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ABSTRACT

Some observations suggest that the volcanic aerosols produced by the Mt. Pinatubo eruption may have altered
cirrus. The authors look for evidence that such modification of cirrus is extensive enough to be climatically
significant by comparing three satellite-based cirrus datasets produced by the International Satellite Cloud Cli-
matology Project (ISCCP) analysis, the split-window analysis, and the Improved Initialization Inversion (3I)
analysis. Since the former two have not been compared in detail before, such a comparison was conducted here.
When applied to the Advanced Very High Resolution Radiometer (AVHRR) data, both the ISCCP and split-
window analyses identify about 0.2-0.3 cirrus cloud amounts in tropical latitudes; however, there are detailed
differences of classification for about half of these clouds. The discrepancies are attributed to the simplified
assumptions made by both methods. The latter two datasets are derived from infrared radiances, so they are less
sensitive to volcanic aerosols than the ISCCP analysis. After the Mt. Pinatubo eruption, the ISCCP results
indicate a notable decrease of thin cirrus over ocean, accompanied by a comparable increase of altocumulus
and cumulus clouds; over land, there are no significant changes. In contrast, results from the split-window and
3l analyses show little change in thin cirrus amount over either ocean or land that is associated with the volcanic
eruption. The ISCCP results can, therefore, be understood as a misclassification of thin cirrus because additional
reflected sunlight by the volcanic aerosol makes the cirrus clouds appear to be optically thicker. Examinations
of the split-window signature show no significant change in infrared emissivity (or optical thickness). These
results indicate that the Mt. Pinatubo volcanic aerosol did not have a significant systematic effect on tropical
cirrus properties (such as cloud amount and optical thickness), but do not exclude the occurrence of temporary,
local effects. Hence, these results suggest that there is no significant climate feedback produced by aerosol—
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cirrus—radiative interactions.

1. Introduction

Cirrus clouds are high level (upper troposphere), op-
tically thin, ice clouds with both low solar reflectivities
and low emissivities (Liou 1986). Globally, they cover
around 20% of the earth’s surface (Rossow and Schiffer
1999), but there may be another 5%—-10% of very thin
cirrus present (Jin et a. 1996; Liao et al. 1995; Stu-
benrauch et al. 1999b). Unlike most other clouds, cirrus
with cloud tops higher than the effective emission level
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of the clear atmosphere cause net radiative heating of
the earth—atmosphere system because they reflect sun-
light less than they decrease the outgoing longwave ra-
diation. This warming effect is reversed as cirrus cloud
optical thickness increases (Stephens et al. 1990).
Through their radiative effects cirrus clouds can mod-
ulate the general circulation of the atmosphere (Randall
et al. 1989; Ramanathan et al. 1983).

There are many ways to observe cirrus properties and
behavior; however, only satellites provide the global
overview of cloud systems at the scale of the synoptic
weather systems in which they form (Rossow 1989).
The past two decades have witnessed numerous studies
of cirrus clouds using satelliteinstruments. Inoue (1985)
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showed the feasibility of cirrus detection using the split-
window data (wavelengths around 11 and 12 um) of
the Advanced Very High Resolution Radiometer
(AVHRR) on board the National Oceanic and Atmo-
spheric Administration’s (NOAA's) satellite NOAA-7
and derived the temperature and the emissivity of cirrus
clouds. Furthermore, based on a threshold technique
using two-dimensional brightness temperature histo-
grams, he developed a method that could be used to
identify several types of clouds (Inoue 1987). The In-
ternational Satellite Cloud Climatology Project (ISCCP)
was established in 1982 to produce a globally uniform
satellite cloud climatology (Schiffer and Rossow 1983;
Rossow and Schiffer 1991). In the second version of
the cloud product, sensitivity to cirrus is increased and
biases in cirrus cloud optical thickness and cloud-top
temperature are reduced (Rossow and Schiffer 1999).
Wylie et al. (1994) applied the CO, dlicing technique,
which makes use of infrared radiances at wavelengths
from 13 to 15 um from the High Resolution Infrared
Radiation Sounder (HIRS) data from NOAA polar-or-
biting satellites, to derive four years of high cloud cli-
matology. Their new study extends the climatology to
eight years (Wylie and Menzel 1999). More recently,
Stubenrauch et al. (1999a) developed a new Improved
Initialization Inversion (31) algorithm and used it to con-
vert the Television Infrared Observational Satellite
(TIROS-N) Operationa Vertical Sounder (TOVS) ob-
servations from NOAA polar-orbiting environmental
satellites into atmospheric temperature and water vapor
profiles, as well as cloud and surface properties. Cirrus
clouds are separated from high opague clouds by their
lower emissivities.

Volcanic activities may alter cirrus properties. Jensen
and Toon (1992) suggested the potential effect of vol-
canic aerosols on cirrus cloud microphysics using sim-
ulations, while Sassen (1992) and Sassen et al. (1995)
proposed a volcano—cirrus—climate feedback mecha-
nism based on analysis of two days of data from the
First ISCCP Regional Experiment (FIRE). Moreover,
Song et al. (1996) examined the interannual variability
of the high-level cloudiness (HC) index and found a
widespread increase of the HC index up to 0.1 after
major volcanoes. However, | SCCP results suggest that
the production of large amounts of stratospheric aerosol
by Mt. Pinatubo is associated with a decrease in cirrus
cloud amount by 0.02-0.04 and an increase in their
average optical thickness (Rossow and Schiffer 1999).
How exactly did Mt. Pinatubo volcano affect cirrus
properties? We explore this question by comparing the
I SCCP products with two other cloud datasets derived
from the split-window method and 3I cloud algorithm
(Stubenrauch et al. 1999a).

In the first half of the paper, we report a systematic
comparison between cirrus retrieved by ISCCP and the
split-window method. This comparison study serves as
a preparation for the second half of the paper, which
addresses how the Mt. Pinatubo eruption affected cirrus
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properties. First, a radiative transfer model is used to
analyze the two algorithms, because the split-window
method is based on the identification of clustersin mul-
tidimensional radiance space, while the ISCCP cloud
scheme relies on a radiative transfer model to retrieve
cloud properties. Second, retrieved cloud informationis
compared in light of the model simulation results. Cirrus
from the 3l cloud dataset have been compared to those
from ISCCP by Stubenrauch et a. (1999b); note also
the paper by Jin et al. (1996) that compared |SCCP to
the CO, dlicing analysis of HIRS data.

In the second half of the paper, we make use of the
different sensitivities of the three cloud retrieval algo-
rithms to explore the influence of the Mt. Pinatubo vol-
cano eruption on cirrus properties. One major difference
between the split-window method, 3I cloud algorithm,
and the ISCCP cloud scheme is that the former two use
radiances at infrared wavelengths, while the latter uti-
lizes one infrared and one visible radiance. Since ab-
sorption in the infrared is less sensitive to aerosols than
reflection in the visible, the split-window method and
3l cloud algorithm do a better job of monitoring thin
cirrus even when stratospheric aerosol concentration is
relatively high, such as after a large volcanic eruption.
The ISCCP cloud scheme, which depends on visible
reflectance to derive cloud optical thickness, could at-
tribute the additional visible reflectance caused by aero-
sols to clouds, thus introducing errors in the cloud re-
trieval (Rossow and Schiffer 1999). Hence, there may
be artifacts in the changes of 1SCCP-retrieved cirrus
after the eruption of the Mt. Pinatubo volcano, whereas
cirrus retrieved by the split-window method and 3l
cloud algorithm are less likely to be affected by the
event.

This paper is divided into five sections. Section 2
gives a short description of the datasets and cloud re-
trieval techniques used in the study. Section 3 presents
a comparison of the split-window and ISCCP cloud al-
gorithms, using both simulations and observations. In
section 4, cloud datasets from ISCCR, the split-window
method, and 3l are examined to find out the influence
of the Mt. Pinatubo eruption on cirrus properties. Sec-
tion 5 summarizes the main findings.

2. Data and analysis methodologies
a. AVHRR datasets and split-window method

Channel 4 (=11 um) and channel 5 (=12 um) data
from AVHRR on NOAA-7 were used by Inoue (1987,
1989) to develop his split-window method. In this paper,
we continue to use AVHRR data (sampled and saved
in the ISCCP DX products) from NOAA-11 for the pe-
riod from January 1989 to December 1993, covering
both the pre- and posteruption period (the Mt. Pinatubo
volcano erupted in June 1991). AVHRR aso has two
solar channels (wavelengths of 0.6 and 0.7 um, re-
spectively) and one near the infrared channel (wave-
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Fic. 1. Cloud classification in the split-window method (Inoue
1989). (a) The original classification algorithm; (b) the modified clas-
sification algorithm used in this study.

length of 3.7 wm). The spatial resolution of the global
AVHRR product is 4.0 km and the imaging frequency
is twice daily at lower latitudes. To save data volume,
the ISCCP data is spatially sampled to intervals of ap-
proximately 30 km (Schiffer and Rossow 1983).

Inoue (1985) has shown that cirrus clouds can be
identified by inspection of the images constructed from
the brightness temperature difference (BTD) measured
at 11 and 12 pum. In his following papers, Inoue pro-
posed an objective cloud classification method based on
a threshold technique in a two-dimensional histogram
(Inoue 1987, 1989). Following Inoue (1989), we call
this method the split-window method, in which cloud
types are classified by the brightness temperature (TBB)
at 11 pum and the BTD (11 minus 12 um) as in Fig.
la TBB isused to separate high-level clouds from low-
level clouds, while BTD is a good indicator for distin-
guishing between optically thick and optically thin
clouds. The BTD has its lowest value (about zero) for
blackbody clouds like cumulonimbus, a moderate value
(around 2°C) for clear sky, and the highest value (up to
6°C) for optically thin cloudslike cirrus. Clear-sky BTD
is due to the spectral dependence of water vapor ab-
sorption, while different BTDs for clouds are caused by
differences in cloud emissivity.

In this paper, we modify the original classification
thresholds of the split-window method in such a way
as to facilitate the comparison with the ISCCP data and
to take advantage of more information. For example,
cloudy or clear in the new version of the split-window
method is decided based on the ISCCP cloudy/clear
decision. Accordingly, theclear BTD iscalculated wher-
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ever |SCCP sees clear conditions. This is justified be-
cause our main interest is in the comparison of cirrus
retrieved by the two cloud schemes and also because
the original split-window method utilizes a much sim-
pler threshold test to separate cloudy scenes from clear
ones than does ISCCP. Another modification is that the
threshold for high-level clouds is changed from a con-
stant TBB (—20°C in Fig. 1a) to a variable TBB cor-
responding to a constant cloud-top pressure, namely,
440 mb (the average temperature at this level in the
Tropics and midlatitudes ranges from about —15° to
—25°C). Thisis consistent with the cloud classification
in the ISCCP cloud scheme (see section 2b). The mod-
ified version of cloud classification of the split-window
method is shown in Fig. 1b.

b. ISCCP method

ISCCP collects and analyzes infrared (=11 pum) and
visible (=0.6 um) radiances measured by the imaging
instruments on all the operational weather satellites. In
this paper, we only consider the results from NOAA-11
AVHRR. The ISCCP cloud analysis procedure consists
of three principal steps: cloud detection, radiative model
analysis, and statistical analysis (Rossow and Schiffer
1991). Cloud detection is achieved in two passes
through the whole dataset (Rossow and Garder 1993).
First, aseries of spatial and temporal testsare performed
to estimate clear values of visible and infrared radiances
for each field of view (FOV); second, thewholeradiance
dataset is examined again and each radianceis compared
with the corresponding clear value. If either the infrared
radiance is smaller than the clear value by more than
some threshold amount or the visible radiance is larger
than the clear value by more than some threshold
amount, the pixel is labeled cloudy. After pixels are
classified as clear and cloudy, the measured radiances
are compared to radiative transfer model calculationsto
retrieve cloud-top temperature (Tc) and visible optical
thickness (Tau) for cloudy pixels, and surface reflec-
tance and surface temperature for clear pixels. Clouds
are represented in the radiative model as a single, thin
layer, uniformly covering the image pixel with a spec-
ified average particle size and size distribution. When
cloud optical thickness is small enough (as for thin cir-
rus), such that a significant portion of the infrared ra-
diation is transmitted from the surface and atmosphere
below, theretrieved value of Tcisreevaluated to account
for this transmission. For clouds colder than 260 K, the
cloud microphysical model is an ice cloud composed of
30-um polycrystals (Rossow and Schiffer 1999).

Clouds are classified in ISCCP according to cloud-
top pressure (Pc) and optical thickness (Fig. 2). In sec-
tion 3, simulations employing aradiative transfer model
will be used to relate the ISCCP cloud scheme and the
split-window method.
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Fic. 2. Cloud classification in the ISCCP D-series datasets.

c. 3l cloud scheme and dataset

The Improved Initialization Inversion (3I) procedure
is a physical-statistical algorithm for retrieving atmo-
spheric temperature and water vapor profiles as well as
cloud and surface properties from TOV S observations,
using HIRS and Microwave Sounding Unit (MSU;
Chédin et al. 1985) data. The original 3I cloud scheme
was based on a combination of the** CO, slicing” meth-
od and the ‘‘ coherence-of-effective-cloud-amount”
method, using channels within the CO, absorption band
around 14 um (Wahiche et al. 1986; Stubenrauch et al.
1996). Comparison with ISCCP led to an improved 3l
cloud retrieval scheme based on a weighted- y? method
that estimates the coherence of effective cloud amount
at different pressure levels. The introduction of weights
that take account of temperature profile uncertainty
yields unbiased cloud parameters at al cloud heights
for homogeneous cloud types (Stubenrauch et al.
1999a). The 3l cloud properties (cloud-top pressure Pc
and effective cloud amount Ne,) are determined from
averaged radiances over all cloudy pixels within each
100 km X 100 km box, assuming asingle, homogeneous
cloud layer. Cirrus are defined as cloud with Pc < 440
mb and Neyy < 0.9.

Cirrus from the 3l cloud dataset have been compared
with those from ISCCP by Stubenrauch et al. (1999b).
Results show that 3l identifies 10% more cirrus than
ISCCP DX over mid- and low-latitude ocean; over trop-
ical land, the difference is 20%. These discrepancies
can be explained in part by the different detection sen-
sitivities for cirrus (cf. Liao et al. 1995; Jin et al. 1996)
and in part by small-scale horizontal and vertica het-
erogeneities to which the two datasets respond differ-
ently due to differences in spatial and spectral resolu-
tions (Stubenrauch et al. 1999c).
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3. Comparison of cloud retrieval techniques and
observations

We present a comparison of the split-window and
ISCCP results, since this has not been done before; a
detailed comparison of 3I and ISCCP is given in Stu-
benrauch et al. (1999b,c).

The split-window method is based on the identifi-
cation of clustersin atwo-dimensional brightness tem-
perature histogram of TBB and BTD. The ISCCP cloud
analysis relies on a radiative model to retrieve cloud-
top pressure (Pc) and cloud optical thickness (Tau) ex-
plicitly for each pixel and then uses these properties for
a cloud classification. Therefore, a radiative transfer
model called Streamer (Key 1996) is used as a bridge
to compare these two cloud classifications.

a. Radiative transfer model description

Streamer (version 2.5p) is used to simulate AVHRR
split-window channel radiances under clear skies and
different cloudy conditions. Streamer can be used for
computing either radiances (intensities) or irradiances
(fluxes) for any viewing geometry in 24 shortwave and
105 longwave bands under a wide variety of atmo-
spheric and surface conditions. A discrete ordinate solv-
er (Stamnes et al. 1988) is used to compute radiances.
Four absorbing gases are considered: water vapor, car-
bon dioxide, ozone, and oxygen. Seven standard at-
mospheric profiles are built-in but any other profile can
be specified. Cloud optical properties are based on three
different parameterization schemes:; water cloud scheme
(Hu and Stamnes 1993), ice cloud shortwave scheme
(Fu and Liou 1993), and ice cloud longwave scheme
(parameterized single-scattering properties of ice
spheres using Mie theory). Aerosol amounts can be dis-
tributed vertically either by a user-supplied profile or
one of the built-in standard profiles. In Streamer, ‘“ each
computation is done for a scene, where the scene can
be a mixture of up to 10 cloud types occurring indi-
vidually, up to 10 overlapping cloud sets of up to 10
clouds each, and the clear sky, all over some combi-
nation of up to three surface types” (Key 1996).

Streamer’s infrared accuracy in clear-sky conditions
has been tested by comparing computations to other
models in the Intercomparison of Radiation Codes in
Climate Models (ICRCCM; Ellingson et a. 1991). In
all five standard cases, ranging from tropical to subarctic
winter atmospheres, the longwave fluxes computed by
Streamer were within 5% and one standard deviation of
the mean of all the models (Jin and Rossow 1997). Pinto
etal. (1997) compared Streamer’s model ed downwelling
broadband longwave irradiance with that of the obser-
vation and found a bias of 3 W m~2.

b. Comparison of cloud retrieval techniques

AVHRR radiances from split-window channels are
simulated using Streamer for clear skies and different
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Fic. 3. Simulated satellite (AVHRR) observed BTD for different
cloud types as defined in ISCCP (see Fig. 2). (top) Assumption that
al clouds are ice clouds; (middle) assumption that all clouds are
water clouds; (bottom) combine them by assuming clouds above 440
mb are ice clouds and clouds below are water clouds. Tropical profile
is used. Satellite zenith angle is 0° (nadir).

types of clouds represented by their cloud-top pressure
(Pc) and optical thickness (Tau) values, consistent with
the ISCCP cloud classification (see Fig. 2). Micro-
physical properties such as cloud particle effective ra-
dius (10 wm for water clouds and 30 wm for ice clouds)
and water content are specified to be the same asin the
|SCCP retrieval model. Since the split-window method
makes no explicit assumptions about the microphysics
(with one exception noted below), we choose this ap-
proach to focus solely on cloud classification differ-
ences.

Figures 3 and 4 show a series of simulations of BTD
asafunction of Pc and Tau for the Air Force Geophysics
Laboratory (AFGL) reference tropical profile (Mc-
Clatchey et al. 1971). Besides Pc and Tau, BTD is also
sensitive to cloud phase, cloud particle size distribution,
and a few other microphysical properties (Wu 1987;
Parol et al. 1991; Giraud et al. 2001). Replacing the
single-scattering properties of ice spheres by those of
ice polycrystals (Mitchell et al. 1996) in these calcu-
lations (not shown) decreases the BTD by about 0.5 K,
but the structure of the figure stays the same. The upper
panels of the two figures assume all clouds are com-
posed of ice particles, while the middle panels assume

Optical Thickness

Fic. 4. The same as Fig. 3, except that satellite zenith angle is 60°.

all clouds are water clouds. The lower panels combine
these two cases so that clouds above the 440-mb level
are ice and clouds below 440 mb are liquid. The sim-
ulations are done for two different satellite zenith angles
covering the extremes for AVHRR.

Generally, these simulations show that cirrus clouds,
which are at high altitude and optically thin, have larger
BTD values compared with other clouds and clear sky
(BTD is not zero for clear sky because of the spectral
dependence of water vapor absorption; see Fig. 5). How-
ever, thereis one unexpected feature: besidesthin cirrus,
a second local maximum of BTD exists where Pc is
around 500 mb and Tau is about 1.3, depending on
satellite zenith angle. This second maximum is caused
by two competing effects that combine to determine the
BTD values. On the one hand, water clouds have larger
BTD values than ice clouds (see Figs. 3 and 4) because
BTD tends to be larger for clouds with smaller particle
size (Wu 1987; Giraud et a. 2001). On the other hand,
BTD also exhibitsalarger value for higher and optically
thinner clouds, because these clouds (such as cirrus)
generate a larger difference in emissivity between the
two split-window channels (Inoue 1985). For these rea-
sons, cirrus clouds have larger BTD because they are
high and optically thin, while thin liquid altocumulus
clouds also have relatively large BTD because they con-
sist of small particles and are also high and thin enough.
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Fic. 5. Simulated satellite (AVHRR) observed clear-sky BTD as a
function of satellite zenith angle. Tropical profile is used.

Thus, there is potential for confusion between the thin-
nest midlevel water clouds and higher-level ice clouds.

In addition to BTD, TBB has also been simulated as
afunction of Pc and Tau (not shown). Based on the two
cloud classification schemes (Figs. 1 and 2) and the
simulations of BTD and TBB, we can link the two cloud
classifications: Figure 6 shows how clouds classified by
| SCCP are categorized by the split-window method, de-
pending on satellite zenith angle. For example, at nadir
thin cirrus seen by the split-window method corresponds
to almost all the cirrus seen by 1SCCP, plus some cir-
rostratus, midlevel clouds and very thin low clouds.
Thick and dense cirrus defined by the split-window
method almost all fall into the cirrostratus category de-
fined by ISCCP. However, as satellite zenith angle in-
creases, the two methods agree better on cirrus. There-
fore, Fig. 6 provides the basis for comparing cirrus re-
trieved by ISCCP and the split-window method as will
be shown in the next section.

¢. Comparison of retrieved cloud information

For each pixel in the ISCCP DX dataset, the clear-
sky TBB and BTD, and the cloudy/clear decision al-
ready inferred by the analysis are used by the split-
window method to retrieve clouds from the cloudy-sky
radiances. We compare the two cloud retrieval tech-
niques by showing cloud-type frequency distributions
of each cloud type classified by one technique asafunc-
tion of the classification by the other. The resulting table
is like a two-dimensional probability density function.
Five years of data have been processed: results are sim-
ilar for all years. We show the tables derived from two
regions where cirrus clouds prevail: warm pool ocean
(western Pacific) and African tropical land (see Tables
1 and 2). Numbers in the tables represent the cloud
amount (CA) frequency distribution.

In the warm pool area, both methods identify about
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Fic. 6. Simulation of cloud types classified by the split-window
method in the Pc—Tau space. (top) Nadir viewing geometry; (bottom)
60° satellite zenith angle. Dashed lines correspond to the | SCCP cloud
classification (see Fig. 2).

20%—30% cirrus; however, they do not agree exactly on
which clouds are cirrus. More than half of the cirrus
clouds identified by the split-window method are called
cirrus by ISCCP and the rest are distributed between
mid- and low-level thin clouds. A similar distribution
is obtained, when surface observations are used to iden-
tify cirrus for corresponding | SCCP scenes (Hahn et al.
2001). Likewise, more than three-fourths of cirrusiden-
tified by ISCCP are called cirrus by the split-window
method, but some are classified as other clouds such as
N-type (partial cloud cover, nonblack low-level clouds,
and low-level black clouds overlaid by thin cirrus) and
cumulonimbus clouds by the split-window method.
Over African tropical land, similar results are found,
except that both methods find less cirrus there than over
the warm pool ocean.

The radiative model studies in the previous section
have shown that the cirrus defined by the split-window
method may include some optically thin, liquid, mid-
level clouds. I1SCCP also retrieves cloud-top tempera-
tures that are too large when cirrus overlies lower-level
clouds, thus mistakenly labeling some cirrus as alto-
cumulus (Jin et al. 1996; Stubenrauch et al. 1999c). It
is hard to tell which effect dominates, based only on
the data we have. Further work is needed to separate
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TaBLE 1. Cloud amount distribution of each cloud type classified by the ISCCP (horizontal) as a function of the classification by the
split-window method (vertical). The table is for warm pool oceanic areas; the top half is data for Jan 1990, the bottom half for Jul 1990.
Note that sometimes the total cloud amound is different from the sum of the corresponding row or column by about 1, because we round
every cloud amount (which is a real number) to an integer and also do the same to the total cloud amount.

Warm pool ocean: 15°S-15°N, 100°-150°E

cirro- deep con- alto- ato- nimbo- strato-

thinci  thick ci  stratus vection cumulus stratus  stratus cumulus cumulus —stratus clear total
thin ci 11 4 0 0 8 2 0 3 1 0 0 29
thick ci 0 4 1 0 0 0 0 0 0 0 0 5
dense ci 0 3 2 0 0 0 0 0 0 0 0 5
N-type 1 1 0 0 1 3 0 2 2 0 0 10
cumulo-nimbus 0 2 15 8 0 0 0 0 0 0 0 24
cumulus 0 0 0 0 0 1 0 0 1 0 0 4
clear 0 0 0 0 0 0 0 0 0 0 23 23
total 12 14 18 8 9 7 1 5 4 0 23 100

Warm pool ocean: 15°S-15°N, 100°-150°E
cirro- deep con- ato- ato- nimbo- strato-

thinci  thick ci  stratus vection cumulus stratus  stratus cumulus cumulus —stratus clear total
thin ci 11 3 0 0 5 1 0 3 1 0 0 23
thick ci 0 3 0 0 0 0 0 0 0 0 0 3
dense ci 0 2 1 0 0 0 0 0 0 0 0 3
N-type 1 1 0 0 1 2 0 2 2 0 0 9
cumulo-nimbus 0 2 10 5 0 0 0 0 0 0 0 17
cumulus 0 0 0 0 0 2 0 1 2 0 0 6
clear 0 0 0 0 0 0 0 0 0 0 40 40
total 12 10 11 5 6 5 0 6 5 0 40 100

cloudsthat arefalsely detected as altocumulus by |SCCP
from those that are real atocumulus. One possible way
might be to make use of collocated radiance data at
other wavelengths, such as the 6.7-um water vapor
band, to check the signature of real cirrus, since radi-
ances at 6.7 um saturate for midlevel clouds but are
till sensitive to cirrus.

4. Application to the Mt. Pinatubo case

We make use of the differences of the several cloud
retrieval algorithmsto find out whether the Mt. Pinatubo
volcano eruption affected cirrus.

In the ISCCP analysis, the 0.6-um visible channel,
which is important in determining cloud optical thick-
ness, is also sensitive to scattering by atmospheric aero-
sols, especially when their optical thickness is larger
than normal like following the Mt. Pinatubo eruption.
However, aerosol effects are not included in the ISCCP
radiative model. Therefore, they will affect the analysis
of clouds (Rossow et al. 1996). This effect is negligible
in normal conditions when the optical thickness of
stratospheric aerosol isof the order 10-2. However, after
the large volcanic eruption of Mt. Pinatubo in June
1991, the situation was very different: by late 1991 the
stratospheric aerosol optical thickness (at 0.5-um wave-
length) determined from the Stratospheric Aerosol and
Gas Experiment (SAGE Il) over the equatorial region
was around 0.2 or larger, while the value inferred from
AVHRR was as large as 0.45 (Stenchikov et al. 1998).
An optical thickness of 0.2 is aready large enough to

affect the retrieval of thin cirrus in the ISCCP analysis
aswe show later. The split-window method, on the other
hand, is not as easily affected by stratospheric aerosols
since it utilizes the radiances from two much longer
infrared wavelengths, which are not scattered and ab-
sorbed effectively by the very small stratospheric par-
ticles. We also examine the 3l cloud data which, like
the split-window method, utilizes only IR radiances for
cloud property retrieval (there is one cloud test out of
eight during daytime that uses visible radiances).

a. “'Pinatubo-cirrus” story and one apparent
discrepancy

Jensen et a. (1992) studied the possibility that vol-
canic aerosols may significantly alter the concentration
of ice crystals that nucleate in cirrus and assessed the
potential impact of these processes on the evolution and
radiative properties of cirrus. Their model simulations
suggest that under certain conditionsthe effect on cirrus,
of volcanic sulfate aerosols transported down into the
upper troposphere, could be to increase the concentra-
tion of ice crystals by as much as a factor of 5 and
increase the surface warming due to certain types of
cirrus near the tropopause by as much as 8 W m-2.
Nevertheless, Jensen et al. (1994) found that cirrusprop-
erties are generally much less sensitive to the number
of condensation nuclei (CN) present than to other factors
such as temperature, cooling rate, and vertical wind
speed.

Sassen (1992) and Sassen et al. (1995) studied a jet
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TABLE 2. The same as Table 1, except for African tropical land.

African tropical land: 15°S-0°N, 10°-50°E

cirro- deep con- alto- alto- nimbo- strato-

thinci  thick ¢ci  stratus vection cumulus stratus stratus cumulus cumulus stratus clear total
thin ci 6 1 0 0 5 1 0 3 1 0 0 17
thick ci 0 1 0 0 0 0 0 0 0 0 0 2
dense ci 0 3 1 0 0 0 0 0 0 0 0 4
N-type 4 1 0 0 4 6 0 4 4 0 0 22
cumulo-nimbus 0 2 14 9 0 0 0 0 0 0 0 25
cumulus 0 0 0 0 0 4 2 0 0 0 0 7
clear 0 0 0 0 0 0 0 0 0 0 23 23
total 10 8 16 9 9 10 2 7 5 0 23 100

African tropical land: 15°S-0°N, 10°-50°E
cirro- deep con- ato- ato- nimbo- strato-

thinci thick ci  stratus vection cumulus stratus  stratus cumulus cumulus stratus clear total
thin ci 5 0 0 0 5 1 0 4 3 0 0 18
thick ci 0 0 0 0 0 0 0 0 0 0 0 1
dense ci 0 0 0 0 0 0 0 0 0 0 0 0
N-type 1 0 0 0 1 1 0 1 2 0 0 7
cumulo-nimbus 0 0 1 0 0 0 0 0 0 0 0 2
cumulus 2 0 0 0 3 2 2 1 4 0 0 14
clear 0 0 0 0 0 0 0 0 0 0 58 58
total 8 2 1 0 9 5 2 7 9 0 58 100

stream cirrus case during the FIRE |1 Intensive Field
Observations (IFO) and suggested that Pinatubo aero-
sols might be influencing the cirrus properties. Thefield
observations were carried out in south Kansas on 5 and
6 December 1991 during a period of moist subtropical
flow when a strong jet stream swept cirrus clouds
through the area. Observed tropopause folding was be-
lieved to be the mechanism for injecting stratospheric
aerosols of volcanic origininto the troposphere. Unusual
cirrus cloud microphysical properties, such as ** abnor-
mally high ice crystal concentration, perhaps unique
radial ice crystal shapes, and relatively large haze par-
ticlesin cirrus uncinus,” suggested the alteration of cir-
rus by contamination from decaying volcanic debris
within six months of the Mt. Pinatubo volcano eruption
(Sassen et al. 1995). They also pointed out the possible
climatic implications. Although the Mt. Pinatubo aero-

- Thin Cirrus W—
Thick Cirrus N\/\J\/\/\/\_/\/\/\/\/\//

2 |- -Cumulus -

0 1 L 1 L L
89 90 91 92 93 94

Fic. 7. Deviations of global (excluding polar regions) monthly
mean cirrus and cumulus cloud amount derived from the ISCCP. See
text (section 4b) for the definition of thin cirrus and thick cirrus. A
longer time series can be found in Fig. 7 by Rossow and Shiffer
(1999). Only clouds over the ocean are shown. The number on the
ordinate gives the magnitude of the cloud amount deviation X100
(e.g., 2 represents 0.02). Curves are shifted from the each other for
better viewing.

sol is estimated to have cooled the earth’s surface tem-
perature by less than 1°C by direct reflection of incom-
ing solar radiation, the additional effects of perturbed
cirrus clouds could provide either a competing or re-
inforcing climatic perturbations in the years following
the eruption.

Wylie and Menzel described a gradual increase of
high-level cloud amount in the Tropics and northern
midlatitudes by about 0.005 yr—* from 1989 to 1997.
They employed a cloud retrieval technique, called the
CO, slicing method, which is capable of correctly iden-
tifying most of transmissive clouds using the HIRS in-
frared bands with partial CO, absorption (Wylie et al.
1994). The CO, dlicing technique using the HIRS in-
strument is more sensitive to very thin cirrus than is
ISCCP, finding almost twice as much thin cirrus as the
first version of ISCCP (C series) found (Jin et a. 1996).
A study by Stubenrauch et al. (1999b) shows an im-
provement of cirrus frequencies by 10%—20% (relative)
from CX to the DX version of ISCCP due to increased
sensitivity to cirrus over land in the DX analysis and a
better treatment of ice cloudsin the DX radiative model.
On the other hand, the CO,, slicing techniqueis sensitive
to surface temperature errors. Positive surface temper-
ature errors cause detection of more thin cirrus. Jin et
al. (1996) found that in the old HIRS analysis (Wylie
et al. 1994) SST values are about 2 K warmer than the
blended satellite-ship values, but its surface temperature
is significantly underestimated over high topography
causing an underdetection of cirrus.

Figure 7 shows the global changes of cirrus detected
by ISCCP during a period of 5 years: from January 1989
to December 1993. In contrast with Wylie and Menzel’s
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Fic. 8. The evolution of the stratospheric aerosol extinction at 1.02 um derived from SAGE I, before
and after the Mt. Pinatubo eruption in Jun 1991.

and Sassen’s findings, ISCCP sees a decrease in thin
cirrus (defined below) cloud amount by 0.02-0.04 glob-
ally after the eruption of Mt. Pinatubo. However, the
corresponding and opposite change of cumulus cloud
amounts shown in the same figure, together with the
fact that both changes occur preferentially over oceans,
suggests that these changes may be caused by the effect
of the aerosol in the satellite visible radiances instead
of real changes of the clouds (Rossow and Schiffer
1999). Detailed discussions concerning how an aerosol
contribution to optical thicknessfor thin cirrustranslates
in the ISCCP cloud algorithm to a change of cloud types
are given in the next section. During the same period
of time, an increase in the average optical thickness of
cirrus is also found in the ISCCP dataset, which still
might be consistent with Sassen and Jensen’s studies.

What actually happened to cirrus after the Mt. Pin-
atubo eruption? To answer this question, we check other
satellite observationsthat are not as sensitive to vol canic
aerosols.

b. The most likely scenario for the changes of cirrus
properties after the Mt. Pinatubo volcano eruption

The Mt. Pinatubo volcano erupted on Luzon Island
in the Philippines (15.10°N, 120.40°E), with the stron-
gest explosion occurring on 15 June 1991. Following
the 15 June eruption, the evolving cloud of water vapor,
sulphurous gases, and aerosol spread out both longi-
tudinally and latitudinally and occupied a latitude band
of approximately 20°S-30°N within a few months (Mc-
Cormick et al. 1995). Figure 8 shows the zonal mean
total stratospheric aerosol extinction as a function of
latitude and time observed from SAGE Il (cf. Fig. 3in
Stenchikov et al. 1998). Total stratospheric aerosol ex-
tinction at 1.02-um wavelength was about 0.05 km~—*
or even higher in tropical and subtropical regions from
one or two months after the volcano to around a year
and a half later. This is greater than the pre-eruption
level by about a factor of 50. Stenchikov et al. (1998)
calculated aerosol optical thickness from these data: at
0.525-um wavelength values exceeded 0.2.

The influence of the volcanic event on the amounts
of various cloud types, as seen by |SCCP and the split-
window data, are shown in Figs. 9 and 10. These two
figures show the zonal mean cloud amount as afunction
of latitude and time, starting from the beginning of 1989
to the end of 1993. To isolate the influence of the vol-
cano eruption, the mean seasonal cycle has been re-
moved from the original data (seasonality is calculated
by averaging all available data for each month and then
removing the average from the original data). Similar
to the data manipulation in the previous section, each
cloudy pixel is processed according to the two cloud
retrieval methods and then cloud amount is calculated
in a large region by counting the fraction of cloudy
pixels. The original ISCCP cirrus cloud classificationis
further divided into two groups: thin cirrus (Tau < 1.3)
and thick cirrus (1.3 < Tau < 3.6). Such a division is
justified by their different responses to the volcanic
eruption aswill be shown. Over tropical and subtropical
oceans, | SCCP sees a dramatic decrease of thin cirrus
clouds after the Mt. Pinatubo eruption, decreasing from
a normal value around 0.1 to below 0.02 and not fully
recovering until late 1993. Similar changes are not ob-
served for thin cirrus over land. In the ISCCP dataset,
there is also a slight increase in thick cirrus over both
ocean and land. On the other hand, observations from
the split-window analysis do not show any significant
changes of thin or thick cirrus associated with the vol-
canic eruption over either ocean or land.

Sincethe optically thinnest, high-level cloudsare usu-
ally detected by the IR threshold method, aerosols will
not significantly affect cloud detections (Rossow and
Schiffer 1999). However, because the ISCCP radiative
model does not include aerosol effects, any additional
reflectance caused by aerosols is combined with that by
clouds, thusincreasing the retrieved cloud optical thick-
ness. In this situation, the thinnest cirrus may be mis-
classified as some other type. In the ISCCP analysis,
the clear-sky visible reflectance over ocean is con-
strained by amodel of ocean surface reflectance, so that
the additional visible reflectance caused by volcanic
aerosols is included with the clouds; but over land, the
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FiG. 9. Zonal mean cloud amount anomalies of various cloud types as a function of latitude and time,
derived from the ISCCP and the split-window observations. Only clouds over the ocean are considered.

The contour scales are cloud amount anomalies X 100.

clear-sky reflectance is calculated from the data each
month, so, the volcanic aerosols increase the land sur-
face visible reflectance and not the clouds (Rossow and
Schiffer 1999). Thus, the Pinatubo aerosols increase the
| SCCP-retrieved average optical thickness of cirrusover
ocean as first pointed out by B. Soden (1997, personal
communication). Furthermore, the submicron-sized
aerosols have a smaller asymmetry parameter, thus they
are better reflectors of incoming solar radiation than the
larger cirrus particles. As aresult, their contributions to
the retrieved cloud optical thickness are even greater
than their nominal optical thickness values. All these
effects are negligible in normal conditions, but after the
Pinatubo event, aerosol layers as thick as 0.2 are com-
parable to some thin cirrus clouds. In the ISCCP anal-
ysis, cloud-top pressure is adjusted for optically thin
clouds to account for transmitted IR radiation. This ad-
justment process is very sensitive to the optical thick-
ness value used for the thinnest clouds; indeed, for those
cirrus with optical thickness less than 1, sensitivity tests
show that the magnitude of the reflectivity increase by
the volcanic aerosol may cause the ISCCP analysis to
retrieve cloud-top temperature tens of degrees warmer.
Therefore, the extra visible reflectance added to the thin
cirrus cloud layers by the Pinatubo aerosols causes the
reassignment of thin cirrus to lower-level cloud types.
Figure 9 shows an increase of altocumulus and cumulus

clouds in the ISCCP results as expected from this anal-
ysis. Moreover, the split-window method, which is not
SO sensitive to volcanic aerosols, shows little change in
thin cirrus amount.

Figure 11 compares the variation of cirrus cloud
amount with time from the ISCCP and 3l datasets, cov-
ering a few years before and after the Mt. Pinatubo
eruption. The observations used in this analysis of the
3l dataset are from the NOAA-11 satellite; only daytime
observations are shown. Again, seasonal cycles are re-
moved from the original data. Generally, thin cirrus (Pc
< 440 mb and Ney, < 0.5) and thick cirrus (Pc < 440
mb and 0.5 < Neyy < 0.9) as seen by 3l do not show
any significant changes that are associated with Mt. Pin-
atubo eruption. There are some changes of cirrus over
tropical and subtropical land, but they are probably
caused by the shifting orbit of NOAA-11, which has a
larger effect on cloud sampling over land where the
diurnal cycle of clouds may be stronger. The 3l cloud
datasets should, in general, not be affected by the vol-
canic aerosols due to the use of IR radiances; however,
there is one cloud test out of eight during daytime that
uses visible radiances. Therefore, the small increase
about 0.02 of thin cirrus over subtropical and tropical
land is attributable to such an effect (Stubenrauch and
Eddounia 2001). Thin cirrus, as seen by ISCCP, de-
creases dramatically and abruptly in the Tropics (up to
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Fic. 10. The same as Fig. 9, except that only clouds over land are considered.

0.08 decrease within a few months) and thick cirrus
increases gradually after the Mt. Pinatubo volcanic erup-
tion. So, this comparison shows the same contrast in
changes of cirrus after the Mt. Pinatubo eruption as in
the ISCCP-split window comparison.

In fact, comparing Fig. 8 with Figs. 9, 10, and 11
provides further support for our interpretation. The aero-
sol patterns derived from SAGE Il and thin cirrus dis-
tributions seen by ISCCP are spatially and temporally
very similar, with a correlation coefficient as high as
—0.85 in the Tropics. In contrast, the correlation be-
tween the 3l thin cirrus and the SAGE Il aerosol is0.35
in the same region; the correlation between the thin
cirrus identified by the split-window method and the
SAGE Il isonly 0.09. This appears to be consistent with
the relative sensitivities of these methods to aerosols.

Besides area coverage, cloud optical thickness (which
depends on particle number density and size) is another
important cloud property that determines cloud radiative
effects. Even if cirrus cloud amount has not undergone
significant changes after the Mt. Pinatubo eruption, their
microphysical properties (and their optical thickness)
may still have been affected by volcanic aerosols. Since
the optical thickness reported by ISCCP includes the
contribution from aerosols, we use the BTD between
11 and 12 um as a surrogate. Figures 12 and 13 show
the BTD for tropical and subtropical cirruslike clouds
identified by both ISCCP and the split-window method

as a function of latitude and time (only tropical and
subtropical BTDs are shown because the split-window
method works better at lower latitudes than at higher
latitudes). Similar to Figs. 9 and 10, the mean seasonal
cycle has been removed from the original data. BTD
for clear sky is also shown for comparison in Fig. 13.
Generally, BTDs for cirrus do not change significantly
after the Mt. Pinatubo eruption. (Note that the ISCCP
temperature digitization is about 0.5°-0.8° for the tem-
perature range relevant here.) Thereis a slight increase
of BTD for the ISCCP-identified thin cirrus and an op-
posite tendency for thick cirrus throughout the whole
period from 1990 to 1994. According to simulations (see
Fig. 3 and 4), this may indicate increasing cloud optical
thickness. In other words, both thin and thick cirrus may
have thickened slightly. However, caution should be ex-
ercised in interpreting these results. First, the magnitude
of the changes of BTD for cirrus (about 0.3°-0.6°) is
comparable to or even smaller than the temperature dig-
itization step (about 0.5°-0.8°). So, the changes are only
marginally detectable, and probably not significant. Sec-
ond, the pattern of BTD changes did not follow that of
the Pinatubo aerosols (see Fig. 8). It looks more like a
continuous trend, starting from early 1990. Hence, there
may be reasons for this change other than an indirect
effect of volcanic aerosols. For example, Wielicki et al.
(2002) and Chen et a. (2002) found an increase of
outgoing longwave radiation and a decrease of reflected
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Fic. 11. (a), (b) Cirrus cloud amount anomalies as a function of time from the ISCCP and 3I dataset. The
numbers on the ordinate give the magnitude of the cloud amount anomalies X100 (e.g., 5 represents 0.05).

Curves are shifted from each other for better viewing.

sunlight over the period 1985-2000, with most of the
increase occurring after 1990. Although these studies
do not directly account for the changes of the BTD for
cirrus in this study, they illustrate that other decadal-
scale changes of the atmosphere and clouds may exist.
Therefore, our results are inconclusive in showing any
significant influence of the Mt. Pinatubo aerosols on

cirrus optical thickness over the temporal and spatial
scales covered by our data. However, this study should
not be taken as a contradiction of Sassen et al.’s (1995)
results because they looked at changes of cirrus during
a particular meteorological event. It is still possible that
the Pinatubo aerosols have a local influence on cirrus,
like that observed by Sassen et al., but we did not find
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Fic. 12. Zonal mean BTD anomalies as a function of latitude and time, derived from the ISCCP,

any widespread, systematic effect on either cirrus
amount or cirrus optical properties.

5. Summary and discussion

In the first half of the paper, we compared cirrus re-
trieved by I1SCCP and the split-window method. By us-
ing aradiative transfer model, Streamer, a series of sim-
ulations have been carried out, showing that cirrus
clouds, defined in ISCCP as Pc < 440 mb and Tau <
3.6, generally have a large BTD, which is used by the
split-window method to isolate cirrus. However, the
simulations also show that some thin midlevel clouds
with small liquid particles could exhibit BTD values
large enough to be included in the thin cirrus category.
When applied to AVHRR data, both ISCCP and the
split-window method identify around 20%—-30% of cir-
rus cloudsin the tropical oceanic and terrestrial regions;
however, there is detailed disagreement in classification
for half of these clouds (see Fig. 6). These discrepancies
are attributed to the different simplifying assumptions
made by both methods. For example, the split-window
method does not consider water clouds that may show
a similar signature as high-level ice clouds. ISCCPR, on
the other hand, may retrieve a cloud-top temperature
that is too large for some cirrus because of small errors
in the retrieved optical thickness. Collocated 6.7-pum
water vapor channel radiances, which are sensitive to

high-level clouds, but not to midlevel clouds, would be
helpful in resolving some of these discrepancies.

In the second half of the paper, we make use of dif-
ferent sensitivities of several cloud retrieval techniques
to find out what actually happened to cirrus after the
Mt. Pinatubo volcanic eruption. The datasets taken into
consideration are the | SCCP data, the split-window ob-
servations, and 3| cloud data. Because the latter two
datasets are derived from infrared radiances, they are
much less sensitive to volcanic aerosols than the ISCCP
data (although daytime 3| results have some sensitivity
to visible reflectivity increase by aerosols). After the
Mt. Pinatubo eruption, |SCCP detects a decrease of thin
cirrus (Pc < 440 mb; Tau < 1.3) over ocean, accom-
panied by a comparable increase of altocumulus and
cumulus clouds; over land no significant changes of thin
cirrus have been observed in ISCCR On the contrary,
results from the split-window observations and 3| data
show little change in thin cirrus that is associated with
the volcanic eruption over both ocean and land. Careful
examination of ISCCP cloud algorithm suggests that the
apparent large decrease of thin cirrusin the ISCCP data
is probably an artifact due to the additional visible re-
flection by volcanic aerosols suspended in the strato-
sphere (Rossow and Schiffer 1999). This would affect
both cloud optical thickness and adjustment of cloud-
top height; thus, thin cirrus could be classified as other
clouds. Over land, the volcanic aerosols just increase
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Fic. 13. The same as in Fig. 12, except from the split-window method. Also, BTD for clear sky is shown
in the lower panels.

land surface visible reflectance (as found). Therefore,
the most likely scenario is close to what has been ob-
served by 3| data and the split-window observations.

Besides cirrus cloud coverage, another possible in-
fluence on cirrus of the Mt. Pinatubo volcano eruption
is some alteration of cloud microphysical (and optical)
properties. However, by looking at the changes of the
BTD as a surrogate of cloud optical thickness, it is sug-
gested that the Pinatubo aerosols did not systematically
and significantly influence cirrus optical properties on
the global scale, either. Previous studies showing some
changes are probably isolated local effects. Thus, there
is no indication in these results of a climatically sig-
nificant feedback where aerosol-altered cirrus produced
an additional climate effect beyond the direct aerosol-
radiative effect.
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