Low2 13.3/12.2  14.3/12.6 13.8/13.9 14.0/13.4 13.8/13.0
Ehe
Highl 0.52/0.51  0.50/0.51 0.54/0.55 0.51/0.52 0.52/0.52
High2 0.54/0.51  0.49/0.49 0.55/0.56 0.53/0.53 0.53/0.52
High3 0.92/0.91 0.91/0.91 0.92/0.92 0.92/0.92 0.92/0.92

hPa) have the second largest mean 7y ~16 (standard
deviations ~20).

Figure 7 compares the joint frequency distributions
of Pc and 7, derived from the standard MODIS prod-
ucts (Fig. 7a) and our retrievals (Fig. 7b) for the
4-month total overcast amounts (46% over ocean and
41% over land). The MODIS products shown in Fig. 7a
represent the single-layer cloud retrievals whereas Fig.
7b includes both our single-layer and overlapped re-
trievals obtained from the same data as shown in Fig.
7a. Both Pc and 7,4 intervals follow the ISCCP bin
intervals (Rossow and Schiffer 1991). The overcast
amounts for Pc < 500 hPa and Pc = 500 hPa are given
separately over ocean (left panels) and over land (right
panels). It should be emphasized that the MODIS
cloud-top products only provide the height of the top-
most cloud layer as viewed from space. Through our
retrieval, approximately half of the high-top clouds
(12% out of 24% over ocean and 12% out of 25% over
land) contain overlapped low clouds. Over ocean, the
total low-cloud amount has increased from 22% for the
MODIS retrieval (Fig. 7a) to 34% for our retrieval (Fig.
7b); over land, the increase is from 16% for the MODIS
retrieval (Fig. 7a) to 28% for our retrieval (Fig. 7b). If
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FiG. 7. Joint frequency distributions of Pc and 7y,g for the
4-month total overcast clouds from (a) the MODIS standard
products and (b) current overlapped retrievals. Results are ob-
tained separately for (left) over ocean and (right) over land. The
numbers in each subpanel indicate the overcast cloud amounts
with Pc < 500 hPa (T) and Pc = 500 hPa ().

one uses the MODIS cloud-top data alone to determine
the high-cloud and low-cloud amounts, the low-cloud
fractions would be substantially underestimated.

Since the MODIS 7y, is retrieved for the entire
cloud column, attributing 7g to a single cloud top at Pc
would substantially overestimate the cirrus optical
depth when overlapping a low cloud. Another bias may
also arise in choosing a single cloud microphysical
model for the overlapped ice over water clouds. As-
suming such overlapped clouds as single-layer ice or
water clouds can lead to significant biases.
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c¢. Latitudinal distributions of Pc, Tc, and Ty

Figure 8 shows the variations of zonal-mean Pc, Tk,
and 7,5 corresponding to each of the six cloud catego-
ries in April of 2001. The main features of these zonal-
mean Pc, Tc, and 7,5 shift with seasons but are similar.
From Fig. 8a, mean Pc for the High1, High2, and High3
clouds vary between 200 and 350 hPa; it is highest
(~200 hPa) in the Tropics due to deep convection and
lower toward higher latitudes due to a lower tropo-
pause. Mean Pc for Low1 and Low2 clouds vary mostly
between 700 and 800 hPa with less latitudinal variabil-
ity. The mean Pc for the Mid cloud is nearly constant at
~550 hPa, mainly because of the narrow Pc interval
defined for this cloud type. From Fig. 8b, the high
clouds are found mostly between 215 and 240 K with
the lowest Tc in the Tropics (~215 K). The values of Pc
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F1G. 8. Latitudinal variations of zonal-mean (a) Pc, (b) Tc, and

(c) 7vis for Highl, High2, High3, Mid, Low1, and Low2 in April
2001.
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and Tc for high clouds perceptibly change around 20°-
30° in both hemispheres and this is attributed to the
subtropical subsidence regions. The decreases of high-
cloud Tc beyond 30° are affected by both the decreases
of the earth’s surface temperature and atmospheric
temperature toward the polar regions. This is also the
case for low clouds (Mid as well), where mean low-
cloud Tc decreases progressively from ~285 K in the
Tropics to less than 270 K at 60°N and 60°S. Differ-
ences between high-cloud and low-cloud Pc/Tc are larg-
est in the Tropics and smaller toward higher latitudes.
The standard deviations for these high- and low-cloud
categories are similar with ~100 hPa for their mean Pc
and ~7 K for their mean Tc.

It is worth noting that the mean Pc and Tc of High2
clouds are systematically larger (lower in altitude) than
those of Highl and High3, and the Pc and Tc of Low2
are smaller (higher in altitude) than those of Low1. The
differences are about APc ~ 40-50 hPa and ATc ~ 3-7
K on a near-global average as shown in Table 3. We
suspect that the differences for high clouds stem from
the single-layer cloud assumption adopted in the
MODIS CO,-slicing retrievals that do not take into ac-
count the influence of the underlying low clouds. Baum
and Wielicki (1994) found that such errors depend on
the lapse rate between the low-cloud and surface tem-
peratures. Our results also revealed a larger APc in the
Tropics (where surface temperatures are more than 15
K larger than the low-cloud Tc), but generally smaller
APc at higher latitudes (where surface temperatures are
closer to the low-cloud Tc, AT < 7 K). The differences
between Low2 and Lowl Tc are likely due to the fol-
lowing two reasons: 1) contamination from undetected
cirrus clouds resulting in smaller Tc and Pc, and 2) as all
Low?2 clouds are accompanied by the High2 clouds, the
Low2 may have developed higher with a larger vertical
extent (smaller Pc/Tc) than the more uniform single-
layer Lowl1 clouds. Unfortunately, we cannot verify if
either or both are the causes.

In comparisons of the zonal-mean 7y (Fig. 8c),
Highl and High?2 clouds have the smallest 7y, (~1.0-
1.8), which is expected for cirrus clouds with g, < 0.85.
Table 3 shows that there is little difference in terms of
monthly means between Highl (~1.3-1.5) and High2
(~1.4-1.7) clouds. Some dips in the High2 7y, (e.g.,
near 15°) are associated with small cloud amounts due
to sparse data sampling. Among all cloud categories,
thick High3 clouds have the largest 7,5 on average
(~22 = 20); Mid clouds have the second largest Ty
(~16 = 20); and Lowl (~11 = 10) and Low2 (~14 =
13) clouds have relatively smaller 7,5. These differ-
ences are mainly due to the different geometrical ver-
tical extents of high, mid-, and low clouds. The Mid 7
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exhibits the largest latitudinal variability due to its few-
est cloud amounts. The Low2 7y is generally larger
than the Lowl 7yg, Which is probably because the
Low?2 clouds near high clouds are geometrically thicker
than those more uniform Lowl1 clouds or probably be-
cause those Low2 clouds contained cirrus as mentioned
earlier. The latitudinal variations of Lowl and Low2
Ty1s Somewhat follow their zonal-mean cloud amounts
as shown in Fig. 4.

Low-cloud 7y;g are on average smaller at low lati-
tudes than at higher latitudes because there are more
small stratocumulus clouds in the Tropics and more
large stratus cloud systems in the midlatitudes. The
ISCCP data also show similar finding (Tselioudis et al.
1992; Rossow and Schiffer 1999). Satellite and ship
measurements show that overall 7,g is larger for stra-
tus clouds and smaller for cumulus clouds (Pincus et al.
1999). The presence of ice clouds that were assumed to
be liquid water clouds may also explain the increase in
Tys toward higher latitudes (Rossow and Schiffer
1999). The High3 clouds generally have the largest 7y
among all cloud categories. They also tend to be larger
toward higher latitudes. Previous analyses of high spa-
tial-resolution Landsat data show that the satellite-
retrieved Tyg in convective cloud fields are, in fact,
dominated by clouds with small optical depths
(Wielicki and Parker 1992). The horizontal variability
of 7yg 1s greater for tropical clouds than for midlatitude
clouds. Also, the midlatitude High3 clouds are often
nimbostratus and dense cirrostratus clouds associated
with mesoscale cyclones (e.g., the South Pacific conver-
gence zone). This may explain the larger High3 7y
found in southern midlatitudes. These differences may
also be due to the assumption of a plane-parallel cloud.
However, these latitudinal variations would require
further verification.

d. Geographical distributions of overcast cloud
amount

The near-global distributions of monthly mean over-
cast cloud amount obtained within 1° X 1° grid boxes
for January, April, July, and October of 2001 are shown
in Fig. 9a for all high clouds (Highl + High2 + High3),
in Fig. 9b for cirrus clouds (Highl + High?2), and in Fig.
9c for overlapped cirrus clouds (High2/Low2). In gen-
eral, high clouds and cirrus clouds are widespread, fre-
quently covering the ITCZ, the tropical warm pool
(from the western Pacific to the Indian Ocean), central
Africa, South America, and midlatitude storm-track re-
gions in both hemispheres. They are less frequent in
subtropical oceans and from the Middle East to the
Sahara. These distributions are similar to previous stud-
ies (e.g., Wylie et al. 1994; Jin et al. 1996), but differ-
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Fi1G. 9. Geographic distributions of monthly mean overcast high cloud (Pc < 500 hPa) amounts for (a) all high clouds, (b) cirrus
clouds, and (c) overlapped cirrus clouds in January, April, July, and October 2001.
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ences do exist and are partly due to our 5-km overcast
scene selections. For example, we have significantly less
overcast high-cloud amounts between 30°S and 30°N
than do the coarse-resolution HIRS data (maximum
high-cloud amounts >70%). We also found less high
clouds in July. In comparisons between Figs. 9a and 9b,
large differences due to High3 clouds are found in re-
gions with relatively large high-cloud amounts (red ar-
eas in the Tropics). This implies that deep convective
clouds (High3) lead to more cirrus clouds (Highl +
High2). However, cirrus clouds are not necessarily as-
sociated with High3 clouds because they have more
extensive coverage (Fig. 9b). The overlapped cirrus
clouds (Fig. 9¢) account for nearly 50% of all high
clouds. The overall near-global mean cloud amounts in
January, April, July, and October of 2001 are 25%,
26%, 20%, and 25% for all high clouds; 17%, 19%,
13%, and 17% for cirrus clouds; and 13%, 14%, 10%,
and 13% for overlapped cirrus clouds, respectively.
The distributions of monthly mean low-cloud (Pc >
500 hPa) amount are shown in Fig. 10a for single-layer
low clouds (Lowl + Mid) and in Fig. 10b for single-
layer plus overlapped low clouds (Lowl + Mid +
Low2). A comparison between Figs. 10a and 10b re-
veals that, in the Tropics, cloud overlapping accounts
for a large portion of the underlying Low2 clouds where
cirrus clouds are most extensive. The near-global mean
low-cloud amounts in January, April, July, and October
of 2001 are 22%, 19%, 21%, and 20% for the single-
layer clouds (Fig. 10a), respectively, which increases to
35%, 33%, 31%, and 33% after adding the overlapped
Low?2 clouds (Fig. 10b). To compare our results with
the ISCCP data where middle clouds are defined for Pc
between 440 and 680 hPa (Rossow and Schiffer 1999;
Zhang et al. 2005), we recalculated our middle-cloud
amounts accordingly as shown in Fig. 10c. Our new
middle-level cloud amounts are less than 10% on a
global average. This is much smaller than the middle-
level cloud amounts (18%) obtained from the ISCCP
data (Jin et al. 1996). The middle clouds, while in scat-
tered places, are found more often in high latitudes
than low latitudes. Larger ISCCP middle-cloud
amounts are attributed to the mixed signals from over-
lapped cirrus and low clouds, which are treated as
single-layer middle clouds (Chang and Li 2005).

4. Comparisons with the MODIS standard
products

In our retrievals, Ty, for single-layered cirrus clouds
(High1) and overlapped cirrus clouds (High2) are esti-
mated using an infrared radiative transfer scheme. The
MODIS standard product (MODO06) uses reflectance
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measurements for cirrus 7,g retrievals, which depends
more on the choice of ice crystal scattering phase func-
tion. To investigate any differences in the two retrievals,
Fig. 11 shows the latitudinal distributions of zonal-mean
Tyis obtained from the MODIS standard products for
the cases corresponding to the cloud categories classi-
fied by our algorithm as shown in Fig. 8c. The monthly
mean 7yg for the MODIS products are given in Table
4. The two sets of 7y products (MODIS and ours) are
very similar in terms of both means (cf. Tables 3 and 4)
and standard deviations (not shown), except for large
differences for the overlapped clouds (High2/Low?2).
One might think that the MODIS retrievals for these
clouds would be equivalent to the sum of g for our
High2 and Low2 clouds, but this is not the case. Our
High2 75 was retrieved assuming ice cloud and our
Low2 7y, Was retrieved assuming water cloud, but the
MODIS High2* 7,5 was retrieved assuming a single-
column ice cloud. This leads to smaller MODIS High2*
Tyis DY an average of ~30% than the sum of our High2
Tyis and Low2 7y as shown in Table 3. However, if the
MODIS High2* were retrieved by assuming a total-
water cloud, the MODIS 7,5 would be larger than the
sum of High2 plus Low?2 7. So, for cirrus overlapping
water clouds, a single-layer algorithm assuming ice or
water cloud may be biased either way.

Figure 12 compares the zonal-mean Highl 7g de-
rived from our IR method and from the MODIS VIS
reflectance method at 0.86 um over oceans (Fig. 12a)
and 0.65 um over land (Fig. 12b). Each point represents
a monthly zonal mean for each 1° latitudinal band. The
MODIS VIS-retrieved cirrus 75 are on average larger
by ~0.25 (a bit more over land) than our IR retrievals
and the differences increase with increasing 7yg. The
differences may involve various uncertainties due to
surface reflectance, choice of ice particle size and ice
crystal scattering phase function, and 7z to Ty;g con-
version, etc. Note that MODIS also retrieves cloud ef-
fective radius r, in addition to Tyg, Whereas r, is fixed in
our IR retrieval. The relationship given by Eq. (4), used
for converting Tz to Ty, i also uncertain. Because we
do not find any systematic trend with respect to surface
reflectance and r,, the biased slope in Fig. 12 may imply
that the 7 to 7y conversion factor of & = 2.13 is
underestimated. To get results in agreement with the
MODIS product, we could modify the ratio factor to &
= 2.52 for over ocean and ¢ = 2.56 for over land, but
this modification lacks a physical basis.

The MODIS High3 7,5 shown in Table 4 are also
larger than our High3 ;g shown in Table 3. This is
probably because all our High3 clouds were considered
ice clouds but some of these High3 clouds were re-
trieved as water clouds by MODIS. The water-cloud
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a) Lowl + Mld (smgle—layered)
EZ Pk

F1G. 10. Geographic distributions of monthly mean overcast low cloud (Pc = 500 hPa) amounts for (a) Lowl + Mid, (b) Lowl +
Mid + Low2, and (c) middle-level clouds (Pc = 440-680 hPa) in January, April, July, and October 2001.
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FIG. 11. Latitudinal variations of zonal-mean 7,5 from the MO-
DIS standard products but corresponding to Highl, High2*,
High3, Mid, and Lowl1 classified by our algorithm in April 2001.

model usually leads to a larger 7y,g retrieval than the
ice cloud model (Rossow and Schiffer 1999). For lower
clouds dominated by water drops, the two retrievals
agree well. The zonal-mean v,4 for single-layer cirrus
clouds also shows a good agreement between the two
retrievals (within 5%). These results corroborate our
assumption of using a constant r, for water (10 um) and
ice (30 wm) clouds.

Figure 13 shows the latitudinal distributions of
MODIS zonal-mean g, (April 2001 only) correspond-
ing to our classification of Highl, High2, and High3
clouds. The MODIS g,. and ours are identical for
High1 and High3 clouds, but different for High2 clouds.
The &, from our retrievals (line with open circles,
High2) were obtained using Eq. (5) whereas those from
the MODIS standard products (line with solid circles,
High2*) were derived from Eq. (1) assuming no low
clouds. Similar results can be seen by comparing the
global mean g, for all months given in Table 3 for
Highl, High2, and High3 clouds and in Table 4 for
High2* g,.. If there is no correction to account for the

TABLE 4. As in Table 3, but for MODIS standard products 7,g
for Highl, High2*, High3, Mid, and Lowl1 and &, for High2*.

- !
Cirrus 7, from 11-um ¢,
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2
V)

L @0

cean

X = 1.69 (0.27)
Y =1.43 (0.19) -
N = 471

= 0.368 + 0.623X

Jan 2001  Apr 2001 Jul 2001  Oct 2001 Mean

Tvis

Highl  1.69/1.65 1.65/1.73 1.77/1.89 1.65/1.73 1.69/1.75
High2* 12.5/10.8 12.3/11.9 12.6/13.2 12.8/11.9 12.6/12.0
High3  25.9/24.8 25.4/245 27.1/274 26.9/253 26.3/25.5
Mid 16.1/13.5  16.8/154 17.1/16.5 18.0/15.0 17.0/15.1
Lowl 11.2/10.5  11.0/11.1 10.8/11.4 11.3/109 11.1/11.0
€he

High2* 0.64/0.61  0.61/0.60 0.64/0.65 0.64/0.62 0.63/0.62

* MODIS standard single-layer retrieval.

s from 11-um &
as

.S
[
(2}
T aimem
© s N=402
—— Y=0404 + 0.587X
I S S TR TR SR S W T S ST T T -
1 2 3

MODIS cirrus 7, from 0.65um

F1G. 12. Comparisons of 1° zonal monthly mean cirrus cloud
optical depths from our retrieval and the operational MODIS
retrieval at (a) 0.86 um over ocean and (b) 0.65 wm over land in
January, April, July, and October 2001. The overall means (stan-
dard deviations), total number of samples, and least squares fit-
ting are given in each subpanel.

overlapping effect of the low clouds, &, can be overes-
timated by a mean bias of Ag,. ~0.10.

Since the MODIS CO,-slicing technique assumes a
single-layer cloud, the MODIS products of Pc and Tc
for the overlapped High2 clouds are probably also bi-
ased. In reference to Table 3, they seem to be overes-
timated by a mean bias of APc ~38 hPa and ATc ~7 K
when compared with the Pc and Tc of Highl clouds.
For the data analyzed in this study, we have not modi-
fied the MODIS Tc (or Pc). However, if the High2
cirrus Tc are decreased by 7 K (from 236 to 229 K), our
High?2 &, according to Eq. (5) would only decrease by
about 0.01-0.02 on a monthly mean basis. Such effects
would also be small on the retrieved cirrus ;g and
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FiG. 13. Latitudinal variations of the zonal-mean high-cloud
emissivity according to our classifications of Highl, High2, and
High3, and High2* (MODIS product) in April 2001.

their overlapped low-cloud 7,5. Errors associated with
the MODIS CO,-slicing Pc/Tc should have little impact
on our analyses of overlapped cirrus cloud amounts and
differentiated g retrievals for the overlapped cirrus
and low clouds.

As a first-order approximation to correct for the po-
tential Pc biases in overlapped cirrus clouds, we pro-
pose an empirical formula,

APc  (Pc — Pc¥)

AShc (shc - Slfc) ’

(6)

where Pc* and ¢jf, denote the biased values from the
MODIS products, &, denotes the value from our re-
trieval, and APc (38 hPa) and Ag,. (0.10) denote the
mean biases obtained in this study. The corrected Pc
and Tc can thus be obtained from the following expres-
sions:

Pc = Pc* + (APc/Agy )(epe — &), (7)
Tc = Tc* + (ATc/Agy)(en. — &F). 8

From Egs. (7)—(8), our revised High2 7,5 decreases by
~0.1 on a monthly mean basis. This indeed brings our
High2 mean 7yg closer to our Highl mean 7y, as
revealed in Table 3. Our Low2 mean g increases by
a similar magnitude (~0.1), which is negligible relative
to Ty ~12-14.

5. Concluding remarks

The global distribution of cloud vertical structure is
crucial for climate studies due to its impact on both the
magnitude and sign of the net cloud-radiative forcing
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and the adiabatic heating profile of the atmosphere. So
far, we have very poor knowledge of cloud vertical dis-
tribution on a global scale due to limited spectral chan-
nel information, essentially one visible channel and one
infrared channel. These two spectral channels may pro-
vide bulk information for single-layer clouds but cannot
resolve the vertical distribution in any detail, especially
for semitransparent cirrus overlapping low clouds.

The significantly advanced MODIS instrument pro-
vides much richer information, but the current standard
MODIS cloud algorithms employ a single-layer cloud
model that cannot separate overlapped cirrus and low
clouds. To overcome this limitation, a novel retrieval
method is employed that can differentiate single-layer
and overlapped cirrus clouds and retrieve their indi-
vidual optical properties. The method was applied to
near-global (polar regions excluded) MODIS data ac-
quired in January, April, July, and October of 2001.
The data were sampled one out of every four days.
Calibrated radiance data from the MODIS Level-1B
1-km aggregated product were processed and the analy-
ses are limited to 5-km overcast scenes, which account
for approximately 75% of the total MODIS cloud cov-
erage (~0.60). We classified clouds into six categories:
single-layer and overlapped cirrus clouds, single-layer
and overlapped low clouds, optically thick high clouds,
and midlevel clouds. Their individual frequency of oc-
currence, cloud-top pressure/temperature (Pc/Tc), op-
tical depth (7ys), and high-cloud emissivity (g,.) are
derived.

Of all 5-km overcast scenes that are analyzed over
oceans and land (in parentheses): 52% (61%) are high
clouds with Pc < 500 hPa and 48% (39%) are lower
clouds with Pc > 500 hPa. There are less than 10% of
middle level clouds with Pc falling between 440 and 680
hPa and fewer than 4% between 500 and 600 hPa. The
data also contain 35% (41%) cirrus clouds (¢ < 0.85
and Pc < 500 hPa) and 27% (29%) cirrus overlapping
lower clouds. After accounting for the overlapped low
clouds, the percentages of low clouds increase to 75%
(48% + 27%) over oceans and 68% (39% + 29%) over
land. The retrieved cirrus clouds have a mean value of
Tyis ~1.5 and g, ~0.5, which are very similar for both
single-layer and overlapped cirrus clouds.

For the majority of clouds, their tops tend to be lo-
cated somewhere within two distinct layers in the upper
and lower troposphere; the cloud-top pressures in these
two layers peak at 275 and 725 hPa. There is a distinct
minimum Pc occurrence between 500 and 600 hPa, a
ubiquitous phenomenon occurring at almost all lati-
tudes and in all seasons. This characteristic may shed
light on understanding cloud dynamical and radiative
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processes for improving cloud and climate modeling.
Note that this phenomenon does not result from the use
of our two-layer retrieval model because the model can
identify and retrieve both single- and two-layered
clouds at any altitude. However, this and any other
method could miss multilayer clouds below thick high
clouds.

MODIS products only provide the highest cloud top
for both single-layer and overlapped clouds, so use of
these cloud-top data would underestimate low clouds
by about 30% if there were cirrus overlapping. The
optical depths of overlapped cirrus clouds would be
overestimated by a factor of about 7 due to the opti-
cally thicker water clouds underneath. In comparison,
ISCCP has much more middle cloud and less high and
low clouds and thus does not show a distinct two-layer
cloud structure due to a fundamental limit of IR mea-
surements in differentiating overlapped high and low
clouds from single-layer middle clouds. The HIRS data
have much more high and middle clouds, but their
coarse spatial resolution (~20 km) gives large uncer-
tainties.

In light of the substantial differences in cloud vertical
structure, much caution is warranted in both validating
general circulation models (GCMs) and improving
their cloud parameterization schemes. At present, re-
sults of cloud simulations from many GCMs have been
validated against ISCCP total cloud amounts, resulting
in many improvements in the models. More attention is
now being paid to more detailed comparisons concern-
ing the vertical distribution of clouds, or clouds occur-
ring in different layers. For example, the current ARM
Cloud Parameterization and Modeling (ARMCPM)
working group has collected and analyzed 10 sets of
GCM-simulated cloud-layer data and compared them
to the statistics of the ISCCP data (Zhang et al. 2005).
It was found that most GCMs produce substantially less
middle and low clouds than the ISCCP. In general,
compared to that of the ISCCP, the GCM middle level
cloud amounts are closer to our new retrieval products,
whereas the GCM low-cloud amounts are quite differ-
ent from our retrievals. Clearly, it is critical to sort out
these differences in order to improve the performance
of GCMs and other types of models of higher resolu-
tion.
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