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ABSTRACT

While low-level clouds over the Pacific and Atlantic Oceans have been investigated extensively, low clouds
over the Indian Ocean are not as well characterized. This study examines the occurrence of nonoverlapped low
clouds over the Indian Ocean during the northeast monsoon using several sources of data. Climatologies derived
from surface observations and from the International Satellite Cloud Climatology Project are reviewed. Another
cloud climatology is developed using infrared and visible imagery from the Indian geostationary satellite. The
new climatology has better spatial and temporal resolution than in situ observations. The three datasets are
generally consistent and show several persistent features in the cloud distribution. During January—April, maxima
in the occurrence of low clouds occur at subtropical latitudes over the Arabian Sea, the Bay of Bengal, the
China Sea, and the southern Indian Ocean. The predominant types of low clouds differ in the northern and
southern areas of the Indian Ocean region and China Sea. The Arabian Sea and the Bay of Bengal are covered
mostly by cumulus clouds, while the southern Indian Ocean and the China Sea are covered mostly by large-
scale stratiform clouds such as stratocumulus. These observations are consistent with atmospheric analyses of
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temperature, humidity, and stability over the Indian Ocean.

1. Introduction

Marine low-level clouds are characterized by a high
albedo relative to the ocean surface and a cloud-top
temperature close to the sea surface temperature. It fol-
lows from these characteristics that low clouds exert a
large negative cloud radiative forcing (Hartmann et al.
1992) and impose significant changes on the surface
and planetary radiation budgets. Moreover, the cloud-
top albedos of these clouds fall in the range of albedos
that exhibit maximum sensitivity to a change in the
cloud droplet concentration (Schwarz and Slingo 1996).
Marine low clouds are thought to be the principal clouds
susceptible to influence by natural or anthropogenic
aerosols. Thus these clouds are likely to play a critical
role in the long-term evolution of the earth radiation
budget. A quantitative assessment of the climateimpacts
requires information on where and when low-level
clouds occur over the global ocean and determination
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of the factors that control the formation, type, and ra-
diative properties of low clouds. Thisinformation isalso
necessary to improve the ad hoc numerical parameter-
izations of these clouds in climate models (e.g., Me-
choso et al. 1995).

Marine low clouds have been extensively investigated
over the Pacific and Atlantic Oceans (e.g., Hanson 1991,
Klein and Hartmann 1993; Klein 1997; Norris 1998a),
but relatively few studies have focused on the Indian
Ocean. Information on the distribution of low clouds
over the Indian Ocean is required for investigations of
ocean—atmosphere interactions over this crucial part of
the global ocean and for studies of the indirect effect
of aerosols. The Indian Ocean is surrounded by nations
with rapidly increasing emissions of sulphates and many
types of anthropogenic aerosols (Wolf and Hidy 1997).
These emissions may interact with clouds and affect the
climate through direct and indirect radiative forcing.
During the winter monsoon in January—April, the pre-
dominant circulation over the northern Indian Ocean
consists of alow-level flow from the northeast and two
anticyclones at subtropical latitudes (Krishnamurti et al.
1997a). The meteorological conditionsduring thewinter
monsoon support large-scale transport of aerosols from
the Indian subcontinent toward ocean regions presum-
ably covered by low clouds (Krishnamurti et al. 1997b).
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Fic. 1. Time variation of the 10th percentile value of the INSAT IR brightness temperature over the Indian Ocean computed from daily
image radiance distributions.

These conditions are favorable for observational inves-
tigations of the indirect effect of aerosols. Apart from
enhancing existing climatologies of low-cloud distri-
bution, this study is also intended to support field ex-
perimentsin the Indian Ocean region such as the Indian
Ocean Experiment (INDOEX). One of the primary sci-
entific objectives of INDOEX isto quantify the indirect
effects of aerosols on low-cloud systems over space
scales and timescales relevant for climate models (Ra-
manathan et al. 1996).

So far, our knowledge about Indian Ocean low clouds
is derived from ship-based observations (e.g., Warren
et al. 1988). Such in situ observations are suitable for
constructing long-term climatologies, but they are dif-
ficult to synthesize with other remotely sensed quantities
such as aerosol optical depth or liquid water path be-
cause ship observations in remote areas of the Indian
Ocean are very infrequent. The need to createa‘* dense”
dataset for the Indian Ocean is one of the primary mo-
tivations for this study. We will focus on nonoverlapped
marine low clouds that occur during daytime.* By def-
inition, satellite measurements of radiation from these
cloud systems are not affected by higher-altitude clouds.

* Throughout this study, the term ““low clouds” should be under-
stood to mean nonoverlapped low clouds.

The distribution of nonoverlapped low clouds is partic-
ularly important because the top-of-atmosphere short-
wave cloud radiative forcing of low-level cloudsis max-
imized when these clouds are not shielded by upper-
level cloud systems. In addition, geographical gradients
detected in the shortwave radiation are linked unam-
biguously to gradients in the low-cloud field. In studies
of the INDOEX data, information concerning the dis-
tribution and physical properties of Indian Ocean low
clouds will be used to understand the climatological
context of aircraft and ship observations. Also, satellite
data on low-cloud systems will be used to extrapolate
in situ observations to larger regions.

In this paper, we review existing climatol ogies of ma-
rine low clouds over the Indian Ocean during the winter
monsoon. In particular, we consider the surface cloud
dataset produced by Hahn et al. (1996) and the database
from the International Satellite Cloud Climatology Pro-
ject (ISCCP;, Rossow and Schiffer 1991). However,
those two climatol ogies suffer from some shortcomings
over the Indian Ocean. The quality of ISCCP data is
adversely affected by the gap in geosynchronous sat-
ellite coverage over the central Indian Ocean (Rossow
and Garder 1993). Surface observations of marine
clouds are sparse and infrequent due to the small number
of shipping routes in this region. We add to the infor-
mation provided by those two datasets by investigating
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Fic. 2. Monthly percentage of clear-sky pixels within 2.5° X 2.5° regions during 198689 derived from (top) INSAT data and (bottom)
ISCCP/CL1 data at 0600 and 0900 UTC times using the IR clear-sky composite procedure.

marine low clouds using the Indian geostationary sat-
ellite (INSAT). The methodologies used to detect low
clouds from ISCCP and surface observations are pre-
sented in section 2, and the analysis method for INSAT
data is presented in section 3. The frequency of occur-
rence and the amount when present of nonoverlapped
low clouds derived from the three datasets are compared
in section 4. In section 5, we discuss the different types
of low clouds over the Indian Ocean and the relationship
of these clouds to meteorological indexes derived from
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis. This section is intended to
evaluate the consistency of our results with meteoro-
logical conditions rather than evaluate the conditions
required to form low-level clouds. A summary and con-
cluding remarks are presented in section 6.

2. Surface observations and the |SCCP/C1 dataset
a. Surface observations

The dataset produced by Hahn et al. (1996) is used to
investigate surface observations of low clouds over the
Indian Ocean. It includes instantaneous ship and station
observations of cloud types and weather during 1982—
91. Since each report has been put through a series of

quality and consistency control checks, no further quality
checking is done in this study. Only reports that satisfy
theillumination criteriafor reliable cloud detection (Hahn
et a. 1996) and that correspond to local times in the
INSAT dataset are included. The surface observers also
classify the observations of cloud amount by cloud type
(Norris 1998a). The distribution of cloud types obtained
from surface data is discussed in section 4.

In this analysis, ‘‘nonoverlapped low-level clouds’
(NOLC) refer to the low-level clouds that do not occur
simultaneously with higher-level clouds. The frequency
of occurrence of NOLC is computed in regions of 2.5°
X 2.5° as the percentage of days in each month during
which all reportsindicate the presence of nonoverlapped
stratocumulus or cumulus clouds. The cloud amount
when present (AWP) is computed by averaging the low-
cloud amount from the reports of NOLC. The angular
size of the regions will be held fixed at 2.5° in latitude
and longitude unless otherwise noted. Alternate meth-
ods for accounting for the clear-sky bias (Hahn et al.
1996) proposed by Norris (1998b) can increase the fre-
quency and AWP by between 0% and 8% relative to
the values reported here. Theincreases are largest in the
southern Arabian Sea and southeastern Indian Ocean.

Surface observations over the Indian Ocean are rel-
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atively sparse. Data are concentrated in the Northern
Hemisphere along a few ship routes, most of them bor-
dering the Saudi Arabian region or the western coast of
India and crossing the Gulf of Bengal up to Malaysia
and China. When considering all synoptic hours of ob-
servations during January—April 1982-91 that coincide
with ISCCP dayside images, the monthly average num-
ber of available reportsis less than 2 yr—* in about 60%
of the regions of the Indian Ocean. It is larger than 10
in only 10% of the regions (not shown). If the require-
ment of coincidence with available INSAT dayside im-
agery is relaxed, the number of observations increases
by approximately 2.5 times. However, the frequency of
occurrence and AWP of NOL C obtained with the larger
dataset are very similar to the values obtained with the
subset of surface observations used here.

b. ISCCP/C1 data

The ISCCP algorithm uses infrared and visible im-
agery from several operational meteorological satellites
to retrieve cloud properties including cloud amount and
cloud type (Rossow and Schiffer 1991). The original
satellite radiance data represent measurements over
fields of view ranging from 4 to 8 km in size. The data
are sampled to a resolution of about 25-30 km. The
cloud detection algorithm consists of a two-stage pro-
cess. Clear-sky radiance values are first estimated by
analyzing theradiance data over several spatial and tem-
poral domains. Individual pixels are then classified as
clear or cloudy depending on the difference between the
pixel radiance and the local clear-sky radiance estimate
(Rossow et al. 1991). Then a radiative transfer model
is used together with atmospheric profiles of tempera-
ture, water vapor, and ozone derived from the Television
Infrared Observational Satellite (Tiros) Operational Ver-
tical Sounder to determine the cloud altitude and the
cloud optical thickness associated with each individual
cloudy pixel. In this study, we use daytime data derived
from the ISCCP/C1 dataset. It includes the number of
clear-sky and cloudy pixels in different classes corre-
sponding to different ranges of cloud-top pressure and
cloud optical thickness every 3 h for regions of ap-
proximately 280 km X 280 km. Low-level clouds with
an optical thickness greater (smaller) than 3.6 are clas-
sified as stratocumulus (cumulus, respectively).

For each region, we compute the monthly frequency
of occurrence of NOLC as the percentage of days in
each month for which the number of low-cloud pixels
in the region is greater than zero and equal's the number
of cloudy pixels. The ISCCP retrieval algorithm in-
cludes the assumption of nonoverlapped clouds at the
pixel level. The derivation of NOLC from ISCCP en-
sures consistency with the derivation of NOLC from
INSAT, which is based upon aggregate statistics over
an entire region (section 3c). The cloud AWP of NOLC
is computed as the ratio of the number of nonoverlapped
low-cloud pixels over the total number of pixels. Note
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that the detection of low-level clouds from satellitesis
complicated, or even impossible, when higher-level
clouds occur simultaneously. This does not affect the
present study since the analysis is focused on nonov-
erlapped low clouds.

The reliability of ISCCP data over the Indian Ocean
is affected by the lack of continuous satellite measure-
ments. Data from INSAT were not available during the
processing of ISCCP/C1 data. The cloud products over
the western and eastern sides of the Indian Ocean are
therefore derived from imagery from the Meteorology
Satellite (M eteosat) and the Japanese Geostationary Me-
teorological Satellite (GMS), respectively. Between 60°
and 80°E, data from these geostationary satellite are
significantly degraded by the viewing geometry and are
therefore not included in the ISCCP dataset. The gap
in the measurements is partially filled using data from
the advanced very high resolution radiometer (AVHRR)
on polar orbiters operated by the National Oceanic and
Atmospheric Administration. However, the AVHRR
data are available only twice daily at tropical latitudes.
The incomplete diurnal sampling causes strong discon-
tinuities in the ISCCP products around 60° and 80°E
and introduces systematic errors in cloud properties be-
tween these longitudes.

3. Analysis of INSAT observations
a. INSAT data

Because of the artifacts in the ISCCP data and the
coarse geographical coverage of surface cloud obser-
vations, there is a need for complementary dense and
continuous information about the cloud systems over
the Indian Ocean. We investigate nonoverlapped low-
cloud systems using data from the Indian National Sat-
ellite System INSAT that were made available to the
scientific community a few years ago.

INSAT was developed by the Indian Space Research
Organization to provide, among other services, data in
support of meteorological applicationswithin the Indian
Meteorological Department (IMD). The INSAT-1B sat-
ellite is athree-axis stabilized satellite operated in geo-
stationary orbit with a subsatellite longitude of 74.5°E
since September 1983. The radiances measured by an
imaging instrument, the very high resolution radiometer,
are derived from visible (0.55-0.75 um) and infrared
(10.5-12.5 um) narrowband channels with a nadir res-
olution of 2.75 and 11 km, respectively. The limited
INSAT dataset provided by the National Center for At-
mospheric Research and the IMD consists of reduced
resolution full-disk images. The INSAT pixel data are
sampled every 22 km approximately at nadir (Smith et
al. 1989), and the visible radiances are divided by the
cosine of the local solar zenith angle. The Indian Ocean
is totally illuminated at 0600 and 0900 UTC synoptic
hours. While INSAT data at 0600 UTC are available
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for January 1986-March 1989, data at 0900 UTC are
available for April 1988-March 1989 only.

Two kinds of quality checks have been applied to the
data. First, the visible images have been inspected man-
ually, and images that contain invalid scan linesor miss-
ing segments have been eliminated. Second, spurious
variationsin theinfrared (IR) radiancesrel ated to orbital
changesin the satellite operating environment have been
identified, and the corresponding images have been
omitted from further analysis. For that purpose we in-
spect, following Desormeaux et a. (1993), the time evo-
lution of the 10th percentile of INSAT IR brightness
temperatures (IRBT) computed from individual image
radiance distributions (Fig. 1). The standard deviation
of this quantity over a month is generaly less than 1
K, and we reject from the study the months for which
it is larger than 1.5 K. This criterion eliminates data
from January 1986, March 1986, and March 1988. The
large variations in the 10% percentile IRBT are asso-
ciated with changes in the sun—satellite orientation that
apparently affect the temperatures of the IR radiometer
and blackbody calibration systems on board INSAT.
This thermal effect is known to be exacerbated during
the equinox season (e.g., March), as the geostationary
satellite passes in and out of the earth’s shadow near
local midnight.

Tiernego (1996) showed that at high temperatures
(around 295 K), the INSAT IRBT are 2-5 K lower than
coincident AVHRR clear-sky scenes, and that at colder
temperatures, the brightness temperatures are compa-
rable to within 1-2 K. To facilitate the comparison at
different stages of this study between INSAT and
ISCCP/C1 data, we use the time-varying normalization
coefficients proposed by Rossow et al. (1992) to provide
an absolute calibration to INSAT IR radiances. The nor-
malization was derived by relating INSAT radiances to
coincident GMS radiances and then applying an em-
pirical correction to GMS based upon the AVHRR in-
strument.

Our detection of low clouds using INSAT ismadein
two steps. First, we determine whether each individual
INSAT pixel isclear or cloudy by following a procedure
very similar to the infrared clear-sky composite algo-
rithm used in ISCCP/C1. Then, we identify regions cov-
ered by NOLC by analyzing the spatia variability of
visible (VIS) and IR radiances, and we compute the
AWP from the fraction of clear-sky pixels determined
in the first step.

b. Determination of clear-sky IR radiances

INSAT clear-sky infrared radiances for ocean scenes
are determined using a procedure quite similar to that
used in ISCCP and presented by Rossow et al. (1991).
First, the spatial variability of the IR radiances is ana-
lyzed within each region, and all pixels determined to
be colder than the warmest pixel by 3.5 K are labeled
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‘“cloudy.” Next, the time variability of the IR radiances
over three days at the same UTC is determined at the
resolution of the original images (about 22 km). All
pixels determined to be colder by 3.5 K than the values
on the previous or following day are labeled ** cloudy,”
and pixels having a temperature differing by less than
1.1 K from values on the previous or following day are
labeled ““clear.” The remaining pixels are labeled *“ un-
decided.” When the test result for one direction in time
isin strong conflict with the result for the other direction
in time, the pixel islabeled ‘“mixed.” Note that for this
second test, the radiance images have been corrected
for effects of viewing geometry using the ISCCP limb-
darkening functions for clear-sky IR radiances. Then,
the test results based on space and time variabilities are
combined to yield a final classification for each pixel.
Thefinal label isthat determined from the time test with
the exception of two cases. When the time test label is
“undecided” or ‘‘clear’” and the space test label is
““cloudy,” the final label is‘““cloudy’ (in the first case)
or “mixed” (in the second case).

Statistics are calculated for spatial domains of 0.625°
X 0.625° (about 70 km) for a long-term period of 30
days and for a short-term period of 15 days. Based on
the number of clear-sky pixels and on the average and
maximum IR brightness temperatures in each domain
of 0.625°, the ISCCP infrared clear-sky compositelogic
is used to determine the clear-sky IR radiance value in
each 0.625° region for each 15-day period. Thedifferent
threshold valuesinvolved in thislogic are similar to that
used for the ISCCP/C1 stage data. Finally, pixels with
an infrared radiance colder by more than 2.5 K than the
15-day clear-sky value are classified as cloudy.

The percentage of clear-sky pixels derived from IN-
SAT data for January—April 1986-89 is generally in
good agreement with that derived from ISCCP/C1 data
using the IR clear-sky composite procedure (Fig. 2). The
clear-sky percentage in each region is defined as the
number of clear-sky pixels divided by the total number
of pixels for each month. Nevertheless, some discrep-
ancies between the two datasets are apparent. The dis-
crepancies may arise from a combination of factors,
including differences in tempora sampling, the size of
the infrared pixels, and the viewing geometry of the
satellites. The INSAT infrared dataset is not continuous
in time, and the nadir resolution of the INSAT imager
is lower than the resolution of the Meteosat and GMS
instruments. The lower resolution increases the chances
of cloud contamination in a given pixel. The largest
discrepancies between INSAT and ISCCP occur be-
tween 60° and 80°E, where gaps in geosynchronous sat-
ellite coverage introduce artificial discontinuities in
ISCCP data. In this sector, the clear-sky frequency de-
rived from ISCCP/C1 is generally larger than in the
adjacent Meteosat or GM S sectors. INSAT data suggest
this feature is not representative of the actual geograph-
ical variability, especialy in the Northern Hemisphere.
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Fic. 3. Geographic distribution of 2.5° X 2.5° visible-infrared radiance diagrams derived from instantaneous INSAT images on 16 Feb
1989 at 0900 UTC. The abscissa and ordinate correspond to infrared-visible axis, respectively. The axis limits are 200-310 K for the IR

brightness temperature and 0%—75% for the visible reflectance.

Eastward of about 105°E, clear-sky frequencies derived
from INSAT are systematically smaller than correspond-
ing ISCCP values. This is presumably related to the
large viewing angles of the INSAT satellite over this
region and to insufficient correction of limb-darkening
effects at such angles. Finaly, we note that in April,
INSAT data exhibit smaller clear-sky frequencies than
ISCCP. The relatively large number of missing INSAT
images during this month islikely to affect the statistical
determination of IR clear-sky radiances and may partly
explain this difference.

c. ldentification of nonoverlapped low clouds

It haslong been recognized from experimental (Coakley
and Baldwin 1984; Deshois and Séze 1984; Séze and Ros-
sow 1991) and theoretical (Platt 1983; Arking and Childs
1985) studies that the relative spatial variability of infrared
and visible radiances on the mesoscale is a good indicator
of the type of cloud systems present. Asillustrated by Fig.
3, the shape and the orientation of the VISHR scatterplot
diagrams for 2.5° regions reveal different climatic re-

gimes.? The intertropical convergence zone (ITCZ), as
sociated with multilayered convective clouds or mixtures
of different cloud types, is characterized by a large vari-
ability of both the visible and infrared radiances. Clear-
sky regions such as those found over desert areas are
characterized by awesk variability of both the visible and
infrared radiances. The presence of optically thin or broken
cirrus, apparent over the Arabian Sea and in the vicinity
of the ITCZ in Fig. 3, is associated with large variations
intheinfrared radianceswith small variationsinthevisible
reflectance. Low-cloud systems such as those found at
subtropical latitudes are characterized by aweak variability
of the infrared brightness temperature and by alarge var-
iability of the visible reflectance. The bispectra charac-
teristics of low-cloud systems are due to a combination
of factors including partial cloud cover, scattering from
small-scale features such as domes, and the variability of
the in-cloud liquid water content (Cahalan et a. 1994).
Our identification of regions covered by NOLC sys-

2 A 2.5° X 2.5° region contains between 60 and 160 INSAT pixels.
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tems consists of identifying areas with relatively low
variability in the infrared radiances and relatively large
variability in the visible reflectances.® The orientation
of the VISHR distribution is characterized for each
ocean region by an angle © defined by ©® = arctan(S).
The slope S is the linear regression coefficient of the
least squares fit to VIS = SIR + VIS, computed by S
= Cov(VIS, IR)/o?(IR), and VIS, isanintercept. Visual
inspection of the shape of various VISR distributions
suggests identifying NOLC with regions where o(IR)
< 3Kand O < ®, = —55°. However, in regions of
low amounts of cloud cover, the VIS-IR slope S may
be less than in regions of high amounts of cloud cover
because the cloud infrared emissivity is not unity. To a
first order of approximation, we take this fact into ac-
count by choosing the same o(IR) threshold but alower
0O threshold, ®, = —45°, in regions where the cloud
cover is less than 50%.

In order to assess this simple methodology of low-
clouds detection using INSAT radiances, the identifi-
cation criteria for NOLC have been analyzed using co-
incident retrievals of NOLC from ISCCP. The compar-
ison is performed for ocean regions between 45° and
55°E and 85° and 95°E during February 1986-89. The
latitude is restricted to 35°S-25°N. The distribution of
® and o(IR) derived from INSAT imagery has been
stratified according to the ISCCP cloud classification
(Fig. 4). More than 95% of the regions classified by
ISCCP as covered by NOLC are associated with an
INSAT o(IR) less than 3 K (not shown). Although the
distribution of ® values obtained by considering all
cloudy regions is bimodal, it is unimodal when it is
restricted to regions where low-level clouds represent
more than 95% of the total cloud cover. In accordance
with our choice of ®, values, we find that most ® values
associated with nonoverlapped low clouds are smaller
than ®,. However, the O distribution obtained for low-
cloud regions is less narrow for AWP <50% than for
AWP >50%. This suggests that for AWP <50%, quan-
titative differences between INSAT and ISCCP/C1 es-
timates of the NOLC occurrence may be related to the
choice of the ®, value. Despite the uncertainty in the
0, value for AWP <50%, | SCCP data suggest that re-
gions satisfying the ©, and o(IR) criteria are predom-
inantly covered by low-level clouds.

Examination of the INSAT IRBT reinforces this con-
clusion. For the same two bands of longitude (45°-55°E
and 85°-95°E), we have compared the distributions of
the 2.5° average INSAT IR radiance values classified as
NOLC by the INSAT and ISCCP algorithms. The dis-
tributions in these two regions are quite similar (Fig.

3 Note that to minimize sun-angle effects in the spatial variability
of visible radiances and to exclude terminator situations, we ignore
regions of the Indian Ocean for which the cosine of the solar zenith
angle is less than 0.3. This value is similar to that used in ISCCP to
distinguish day/night situations (Rossow et al. 1996).
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FiG. 4. Distribution of the ® values of the INSAT VISHR scat-
terplot diagrams obtained in each 2.5° X 2.5° ocean region within
two bands of longitude (45°-55°E and 85°-95°E) between 35°S and
25°N during Feb 1986-89. Fine solid line is the distribution obtained
by considering all regions for which the cloud AWP is larger (top)
or smaller (bottom) than 50%. Thick lines represent distributions
obtained by considering only the regions that are classified by ISCCP/
C1 as cloudy and covered by less than 25% (dashed line) or more
than 95% (solid line) of low-level clouds.

5a). However, the INSAT IRBT in low-cloud regions
determined by our method is colder by 2 K on average
than the IRBT obtained by using the ISCCP retrieval.
This discrepancy slightly increases as the low-cloud
amount increases (Fig. 5b). Compared to the ISCCP
algorithm for which the low-cloud top pressureis higher
than 680 hPa by definition (section 2b), the INSAT de-
tection method is thus likely to identify low clouds with
higher top altitude. In 20% of the low-cloud regions
classified by INSAT, the ISCCP cloud-top pressure is
smaller than 680 hPa (not shown). The simple detection
method using INSAT data is thus likely to report larger
frequencies of regions covered by NOLC than the
ISCCP algorithm, especially in regions of large cloud
amount. Notethat in NOL C regionsidentified by |SCCP,
the mean IRBT derived from INSAT radiancesishigher
by about 2 K than that derived from ISCCP (i.e., from
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Fic. 5. (a) Distribution of the 2.5° X 2.5° mean IRBT values derived
from INSAT or ISCCP/CL1 data in regions classified as covered by
low-level clouds only (LC) by INSAT or by ISCCP/C1. Comparison
between solid and dot—dashed lines shows the impact of cloud clas-
sification differences between INSAT and ISCCP/C1, while compar-
ison between dot—dashed and dashed lines shows the impact of IR
radiances differences. (b) 2.5° X 2.5° IRBT vsthe 2.5° X 2.5° cloud
amount when present derived from INSAT (dot markers and solid
regression line) or ISCCP/C1 (cross markers and dashed regressions
line). Also reported (dot—dashed line) is the regression line obtained
using ISCCP low-cloud classification and coincident INSAT IRBT.
Those figures are based on data ranging from 35°S to 25°N in two
different bands of longitudes (45°-55°E and 85°-95°E) during Feb
1986-89.

Meteosat, GMS, or AVHRR) radiances. This might in-
dicate a systematic bias in the absolute calibration of
INSAT IR radiances. As a result, the IRBT-AWP re-
lationship derived from INSAT is very close from that
derived from ISCCP, but this results from compensatory
effects. a systematic overestimate of INSAT IRBT re-
lated to calibration, and an underestimate of the INSAT
IRBT from low-level clouds of higher top altitude than
identified by the ISCCP agorithm.

Comparison against | SCCP suggests that our simple
methodology for identifying nonoverlapped low clouds
yields cloud systems with similar radiative character-
istics. This is the primary justification for using our
analysis procedure as a complementary approach to in-
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vestigate the geographical and seasonal variations of
low-level clouds over the Indian Ocean.

4. Low-cloud occurrence and amount when
present

The monthly frequency of occurrence of nonoverlap-
ped low clouds during January—April has been derived
from INSAT data (Fig. 6), ISCCP/C1 data (Fig. 7), and
surface observations (Fig. 8). Thethree datasetsindicate
that NOLC occur on both sides of the ITCZ, mostly
over the southern Indian Ocean southward of about
15°S, and over the Arabian Sea, the Bay of Bengal, and
the China Sea northward of about 5°N. The occurrence
ismuch weaker at equatorial latitudes. Since upper-level
cloudinessisgreatestinthe I TCZ, thedecreasein NOLC
frequency at these latitudes may reflect the lower prob-
ability of detecting low clouds near or underneath upper-
level cloud systems.

While marine low clouds occur over most subtropical
regions, we observe large gradients in the amount when
present (Figs. 6, 7, and 8, lower panels). In particular,
clouds covering the Arabian Sea and the Bay of Bengal
appear to be more broken with lower values of AWP
than over the southern Indian Ocean and South China
Sea. These gradients will be discussed in more detail
in section 5.

The occurrence of NOL C exhibits some seasonal evo-
[ution from January to April. Over the Arabian Sea, the
occurrence decreases with time and the maximum of the
distribution moves slightly southward. INSAT data in-
dicate a rapid decrease in NOLC between March and
April. This trend is also present to a lesser degree in
the ISCCP and surface observations. A similar decrease
is observed over the China Sea. Over the southern In-
dian Ocean, a strong maximum in NOLC is seen in
January—February. In March a second maximum ap-
pears around 70°E, and the distribution becomes more
uniform southward of about 25°S in April. The dataset
of Hahn et al. (1996) has been analyzed to determine
if changes in the monthly frequency of upper level
clouds could explain part of the trends found in NOLC.
The average change in upper-level cloud have been
computed from January to February and from March to
April. The results suggest the rapid decrease in NOLC
between March and April in the Arabian Seais largely
explained by the rapid increasein upper-level cloudiness
(not shown).

Besides these main features in the distribution of
NOLC, some discrepancies in the frequency of NOLC
are apparent among the three datasets. Comparison of
satellite and surface observations for exactly the same
time period (1986-89) leads to similar discrepancies.
Over the whole of the Indian Ocean sector, surface ob-
servations report higher frequencies of nonoverlapped
low cloudsthan INSAT or ISCCP data. One explanation
isrelated to the differencein spatial scales of the surface
and satellite observations. The satellite methods as for-
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Fic. 6. Monthly frequency of occurrence (top) and amount when present (bottom) of nonoverlapped low clouds derived from INSAT data
during 1986-89 from 0600 to 0900 UTC at a resolution 2.5° X 2.5° (AWP values are not displayed in regions where the monthly frequency

of occurrence is less than 5%). Units: %.

mulated here require that there is no detectable mid- or
upper-level cloud within a 2.5° region. The ship obser-
vations of low clouds are counted as NOLC if no mid-
or upper-level cloud is present within the field of view
(FOV) of the surface observer. The radius of this FOV
istypically much smaller than the satellite analysisgrid,
thereby reducing the probability of cloud contamination
by mid- and upper-level systems. The higher NOLC
frequencies from surface data may be due also to the
difficulty of detecting from a surface platform whether
extensive low-cloud systems are overlapped by upper-
level clouds. These two factors can explain at least part
of the systematic difference between surface and sat-
ellite frequencies.

Discrepancies are found al so between the two satellite
datasets. As explained in section 3c, the criteria used to
identify low clouds from INSAT dataallow colder cloud
tops than the ISCCP/C1 criteria, especialy for large
cloud amounts. Therefore in regions where cumulus
clouds exhibit a spectrum of cloud tops, the INSAT-
derived frequency of occurrence of NOLC will be equal
to, or larger than, that derived from ISCCP. However
over the Bay of Bengal and the Arabian Sea where the
AWP is weak, the INSAT algorithm yields lower fre-
guencies of occurrence of low-cloud systems than

ISCCP. The sensitivity of the two satellite detection al-
gorithms to the presence of partial or broken cloudiness
is different for several reasons, including the fact that
the viewing angles of the GM'S and Meteosat satellites
over those regions are much larger than those of INSAT.
However, as discussed in the previous section, this re-
gional discrepancy between INSAT and |SCCP results
may also be related to the choice of ®, for AWP <50%.
Indeed, sensitivity experiments indicate that this dis-
crepancy is greatly reduced when using a lower ©,
(—30° for instance) for AWP <50%. Nevertheless, the
amount when present of those clouds is very small in
those regions (Figs. 6-8, lower panels). Therefore the
absolute difference in the average low-cloud amount
(which may be computed as the frequency of occurrence
times the amount when present) between the two da-
tasets is also small.

5. Consistency with meteorological conditions

INSAT, ISCCP/C1, and surface data all show that low
clouds mainly occur at subtropical latitudes, exhibit
some seasonal variation between January and April, and
have larger AWP in the Southern Hemisphere. The con-
sistency of those features with the meteorological con-
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than 5%). Units: %.

ditions over the Indian Ocean can be evaluated with the
daily ECMWEF reanalysis (ERA; Gibson et al. 1997) for
the period January—April 1986-89. The quality of ERA
over the Indian Ocean is presumably affected by the
sparsity of the in situ data available for the analysis.
Nevertheless, we can reasonably assume that the main
large-scale meteorological features of this region are
represented with some fidelity. This analysis will not
address the physics of low-level clouds or document the
meteorological conditions required for the formation of
NOLC. The objective is to assess the consistency of the
distributions of NOLC with meteorological conditions
favorable to the formation of low-level clouds based
upon studies of other oceanic regions (Klein 1997; Nor-
ris 1998a).

Nonoverlapped low clouds are expected to occur in
regions of large-scale subsidence, where the adiabatic
warming of the subsiding atmosphere produces an at-
mospheric temperature inversion and a stable tropo-
sphere. Several observational studies show that on the
monthly timescale, low-cloud amount is well correlated
to several meteorological parameters such as the sea
surface temperature and the static stability of the lower
troposphere (e.g., Hanson 1991; Klein and Hartmann
1993; Norris 1998a). We recognize that the conditions

of formation of NOLC may not be identical to those of
low clouds in general, and that these conditions may
differ also from one region of the globe to another.
Nevertheless, as for low clouds in general, the condi-
tions of formation of NOLC over the Indian Ocean are
presumably related to a large static stability of the at-
mosphere and to the presence of atmosphericinversions.
The goal of the present analysis is to check the consis-
tency between the NOL C statistics presented above and
the meteorological conditions of the Indian Ocean as
represented in the ERA.

In this study, the static stability S is defined as the
difference between the potential temperature at 700 hPa
and at the surface. Temperature inversions are reported
in regions where the saturation equivalent potential tem-
perature @% increases with height (Emanuel 1994). The
strength of the inversions is characterized with the fol-

lowing index:
* doz (2
f T P
base

top 1
f p dz
base

)
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where the integration extends from the lower (base) to
the upper (top) limits of the inversion. The base (top)
of the inversion is defined here as the lowest ERA level
above the surface layer where @%* starts increasing (de-
creasing). The vertical resolution of the ERA data used
in this study is 75 mb. The sensitivity of the inversion
frequency and inversion strength to vertical resolution
has been tested using radiosonde profiles over the Indian
Ocean.* The profiles are from the National Centers for
Environmental Prediction global upper-air database and
include all available observationsfor 1985-94. The data
have been analyzed for four sectors covering the north-
east, northwest, southeast, and southwest corners of the
Indian Ocean. The temperature and humidity have been
interpolated onto vertical grids with variable spacing,
and then the inversion frequency and strength have been
computed from the interpolated data. The results indi-
cate that these parameters are not very sensitive to ver-
tical resolution unless the spacing of the grid exceeds
50 mb (not shown). The ratio of the frequencies and
strengths evaluated with vertical resolutions of 75 and

4 Unfortunately, the ship radiosonde data are too sparse to permit
derivation of maps of the inversions directly from in situ data.

10 mb is shown in Table 1. For a spacing of 75 mb,
both the strength and frequency of the inversions are
underestimated, with the largest underestimate occur-
ring in the inversion strength.

Over the Indian Ocean, the occurrence of low-level
clouds shown on Figs. 6-8 is positively correlated with
the lower tropospheric stability and with the strength of
atmospheric inversions (Fig. 9). It also appears to be
highly correlated with the frequency of occurrence of
inversions, which are usually expected to cap nonov-
erlapped low clouds in subtropical regions.

In the Northern Hemisphere, INSAT data indicate a
strong seasonal variation of the low-cloud occurrence

TABLE 1. The ratio of inversion frequency and inversion strength
evaluated by interpolating ship radiosonde profiles of T and q onto
vertical grids with 75- and 10-mb resolution. The resolution of 75
mb isidentical to the resolution of the ERA in the lower troposphere
used for this analysis. The quantity evaluated at 10-mb resolution is
in the denominator. The ratios have been computed for four quadrants
in the Indian Ocean: 0°-30°N, 75°-105°E (NE); 0°-30°N, 45°-75°E
(NW); 30°S-0°, 75°-105°E (SE); and 30°S-0°, 45°-75°E (SW).

Ratio NE NW SE SwW
Inversion frequency 0.72 0.85 0.56 0.96
Inversion strength 0.47 0.44 0.37 0.47
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(section 4). The progressive dissipation of low clouds
during Northern Hemisphere spring is particularly ev-
ident between March and April over the Arabian Sea
and between February and March over the Bay of Ben-
gal. The decrease in NOLC is closely related to the
decrease in static stability of the lower troposphere and
to the decrease in the frequency of occurrence of at-
mospheric inversions. The largest increases in sea sur-
face temperature (SST) are coincident with the sharpest
decreases in the low-cloud amount (Fig. 10). Over the
Arabian Sea, the southward shift with time of the max-
imum in low cloudsis consistent with coincident chang-
esin the occurrence of temperature inversions. Over the
southern Indian Ocean, the eastward shift of the low-
cloud maximum between March and April is consistent
with the eastward displacement of the high-pressure
center (not shown) and with changes in static stability
(Fig. 9). But the displacement appears to be correlated
primarily with changes in both the frequency and the
intensity of atmospheric inversions.

The correlation between meteorological parameters

and the NOL C frequency for four selected areas is dis-
played on Fig. 11. In all three regions of the Northern
Hemisphere, the progressive decrease of low-cloud fre-
guency from January to April isassociated with awarm-
ing of the surface ocean, and with a decrease of the
static stability of the atmosphere and of the frequency
and strength of atmospheric inversions. In the Southern
Hemisphere, the static stability exhibits some seasonal
variation, while the SST and the atmospheric inversions
(frequency and strength) vary much less than in the
Northern Hemisphere. In this region, the seasonal var-
iation of NOLC seems to be better related to changes
in atmospheric inversions than to changes in the static
stability. In all four regions, the seasonal variation of
NOL C appears to be consistent with that of surrounding
meteorological conditions.

Recent observational studies have yielded relation-
ships between low-cloud type, the meteorology of the
marine boundary layer (MBL), and surface conditions
(e.g., Albrecht et al. 1995; Klein 1997; Norris 1998a).
Depending on the SST and on the vertical structure of
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Fic. 10. Monthly mean sea surface temperature (°C) for Jan—Apr 1986-89 derived from Reynolds (1988) data.

the MBL and free troposphere, the primary morphology
of low-cloud systems can be stratocumulus, cumulus
rising into stratocumulus, or cumulus. The transition
between stratocumulus and cumulus regimes is related
to the decoupling of the MBL characterized by the ver-
tical gradient of humidity within the subcloud layer. As
shown by Norris (19984), the degree of MBL decou-
pling can be characterized by the parameter

[a(z/lz, = 0.2) — q(z/z = 0.9)]
A = ’
6710 0.(SST)

where q is the specific humidity, g,(SST) is the satu-
ration specific humidity at the sea surface, and z the
height of the MBL. The MBL height is defined here as
the base height of the capping inversion, that is, @*
increasing with height. The parameter Aq has been de-
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rived from daily ERA fields. Note that the accuracy of or the Bay of Bengal; and the MBL is less decoupled.
this parameter is affected by the coarse vertical reso- These conditions, together with the higher amounts
lution of ERA in the MBL and by the limited amount when present of low clouds (40%—80%), suggest that
of radiosonde data assimilated in the analysisprocedure.  the low-level clouds are mostly stratocumulus. These
Thus the values of Aq from the ERA provide only qual-  results, which were derived from combining satellite
itative information about the large-scale spatial and sea-  data and meteorological analyses, confirm that results
sonal variations of the MBL decoupling. Results indi- from previous studies based on ship and surface obser-
cate that the values of the decoupling parameter are vations (Warren et a. 1988; Norris 1998a,b) are appli-
generally inversely related to the AWP (not shown). cable over large areas of the Indian Ocean region.
Previous studies have pointed out systematic rela-
tionships between low-cloud types, meteorological con-
ditions and AWR Over the Arabian Sea and the Bay of
Bengal, SSTs range between 24° and 28°C in January— This paper is an analysis of the occurrence of non-
February, 25° and 29°C in March, and 27° and 30°C in  overlapped low cloud systems over the Indian Ocean
April (Fig. 10). The static stability ranges between 13° and South China Sea during the winter monsoon (Jan-
and 17°C (Fig. 9). The large values of the decoupling uary—April). Climatologies from the ISCCP/C1 dataset
parameter from the ERA (not shown) suggest that the and from surface synoptic reports are presented, and a
MBL is somewhat decoupled and the AWP isgenerally complementary investigation is performed with data
lower than 50% (Figs. 6-8). Assuming that the mete- from the Indian geostationary satellite (INSAT). The
orological conditions associated with the formation of INSAT data are processed using a simple detection
NOLC may be different, but not drastically different, method for low clouds based on the relative mesoscale
from those of low clouds in general, previous studies spatial variability of the infrared and visible radiances.
(Albrecht et a. 1995; Klein 1997; Norris 1998a,b) sug- The advantage of the new dataset relative to ship ob-
gest that the NOL C forming in those regions are mostly ~ servations is the much higher spatial and temporal res-
of cumulus type. olution. The higher resolution permits analysis of the
Over the southern Indian Ocean and the China Sea, relationships between NOL C and other remotely sensed
the SST is generally less than 25°C; the lower tropo- datasets. The advantage of the new dataset relative to
sphere is much more stable than over the Arabian sea ISCCP is that the characterization of NOLC is based

6. Summary and conclusions
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upon geosynchronous satellite imagery obtained di-
rectly over the regions of interest.

The distributions of NOLC obtained from the three
datasets are generally in good agreement. During day-
time, regions covered by low clouds occur mainly over
the Arabian Sea, the Bay of Bengal, the China Seanorth-
ward of about 5°N, and the southern I ndian Ocean south-
ward of about 15°S. However, the amount when present
of low cloudsis much lower in the Northern Hemisphere
than in the Southern Hemisphere. The gradient in AWP
and inspection of coincident surface and meteorological
analyses show that low clouds are cumulus over the
Arabian Sea and the Bay of Bengal. The NOLC are
mostly stratocumulus over the southern Indian Ocean.

There is a sharp decrease in the occurrence of non-
overlapped cumulus clouds between March and April
over the Arabian Sea and between February and March
over the Bay of Bengal. Examination of the surface and
meteorological conditions shows that this is coincident
with the warming of the ocean, the decrease in tropo-
spheric stability, and the increase in the frequency of
upper-altitude clouds. In the Southern Hemisphere, the
seasonal variation of the low-cloud occurrence is cor-
related with changes in the frequency and intensity of
atmospheric inversions.

The Indian Ocean is surrounded by nations that are
becoming increasingly significant sources of anthro-
pogenic aerosols. During the winter monsoon, the large-
scale atmospheric circulation transports aerosols from
the Indian subcontinent toward ocean regions that we
have shown to be covered primarily by cumulus clouds.
Subsequent papers will analyze the physical, micro-
physical, and radiative properties of the low clouds of
the Indian Ocean, taking advantage in particular of the
data collected during the Indian Ocean Experiment (Ra-
manathan et al. 1996). A primary goal of these subse-
quent investigations will be to quantify the indirect ef-
fect of aerosols using observations of aerosol optical
depth, liquid water path, and cloud albedo at the top of
the atmosphere. Depending on this indirect effect, the
cumulus clouds of the northern Indian Ocean may play
an important role in regional climate change.
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