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Abstract. A multispectral method is proposed to detect two-layer cloud systems with an
optically thin (7 < 1.0) upper level (Pc < 600 mbar) cloud layer over a lower (600 mbar <
Pc = 900 mbar) cloud layer of = > 1.0, with at least 100-mbar separation. The method
uses the results from different high-resolution infrared radiometer sounder (HIRS)
channel combinations assuming a single cloud layer in the CO,-Slicing technique and is
valid over both land and ocean. Two months of HIRS data (July 1989 and January 1990)
have been analyzed with this method. Globally (excluding regions poleward of 60°) for
HIRS field of view (FOV) (about 17 km at nadir) the fraction of such two-layer cloudiness is
25.5% over land and 32.0% over ocean for July 1989 and is 17.8% over land and 25.6%
over ocean for January 1990 (this is not the total fraction of two-layer systems). The
global distribution patterns of two-layer cloudiness for these 2 months are also presented:
the fraction of two-layer cloudiness is larger over ocean than over land; it is larger in the
tropics and midlatitude storm zones and smaller in the subtropical zones and marine
stratiform cloud regions; over land it is larger in the summer than in the winter at all
latitudes; over ocean it is larger in the summer for the northern hemispheric eastern
Pacific region while is larger in the winter for all other regions. Qualitative comparisons to
surface and upper air observations are also presented and are very encouraging.

1. Introduction

Cloud vertical structure determines the vertical gradients of
total diabatic heating/cooling that influence the atmospheric
general circulation [Ramanathan et al., 1983; Webster and Ste-
phens, 1984; Slingo and Slingo, 1988; Randall et al., 1989].
Cloud vertical structure is also indicative of cloud formation
processes and of the atmospheric motions that produce clouds
[Cotton and Anthes, 1989). Cloud layering also effects water
budgets within extratropical cyclones because the storm sys-
tem’s precipitation efficiency is strongly influenced by the ver-
tical distribution of precipitation formation (J. M. Hanesiak et
al., manuscript in preparation, 1995).

Currently, satellite cloud retrieval algorithms estimate cloud
parameters by assuming a single cloud layer in their radiative
transfer model as a practical expedient. Yet in reality, multi-
layered cloud systems are commonly observed by surface and
upper air observations [Hahn et al., 1982, 1984; Warren et al.,
1985; Wang and Rossow, 1995]. In particular, surface observa-
tions show that over ocean cirrus clouds commonly overlie
boundary layer convective clouds or stratus clouds and that the
probability of finding cirrus with no other clouds is low [Hahn
et al., 1982, 1984; Warren et al., 1985; Tian and Curry, 1989].

There are very few studies of cloud layering using satellite
remote sensing. Baum et al. [1994] use multispectral high-
resolution infrared radiometer sounder (HIRS) and advanced
very high resolution radiometer (AVHRR) data to do multi-
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level cloud retrievals for a few case studies over ocean at night.
In their scheme the spatial coherence algorithm [Coakley and
Bretherton, 1982; Coakley, 1983] is applied to AVHRR 10.8-um
radiances collected within a chosen subregion to detect a low-
er-level cloud and to determine its mean radiance. Then the
HIRS CO,-Slicing algorithm [Chahine, 1974; Smith and Platt,
1978; Menzel et al., 1992; Wylie and Menzel, 1989] determines
the upper level cloud properties using the lower cloud top as
the emitting surface. This method works when the low-level
optically thick cloud areal extent is much greater than the
individual pixel size and requires both completely cloud-
covered and completely clear fields of view which restricts the
application of the method. Also, the CO,-Slicing algorithm is
only sensitive to cases with an optically thin upper cloud layer
(as we show).

Another way of inferring cloud vertical structure by satellite
remote sensing is to combine infrared and microwave chan-
nels, since high clouds are practically opaque at infrared wave-
lengths and transparent at microwave wavelengths (Yeh and
Liou, 1983; Sheu et al., 1996). Sheu et al. [1996] combined
special sensor microwave imager (SSM/I) microwave bright-
ness temperature and International Satellite Cloud Climatol-
ogy Project (ISCCP) visible/infrared (VIS/IR) cloud top prop-
erties, along with the European Center for Medium-Range
Weather Forecasts (ECMWF) temperature and relative hu-
midity analysis to determine cloud vertical structure and prop-
erties over the western tropical Pacific. The scheme utilizes a
cloud classification scheme [Liu et al., 1995] that uses both
ISCCP cloud top temperature and a microwave index from
SSM/T; different cloud classes have different allowed numbers
of cloud layers, and the vertical location of the cloud layers is
determined based on observational studies and ECMWF rel-
ative humidity and temperature profiles. The cloud classifica-
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tion scheme [Liu et al., 1995] serves as a guideline for parti-
tioning vertically integrated quantities, such as liquid water
path, ice water path, and liquid cloud layer thickness. Since the
scheme relies on the ECMWF vertical profile of relative hu-
midity, difficulties were encountered with the relative humidity
values above the 700 hPa level, and the spatial resolution of
ECMWEF analysis was too low to resolve certain type of clouds.
Comparing results with the Hahn et al. [1982] surface cloud
climatology shows generally good results, although several dis-
crepancies are also identified. Comparison of cloud base with
lidar cloud base shows good results when tops are below a
height corresponding to 700 mbar; however, for classes that
include high clouds (e.g., cirrus) along with a lower cloud layer,
discrepancies are seen.

In this paper, a multispectral method is proposed to detect
those two-layer cloud systems that have an optically thin upper
cloud layer over a lower cloud layer. The method is based on
the fact that when a lower-level cloud occurs under a semi-
transparent high-level cloud, the cloud top pressure (Pc) de-
rived using the CO,-Slicing analysis and assuming a single
cloud layer is different for different wavelength combinations.
Baum and Wielicki [1994] also discuss the retrieved cirrus cloud
Pc and effective cloud amount biases produced in multilayer
cloud situations using CO,-Slicing analysis with different HIRS
channel combinations and find that the biases are greatest for
those using the sounding channels with weighting functions in
the lower atmosphere and are least for those using channels
with higher-altitude weighting functions. In this paper, we an-
alyze systematically the different sensitivities of the biases in
retrieved cloud Pc between different HIRS channel combina-
tions to various cloud and atmospheric properties under mul-
tilayer cloud conditions and set criteria for detecting two-layer
cloud systems; the upper layer must be optically thin (optical
thickness, 7 < 1.0), and the top of the lower layer must be low
enough (Pc > 600 mbar).

Two months of HIRS data (July 1989 and January 1990)
have been analyzed to estimate global distributions of the
frequency of thin cirrus occurring over lower-level clouds.
Qualitative comparisons to surface and upper air observations
are very encouraging. A more definitive test would be compar-
ison to cloud radar results (lidar would not penetrate the lower
layer); however, there are not sufficient data available from this
relatively new technique to provide a statistically meaningful
comparison.

2. Data

HIRS is a 19-channel infrared radiometer (with one visible
channel at 0.7-um wavelength) that is flown on the National
Oceanic and Atmospheric Administration (NOAA) polar-
orbiting weather satellites. We use the HIRS analysis results
from the CO,-Slicing algorithm of Wylie et al. [1994], Wylie and
Menzel [1989, 1991], and Menzel et al. [1992] which uses par-
tially absorbing CO, channels from 13 to 15 pm along with one
window channel (11 pm) and a water vapor channel. The
HIRS field of view (FOV) is about 17 km in size at nadir. To
make processing more manageable, the data are sampled at
every third pixel on every third scanline, providing results at
intervals of about 100 km. The analysis is restricted to obser-
vations made at scan angles <25° from nadir to eliminate
problems with slant views through the atmosphere. Under
cloudy conditions, whenever the signal is larger than the in-
strument’s noise level (valid data), the analysis determines four
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separate values of cloud Pc from different channel combina-
tions (channels 4/5, 14.2/14.0 um; channels 5/6, 14.0/13.7 um,;
channels 5/7, 14.0/13.3 um; channels 6/7, 13.7/13.3 um) and a
most representative cloud Pc which best satisfies the radiative
transfer equation for all spectral channels (least squares error
method) [see Menzel et al., 1983; Menzel et al., 1992]. An ef-
fective emissivity (product of the fractional cloud cover and the
cloud emissivity) is then derived using the most representative
cloud Pc.

In this study, HIRS-retrieved cloud data are mapped to a
2.5° X 2.5° latitude/longitude grid, and monthly statistics are
calculated. Two months of data (July 1989 and January 1990)
have been analyzed.

3. Sensitivity Tests
3.1. Radiative Model

The radiative transfer model “Streamer” [Key, 1996] has
been used to simulate HIRS channel radiances under cloudy
(single and multilayer) and clear conditions. Streamer is a
discrete ordinate model which can compute both fluxes and
radiances for any polar and azimuthal angles for 24 shortwave
(0.3-4.0 pm) and 105 longwave (4.17-500.0 um) bands. The
only gases considered are water vapor, oxygen, carbon dioxide,
and ozone. Each computation is done for a “scene,” where the
scene can be a mixture of up to eight individual clouds, up to
four overlapping cloud pairs, and clear sky. Cloud phase, par-
ticle effective radius, and liquid/ice water concentration can be
assigned,; if cloud optical thickness is input, then cloud physical
thickness is computed using effective radius and liquid/ice wa-
ter concentration specified by the user and the parameteriza-
tion of Tsay et al. [1989]. There are five built-in standard
atmospheric profiles: tropical, midlatitude summer, midlati-
tude winter, subarctic summer, and subarctic winter. For more
details about the model, see Key [1996].

Streamer’s accuracy in clear-sky conditions was tested by
computing infrared fluxes for the standard atmospheres of
McClatchey et al. [1971] and comparing them to calculation by
37 other models presented in the report of the Intercompari-
son of Radiation Codes in Climate Models (ICRCCM) by
Ellingson et al. [1991]. In all five standard cases, ranging from
tropical to subarctic winter atmospheres, the Streamer-
computed fluxes were within 5% and 1 standard deviation of
the mean of all the models. Pinto and Curry [1996] also com-
pared Streamer’s modeled with observed downwelling broad-
band longwave irradiances for clear sky and find a systematic
negative bias of about 3 W/m?. They also present a clear-sky
model intercomparison (six models) that reveals the relatively
higher accuracy of Streamer.

In this study, HIRS radiances are simulated using the “band
weighting” tables that accompanied the model. For multilayer
clouds the upper layer is assumed to be an ice cloud with 25
wm effective spherical particle radius, and the lower layer is a
water cloud with 10 pum effective spherical particle radius.
(Infrared scattering effects are not very sensitive to the particle
shape assumption.) When cloud top pressure and optical thick-
ness are set for each case, the model uses specified liquid/ice
water concentrations to compute cloud physical thickness and
cloud base location. Most of the sensitivity tests are done for
zero satellite zenith angle, but the sensitivity to zenith angles
within 30° is small.
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Bias of the retrieved upper layer cloud Pc for two-layer cloud systems with several upper layer

cloud 7 (solid line, T = 0.2; dashed line, 7 = 0.5; dotted line, 7 = 1.0; dash-dotted line, T = 3.0) as a function
of upper level cloud Pc. Results are presented for high-resolution infrared radiometer sounder (HIRS) 4/5 and
6/7 channel combinations for standard midlatitude summer profile. The opaque (7 = 10) lower cloud layer was

fixed at 700 mbar.

3.2. Sensitivity Tests

The standard CO,-Slicing analysis assumes a single cloud
layer. We use Streamer to calculate spectral radiances for a
variety of two-layer clouds and apply the CO,-Slicing method
to retrieve Pc for the upper cloud. Comparing the retrieved
values of Pc with the values specified in the Streamer radiance
calculations, we determine the bias in the upper cloud layer Pc
produced by the presence of another lower cloud layer. The
sensitivity of the upper layer cloud Pc bias and the difference of
the bias between different HIRS channel combinations used in
the CO,-Slicing method to variations in the upper and lower
cloud layer properties and atmospheric conditions is tested for
four standard atmospheric profiles: tropics, midlatitude sum-
mer, middle-latitude winter, and subarctic summer. For sub-
arctic winter a near-surface temperature inversion produces
ambiguous results.

Figure 1 shows the bias of the retrieved upper layer cloud Pc
values for two-layer cloud systems when assuming a single-
layer cloud in the CO,-Slicing method. Results are presented
for the HIRS 4/5 and 6/7 channel combinations for several
values of upper layer cloud T and as a function of the true
upper layer cloud Pc in the midlatitude summer atmospheric
profile. The lower cloud layer is opaque (v = 10), and its Pc is
700 mbar. Figure 1 shows that the upper layer cloud Pc bias
increases with decreasing upper layer cloud Pc and decreasing
upper layer cloud . Figure 2 shows the same thing as Figure 1,
except that the bias is now a function of the lower layer cloud
Pc with the upper layer cloud Pc set to 200 mbar. Figure 2
reveals that the upper layer cloud Pc bias increases with de-
creasing lower-layer cloud Pc to around 600-700 mbar (de-

pending on upper cloud Tau and channel pair), then decreases
with the decreasing lower-layer cloud Pc. For other values of
the upper layer cloud Pc we get similar results. For other
standard atmospheric profiles including tropics, midlatitude
winter, and subarctic summer we get similar results with
slightly different bias magnitudes.

Both Figures 1 and 2 show that the bias is smaller for sound-
ing channels, the weighting functions of which peak higher in
the atmosphere (channels 4/5) because lower-peaking sound-
ing channels have larger surface contributions (other channel
combinations give results between those shown). Since the
upper layer cloud Pc bias error is not known a priori, we are
more interested in the bias differences between different HIRS
channel combinations that provide a good indication of the
presence of two-layer cloud system with an optically thin
higher cloud layer over a lower cloud layer.

Figure 3 shows the retrieved upper layer cloud Pc bias dif-
ferences between HIRS channel 6/7 and HIRS channels 4/5,
5/6, and 5/7 for several values of upper layer cloud 7 as a
function of upper layer cloud Pc; the lower-layer cloud is
opaque (7 = 10), and its Pc is fixed at 800 mbar. For lower-
layer cloud Pc in range 600-900 mbar, we get similar results as
in Figure 3. Figure 4 shows the same thing as Figure 3, except
as a function of lower-layer cloud Pc with the upper layer cloud
Pc fixed at 400 mbar. Both figures are for standard midlatitude
summer atmosphere.

Figures 3 and 4 show four features. (1) The bias differences
increase with decreasing upper layer cloud 7; they are around
20-40 mbar when upper layer cloud 7 is around 1.0 and can be
as large as 100 mbar when upper layer cloud 7 is around 0.2 for
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Figure 2. Same as Figure 1, except the bias is a function of lower-layer cloud Pc with the upper cloud Pc

fixed at 200 mbar.

the bias differences between channel 6/7 and channel 4/5 and
between channel 6/7 and channel 5/6. Consequently, only when
the upper layer cloud 7 = 1.0 can two-layer cloud cases be
reliably detected using the bias differences between different
channel combinations. (2) The sensitivity of the bias differ-
ences to upper layer cloud Pc is small as long as upper layer
cloud Pc = 500-600 mbar. (3) The bias differences become
detectable when lower-level cloud Pc is around 600 mbar and
increase as the lower-level cloud Pc increases to around 800—
900 mbar (depending on upper layer cloud 7). The bias differ-
ences decrease to zero as the lower-level cloud Pc increases to
the surface pressure (Pc = 1000 mbar) as it should because
such a low cloud is indistinguishable from the surface as in a
single-layer cloud situation. As a result, in order for the two-
layer cloud cases to be detected, the lower cloud layer must be
located between 600 and 900-950 mbar. (4) The bias differ-
ences between channel 6/7 and channels 4/5, 5/6, and 5/7 de-
crease progressively. This progressive decrease among all four
channel pairs is important in detecting two-layer cloudiness to
avoid detection errors caused by random errors in the results.
The channel pairs 6/7 and 4/5 are the best combinations for
detecting two-layer cloudiness since the bias differences be-
tween these pairs are largest. The differences between channel
6/7 and channel 5/6 are similar to those between channel 6/7
and channel 4/5, so when channel 4/5 data are not available, we
can use channel 5/6 data instead. We did the same tests for
other standard atmospheric profiles, and the above results are
similar for all four standard atmospheric profiles, with slightly
different magnitudes in the bias differences.

Figures 3 and 4 show cases with the lower-layer cloud 7 fixed
at 10.0. To test the sensitivity of the bias differences to the
lower-layer cloud 7, we did the same calculations as above with
the lower cloud 7 set to 3, 1, and 0.5. These results show that

the bias differences hardly change when lower-layer cloud 7 >
1.0. The global distribution of lower cloud 7 values obtained in
the ISCCP (4-7 km FOV) data set [Rossow and Schiffer, 1991]
has a majority of low clouds with + > 1.0. The statistics of
ISCCP low-level clouds for the months July 1989 and January
1990 show that only 16-17% of low-level clouds have 7 < 1.4.
For the HIRS FOV (about 17 km at nadir) this frequency
would be higher due to its larger FOV. Consequently, most
two-layered cloud cases will have a thicker lower cloud layer.

For all calculations above we used the ocean surface emis-
sivity. For HIRS channels 4, 5, 6, and 7 wavelengths the emis-
sivity of terrestrial materials varies within the range 0.9 ~ 1.0
[Buettner and Ken, 1965; Salisbury and D’Aria, 1992]. To test
the sensitivity of bias differences to surface emissivity, we re-
peated the calculations in Figures 3 and 4 with surface emis-
sivity fixed at 1.0 and 0.9 for the four standard atmospheric
profiles. Changes of surface emissivity from 0.9 to 1.0 cause
negligible (<20 mbar) changes of bias differences, so the con-
clusions from sensitivity tests above are applicable over land also.

When single-layer partial cloud cover occurs within HIRS
FOV, the cloud Pc estimated by CO,-Slicing algorithm would
have similar bias derived from different HIRS channel combi-
nations and thus would not cause false detections as two-layer
cloud system. For above tests (and in the analysis) we assume
overcast cloud conditions for both cloud layers. For broken
clouds we repeated the calculations in Figure 3 with different
overlapping cloud fractions and find that for overlapping cloud
fractions larger than 0.5 the bias error difference between
channel 4/5 and channel 6/7 is larger than 40 mbar for an upper
layer cloud T < 0.5; for an upper layer cloud = = 1.0 the bias
difference decreases from 40 mbar for total overlap to 20 mbar
for 0.5 overlapping fraction.

From the sensitivity tests of the upper cloud Pc bias differ-
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Figure 3. Bias differences for two-layer cloud system between retrieved upper layer cloud Pc values using
HIRS channel 6/7 and HIRS channel 4/5 (top left panel), 5/6 (top right panel), 5/7 (bottom panel) for several
upper cloud 7 (solid line, 7 = 0.2; dashed line, 7 = 0.5; dotted line, * = 1.0; dash-dotted line, 7 = 3.0) as a
function of upper layer cloud Pc. The lower-layer cloud is opaque (7 = 10) and is fixed at 800 mbar. Results
are presented for atmospheric standard midlatitude summer profile.

ences to variations of cloud and atmospheric parameters we
can define the range of parameters for which two-layer cloud
systems are detectable using the upper layer cloud Pc differ-
ences retrieved from different HIRS channel combinations.
This range is also linked by the random error sources [Menzel
et al., 1992] to bias error differences between channel 4/5 and
channel 6/7 larger than about 40 mbar. Figure 5 shows a sche-
matic of this range as a function of cloud Pc and cloud 7. The
shading represents the allowed range of the upper level cloud,
and the hatching represents the allowed range of the lower-
level cloud. The higher cloud layer must be located higher than
the 600 mbar level with = < 1.0, while the lower cloud layer
must be located between 600 and 900 ~ 950 mbar with 7> 1.0.
There also must be a separation of about 100 mbar between
the two cloud layers. Wang and Rossow [1995] studied the
cloud vertical structure from upper air observations at 30 sites
over ocean and found that 56% of clouds are multilayered with
half of the multilayered clouds composed of two layers. For the

two-layer cloud systems the lower layer occurs mostly below 3
km (Pc =~ 700 mbar) with a peak frequency at 1 km (Pc =~ 900
mbar), and the higher layer occurs over a wide range from 2
km (Pc ~ 800 mbar) to 11 km (Pc ~ 230 mbar) with a peak
frequency at around 6 km (Pc ~ 470 mbar). The separation
distance between two consecutive layers in multilayered cloud
systems has a mean value of 2.1 km, and more than two thirds
of the clouds have separation distance larger than 1.0 km.
Wang and Rossow’s results suggest that our method can detect
a large fraction of the multilayer cloud systems as long as the
optical thickness of the upper layer clouds is not too large.
Surveys of the optical thickness distributions of high-level
clouds based on ISCCP, HIRS, and stratospheric aerosol and
gas experiment II (SAGE II) all suggest that more than 30—
40% of all upper level clouds have 7 < 1.4 [Liao et al., 1995a,
b; Jin et al., 1996]. Wang and Rossow also note that their
results probably underestimate the frequency of cases with
optically thin upper layer clouds.
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Figure 4. Same as Figure 3, except the bias differences are now a function of lower-layer cloud Pc with the

upper layer cloud Pc fixed at 400 mbar.

4. Data Analysis
4.1. Data Analysis Method

On the basis of the sensitivity study we propose a method for
detecting those two-layer cloud systems that are composed of
an optically thin upper cloud layer over a lower cloud layer.
For each cloudy pixel reported in the HIRS data we examine
the cloud Pc values from the four different channel combina-
tions (channels 4/5, P45; channels 5/6, P56; channels 5/7, P57,
channels 6/7, P67): when all Pc values are valid (or all but P45),
P45 = P56 = P57 = P67 (or P56 < P57 < P67), and (P67-P45)
> threshold (or (P67-P56) > threshold), then we classify this
pixel as a two-layer cloudy scene. The threshold is 0 mbar in
this study, but it could be between 0 and 50 mbar because the
results show only very small differences for thresholds in this
range (less than 2% for all latitude zones). This insensitivity to
the threshold between 0 and 50 mbar is related to the Pc
retrieval interval (~50 mbar) employed in the HIRS analysis.
For each map grid box for each month we count the frequency
of occurrence of two-layer cases and divide it by the frequency
of total cloudiness, which results in the fraction of two-layer

cloudiness (this is not the total two-layer cloud frequency be-
cause we cannot distinguish one and two-layer systems with a
thick upper layer).

4.2. Data Analysis Results

Globally (excluding regions poleward of 60°) for HIRS FOV
(about 17 km at nadir) the frequency of the two-layer cloudi-
ness is 16.9% over land and 25.5% over ocean for July 1989
and 12.4% over land and 20.4% over ocean for January 1990.
The two-layer fraction is 25.5% over land and 32.0% over
ocean for July 1989 and 17.8% over land and 25.6% over ocean
for January 1990. This is close to the fraction of two-layer
clouds (~28%) over ocean estimated by Wang and Rossow
[1995]. Their results probably underestimate the fraction by
missing the cases when the upper cloud layer is optically thin,
but our results miss the cases with optically thick upper cloud
layers.

Figure 6 shows the global distribution of the fraction of the
two-layer cloud systems for January 1990 (Figure 6a) and July
1989 (Figure 6b) from our analysis as deviations from the
global mean values. Figure 7 shows the result derived from
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surface observations [Hahn et al., 1982] for winter (December,
January, and February) (Figure 7a) and summer (June, July,
and August) (Figure 7b). The global mean value is 24.3% for
January 1990 and 31.0% for July 1989 for the HIRS analysis;
for surface observations it is 45.9% for winter and 50.4% for
summer. The fact that our global mean value is about half that
of the surface observations is consistent with the fact that
about half of all high level clouds (Pc < 440 mbar) have > 1.4
(from our HIRS analysis). The geographical distribution and
seasonal variation pattern are very similar. The spatial corre-
lation (both mapped to 10° X 10° grid) between HIRS and
surface observation patterns of two-layer clound fractions is 0.53
for summer and 0.65 for winter. Consequently, over the South-
ern Oceans where there are no surface observations our results
provide the first estimates of the geographical and seasonal
variation patterns.

Figure 8 shows the latitudinal distribution of the two-layer
fraction over land and over ocean for July 1989 (Figure 8a) and
January 1990 (Figure 8b). The fraction of two-layer cloudiness
is larger over ocean than over land, which agrees with the
surface observations that there is much more low-level cloud-
iness over ocean than over land and thus cirrus are much more
likely to be found alone over land than over ocean [Hahn et al.,
1982; Warren et al., 1985]. Figure 8 also shows that the fraction
is larger in the tropics and midlatitude storm zones and smaller
in the subtropical zones and marine stratiform cloud regions
(cf. Figure 6). Over land the fraction is larger in the summer
than in the winter at all latitudes, probably because greater
convective activity in summer generates more low clouds [War-
ren et al., 1985]. Over ocean the seasonal changes are more
complicated: the fraction is larger in thc summer in the tropics,
but for the subtropics and midlatitude zones it is larger in the
summer for the northern hemispheric eastern Pacific regions,
while it is larger in the winter for all other regions. Surface
observations show that over ocean cirrus commonly overlie
boundary layer convective clouds or stratus clouds [Hahn et al.,
1982; Warren et al., 1985; Tian and Curry, 1989]. Hahn et al.
[1982, 1984] show that cirrus (Ci) occurs more frequently with
cumulus (Cu) or cumulonimbus (Cb) clouds at low latitudes
(30°S-30°N) and with stratus clouds at high latitudes over
ocean. Therefore a larger fraction of multilayered clouds is
likely to be associated with the maximum frequency of occur-
rence of Cb and Cu in summer at low latitudes and a higher
probability of Ci also being present in summer than in winter
given a low convective cloud type (Cu or Cb) [Wang and Ros-
sow, 1995]. The seasonal variation patterns over the subtropi-
cal and midlatitude oceans are probably produced by two com-
pensating factors [Wang and Rossow, 1995]: larger frequency of
stratus clouds in summer [Klein and Hartmann, 1993] and more
multilayered cloud systems associated with frontal activity in
winter. These trends also agree with Wang and Rossow [1995]
upper air observations which show that a tropical station has
more multilayered clouds than at other stations, the least fre-
quent multilayered clouds occur at the two subtropical eastern
Pacific stations, the frequency of multilayered clouds is larger
in summer than in winter at low latitudes, negligible seasonal
variations appear at the North Atlantic stations, and more
multilayered clouds appear in winter at the two subtropical
eastern Pacific stations.

Over the Southern Oceans where surface and upper air
observations are not available, Figures 6 and 8 reveal that the
fraction of two-layer cloudiness in the winter is about 10%
larger than in the summer. Obviously, this is not caused by a
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200

" Cloud Optical Thickness

Figure 5. Diagram of the range of two-layer cloud system
properties which can be detected by the multispectral method
developed in this paper, as a function of cloud T and Pc. The
shaded area represents the range of upper level cloud, and the
hatched area represents the range of lower level cloud.

seasonal change of the contrast between sea surface and land
temperatures, so it must be related to a seasonal change of
atmospheric general circulation.

To study the fraction of high-level clouds which have low-
level clouds below, we divide the frequency of two-layer cloud-
iness by the frequency of HIRS high-level clouds (Pc = 440
mbar). Globally (excluding regions poleward of 60°) this frac-
tion is 53.0% over land and 76.4% over ocean for July 1989 and
is 37.65% over land and is 58.7% over ocean for January 1990.
This fraction value also varies geographically and seasonally;
generally, it is larger over tropics and midlatitude storm zones
than subtropical zones and is larger over ocean than over land.
It has its largest value (almost 100%) over Southern Ocean
winter (July 1989). When a low-level cloud layer occurs below
optically thin high-level cloud layer, the high-level cloud prop-
erties, retrieved assuming a single-layer cloud, are biased
[Baum and Wielicki, 1994]. Considering the large fraction of
high-level clouds with low-level clouds below, it is important to
calibrate the high cloud properties for two-layer cloud cases in
major cloud climatologies like ISCCP [Liao et al., 1995a, b; Jin
et al., 1996].

5. Summary and Discussion

A multispectral method is proposed to detect those two-
layer cloud systems that have an optically thin (v < 1.0) upper
level (Pc < 600 mbar) cloud layer over a lower (600 mbar <
Pc < 900-950 mbar) cloud layer with at least 100-mbar sepa-
ration. The method is developed by studying the sensitivity of
the difference of upper layer cloud Pc retrieved from different
HIRS channel combinations assuming a single cloud layer in
the CO,-Slicing technique. The method is valid over both land
and ocean.

Two months of HIRS data (July 1989 and January 1990)
have been analyzed according to this method. Globally (ex-
cluding regions poleward of 60°) for HIRS FOV (about 17 km
at nadir) the fraction of two-layer cloudiness is 25.5% over
land and 32.0% over ocean for July 1989 and 17.8% over land
and 25.6% over ocean for January 1990. The fraction is larger
over ocean than over land; it is larger in the tropics and mid-
latitude storm zones and smaller in the subtropical regions and
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Figure 6. Global distribution of the deviation of the global mean fraction of two-layer cloudiness with an
optically thin (7 < 1.0) higher (Pc < 600 mbar) cloud layer over a lower (600 mbar < Pc < 900-950 mbar)
cloud layer with around 100-mbar separation retrieved from HIRS analysis for (a) January 1990 and (b) July
1989. Global mean value is 24.3% for January 1990 and 31.0% for July 1989. Contour is plotted at 5.0%
intervals, and the dashed lines indicate negative values.

marine stratiform cloud regions. Over land the fraction is
larger in the summer than in the winter at all latitudes; over
ocean it is larger in the summer for tropical and northern
hemispheric eastern Pacific regions, while it is larger in the
winter over other oceanic regions. Globally (excluding regions

poleward of 60°), when a high cloud layer is present, the prob-
ability of a low cloud layer present below is 38% over land and
59% over ocean for January 1990 and is 53% over land and
76% over ocean for July 1989; this probability also varies
geographically and seasonally.
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Figure 7. Global distribution of the deviation of the global mean fraction of multilayered clouds from the
climatology of surface observation [Hahn et al., 1982} for (a) winter seasonal average (December, January, and
February) and (b) summer seasonal average (June, July, and August). Global mean value is 50.4% for the
summer season and is 45.9% for the winter season. Contour is plotted at 10.0% intervals, and the dashed lines

indicate negative values.

These results are sufficiently encouraging to do further stud- ~ evaluate satellite retrieval results. Particularly important will
ies of cloud vertical structure using satellite data, especially by be comparison with collections of cloud radar results when
combining several data sets. However, surface and upper air  they become more extensive [cf. Uttal et al., 1992; Uttal and
observations of cloud vertical structure are still needed to  Frisch, 1994].
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Figure 8. Latitudinal distribution of the fraction of two-layer cloudiness (solid line, over ocean; dashed line,
over land) with an optically thin (v < 1.0) higher (Pc < 600 mbar) cloud layer over a lower (600 mbar) < Pc <
900-950 mbar) cloud layer with around 100-mbar separation retrieved from HIRS analysis for (a) July 1989
and (b) January 1990.
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